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INTRODUCTION

Coral reefs around the world have been in serious
decline during the last decades, due to many factors
including over-harvesting (Jackson et al. 2001), climate
change (Hughes et al. 2003), terrestrial runoff (De’ath
& Fabricius 2010) and coral diseases (Harvell et al.
2007). Diseases have caused high levels of coral mor-
tality and have induced changes on reefs in the Car-
ibbean (Aronson & Precht 2001, Sutherland et al.
2004, Cróquer & Weil 2009), the Great Barrier Reef
(GBR) of Australia (Willis et al. 2004, Page & Willis
2008, Sato et al. 2009) and other Indo-Pacific loca-
tions (Haapkylä et al. 2007, Aeby et al. 2011, Ross et
al. 2012, Couch et al. 2014). Coral health is also influ-
enced by environmental parameters including tur-

bidity and sedimentation (Rogers 1990, Erftemeijer et
al. 2012) and biological processes such as predation
by crown-of-thorns starfish (Pratchett 2010) or coral-
livore gastropods (Rotjan & Lewis 2008) and competi-
tion with other organisms such as algae (Gowan et al.
2014).

New Caledonia is surrounded by the second-
longest barrier reef and has the largest lagoon in the
world presenting a large array of different types of
reefs (Andréfouët & Torres-Pulliza 2004, Andréfouët
et al. 2009) with high biodiversity (Payri & Richer de
Forges 2006). Currently, more species (8500) have
been documented from New Caledonian reefs than
from any other reef area in the world (Payri & Richer
de Forges 2006). New Caledonian reefs have been
preserved from major large-scale disturbances includ-
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ing bleaching events or crown-of-thorns starfish out-
breaks compared to other Indo-Pacific regions (Wan -
tiez 2008, Adjeroud et al. 2009, Sweatman et al. 2011),
but the island is regularly subject to cyclones and
depressions (Guillemot et al. 2010).

New Caledonia is exposed to a specific anthropo -
genic threat linked to an active nickel mining industry
that promotes extensive runoff particularly during the
wet season (Fernandez et al. 2006). New Caledonia is
the world’s third biggest producer of nickel, and as a
consequence, open-cast mining sites are present all
along the main island and contribute to soil erosion
that constitutes a major chronic threat to the marine
ecosystem (Fernandez et al. 2006, Morrison et al.
2013). Apart from mining activity, the low population
density in the country (14 inhabitants km−2 in 2014;
www.isee.nc), limits anthropogenic impacts on the
marine ecosystem away from urban areas.

Previous coral health surveys around New Cale-
donia detected a low abundance of coral diseases,
mainly growth anomalies and white syndrome (Tri-
bollet et al. 2011, Work et al. 2014). Overall, those
authors found a higher prevalence of coral disease
at inshore reefs compared to offshore reefs, and this
first survey highlighted a uniformly low prevalence
of coral lesions on New Caledonian reefs. However,
coral health data are missing from reefs chronically
subject to anthropogenic and natural runoff, espe-
cially from reefs along the east coast of New Cale-
donia. Recording coral health data on reefs that are
subject to runoff from land is impor-
tant, as runoff has negative influen -
ces on inshore reefs (Fabricius et al.
2013), and sedimentation and turbid-
ity have been linked to coral disease
(Haapkylä et al. 2011, Pollock et al.
2014).

Sedimentation may transmit coral
pathogens from marine or terrestrial
substrates onto nearby corals (Hodgson
1990), reduce the amount and quality
of ambient light available for photo-
synthesis by the corals’ endosymbio -
tic algae (Symbiodinium) and in hibit
the heterotrophic feeding efficiency of
corals, reducing the energy intake of
both symbiotic and asymbiotic corals
(Falkowski et al. 1990, Richmond 1993).
Corals may shed sediment through
mucus production and ciliary move-
ment, but this burdens the corals’ re -
duced energy budgets (Peters & Pilson
1985, Riegl & Branch 1995).

The aim of the present study was to examine pat-
terns of coral disease and non-diseased conditions on
fringing reefs around the main island of New Caledo-
nia where mining activity is present. This is the first
survey of coral disease and other indicators of com-
promised health on reefs situated downstream of
nickel mining sites in New Caledonia.

MATERIALS AND METHODS

Study locations

Four inshore locations were surveyed in March
2013 (wet season) around New Caledonia in the
South Pacific (Fig. 1). Kaala (20° 36.9’ S, 164° 18.9’ E)
and Nepoui (21° 20.6’ S, 164° 59.7’ E) on the west
coast, and Thio (21° 37.0’ S, 166° 15.3’ E) and Bo -
rendi (21° 47.2’ S, 166° 27.9’ E) on the east coast.
Kaala, Nepoui and Thio are under the influence of
nickel mining sites currently in activity, whereas
Borendi is situated downstream of an old mining
site where mining activity ceased in the 1950s.
Thio and Borendi are under oceanic influence due
to large passes separating small barrier reefs,
whereas the barrier reef is continuous with small
passes at Kaala and Nepoui (Andréfouët & Torres-
Pulliza 2004). Moreover, Nepoui’s sites are situated
within a large bay which favours high water
 residence time.
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Fig. 1. New Caledonia, showing the 4 study locations (squares)
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Disease identification

Coral diseases and signs of compromised health
were recorded following macroscopic descriptions
provided by Beeden et al. (2008). Seven categories
were used in the data analysis: white syndrome (WS),
growth anomalies (GAs), bleaching (including total
and partial bleaching, bleached spots, bleached
patches and stripes), pigmentation responses (in -
cluding pigmentation response and trematodiasis),
predation (including Drupella, Coralliophila, crown-
of-thorns starfish lesions and fish bites), algal over-
growth (including coral tissue overgrown by macro-
algae or calcareous algae) and sediment damage
(including tissue loss associated with accumulation of
fine sediment, combined with algal filaments and/or
surface mucus). Abnormally pigmented lesions on
corals were classified as ‘pigmentation responses’.
Pigmentation responses were not considered as a
disease but as a generalized defence response to
localized stress (Palmer et al. 2008).

Survey method

A total of 4 locations, 12 sites and 36 transects were
sampled. Four sites were surveyed at Borendi, 3 each
at Kaala and Thio, and 2 at Nepoui. At each site,
three 20 × 1 m (1 m on the slope side of the transect)
belt transects were laid on the reef crest (1−3 m
deep), following the depth contour of the reef. The
first transect was located randomly, and the 2 addi-
tional transects were located 15 m from the previous
transect, continuously along the reef crest. Each tran-
sect was treated as 1 replicate in the analyses. Each
coral colony (>5 cm in diameter) within each transect
was counted and identified to family level and cate-
gorized as healthy, diseased or demonstrating signs
of compromised health. Each colony that was located
partially in a transect was included in the colony
count.

Disease prevalence was calculated within each
transect by dividing the number of diseased colonies
by the total number of coral colonies. Family-specific
prevalence was calculated as the number of cases of
a specific disease or lesion divided by the number of
appropriate hosts encountered. If a family was not
present on a transect, this taxon did not have any
prevalence taken into account in the mean per site
and location.

Coral cover was estimated at the family level along
the same transects using the line intercept method
(English et al. 1997).

Sediment granulometry

Sediment grain size distribution was assessed
using samples from each location during our disease
survey. One site at Thio could not be sampled. A
light-weight Van Veen grab sampler (capacity 1.8 l)
was used to sample the upper sediment layer be -
tween the reef slope and the bottom at each site,
along the first transect. Samples were placed in
 single-use vinyl bags (Whirl-pack) and frozen for
storage. After being oven-dried (60°C, 3 d), samples
were weighed and sieved on a vibrating granulomet-
ric column using the following mesh sizes in diame-
ter units: <50 µm, 50 µm−2 mm, >2 mm. The 3 frac-
tions obtained were expressed as weight percentage
of the initial bulk sample. The mean proportions of
the 3 classes of grain size were calculated per loca-
tion. In this study, we used sediment grain size distri-
bution as a proxy of hydrodynamic conditions, as it
reflects retention and removal of sediments (Fabri-
cius 2005)

Statistical analyses

Multivariate approaches were used to examine
 differences in coral community structure and in dis-
ease assemblages between sites and locations using
PRIMER version 6.1.10 with the permutational ana -
lysis of variance (PERMANOVA) extension (Ander-
son et al. 2008).

A non-metric multidimensional scaling plot, based
on a Bray-Curtis similarity matrix made from square-
root transformed data at the transect level, was used
to illustrate similarities of coral communities between
locations. We used a 2-factor nested analysis of simi-
larity (ANOSIM) to test differences in coral as -
semblages between sites nested within locations,
and a SIMPER analysis was run on the data matrix.
 SIMPER decomposes Bray-Curtis dissimilarities be -
tween all pairs of samples to identify the families that
contributed most to differences between locations
(Clarke & Warwick 2001). Seven most abundant
coral families were considered as separate taxonomic
groups, and the other families were grouped into a
category named ‘Other’. Differences in total sclerac-
tinian coral cover between locations were tested
using a 2-way nested ANOVA with Statistica 9
 (StatSoft).

Different coral health conditions at each site —
based on normalised prevalences of bleaching, pig-
mented re sponses, GAs, predation, sediment dam-
age, algal overgrowth and WS per transect — were
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analysed using a principal compo-
nent analysis (PCA) to visualise dif-
ferences be  tween locations and be -
tween sites. A PERMANOVA was
used to test for differences in dis-
eases assemblages between sites
and locations.

Differences in the fraction of each
of the 3 sediment grain size classes
between locations were tested using
a non-parametric Kruskal-Wallis test.

RESULTS

Coral cover and community structure

Mean cover of scleractinian corals was significantly
different between locations (ANOVA: F = 37.5, p <
0.001) and sites (ANOVA: F = 3.1, p < 0.05). It was
highest at Thio (mean ± SE: 68.0 ± 5.0%) and Kaala
(48.9 ± 3.5%) compared to Borendi (28.8 ± 4.3%) and
Nepoui (19.7 ± 2.2%; Table 1).

Significant differences in average coral commu-
nity composition were detected between locations
(ANOSIM: Global R = 0.948, p < 0.001) and be -
tween sites (ANOSIM: Global R = 0.495, p < 0.001).
Kaala and Nepoui were dominated by the Poritidae

family, and Kaala was also characterized by Aga -
riciidae (Fig. 2A). SIMPER analysis confirmed this
trend, with Poritidae driving similarities for Kaala
and Nepoui (67.6% and 63.8% contributions to
similarity for these locations, respectively). On the
east coast, Thio and Borendi were dominated by
Acroporidae, and Borendi was also characterized
by a high cover of soft corals (25.4 ± 4.9%). Alcyo n i -
idae and Acroporidae drove similarities for Borendi
(SIMPER: 65.3% contribution to similarity for both
families), and Acroporidae alone led similarities for
Thio (SIMPER: 60.7% contribution to similarity). A
high variability in coral community composition
was generally ob served among sites within loca-
tions (Fig. 2A).
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Lesion/disease            Borendi              Kaala               Nepoui               Thio

Bleaching                  2.17 ± 0.50       1.94 ± 0.58        1.14 ± 0.56       0.87 ± 0.35
Pigmentation            3.22 ± 0.80       11.1 ± 2.70        0.31 ± 0.31       2.07 ± 0.47
Growth anomaly      1.52 ± 0.44       3.01 ± 1.03        4.16 ± 2.54       1.78 ± 0.60
Predation                  3.10 ± 0.57       3.30 ± 1.43        4.91 ± 1.83       1.78 ± 0.47
Sedimentation          7.19 ± 1.53       28.7 ± 3.37        34.1 ± 3.90       19.1 ± 2.40
Algal overgrowth     4.14 ± 0.97       30.2 ± 5.19        14.6 ± 5.23       2.32 ± 0.89
White syndrome       1.07 ± 0.47               0                        0               0.07 ± 0.07
Coral cover               28.8 ± 4.27       49.0 ± 3.53        19.7 ± 2.21       68.0 ± 4.95

Table 1. Mean ± SE prevalence (%) of coral diseases, signs of compromised health
and coral cover (% ± SE) at each study location in New Caledonia (see Fig. 1)
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Coral health

The results indicated that coral health was signifi-
cantly different between locations (PERMANOVA;
F = 5.80, p < 0.001) and between sites (PERM-
ANOVA; F = 2.21, p < 0.001). A distinction between
the west coast (Nepoui and Kaala) and the east coast
(Thio and Borendi) was observed (Fig. 2B, Table 1).
Algal overgrowth was highest at Kaala (mean ± SE:
30.2 ± 5.19%) and Nepoui (14.6 ± 5.23%), whereas
sediment damage was highest at Nepoui (34.1 ±
3.90%) and similar in Kaala (28.7 ± 3.37%; Fig. 2B,
Table 1). Although much lower at Thio and Borendi,
algal overgrowth and sediment damage remained
the more prevalent signs of compromised health at
each location (Table 1). The only diseases observed
in the present study were WS and GAs. WS was only

observed at Thio (0.1 ± 0.07%) and Borendi (1.1 ±
0.47%). The mean prevalence of GAs ranged from
1.5 ± 0.44% at Borendi to 4.2 ± 2.54% at Nepoui. The
prevalence of predation ranged from 1.8 ± 0.47% at
Thio to 4.9 ± 1.83% at Nepoui. Bleaching did not
exceed 2.5% of prevalence at each location, and the
prevalence of pigmentation responses was more than
3 times higher at Kaala (11.1 ± 2.70%) compared to
the other locations.

Disease prevalence per taxon

The susceptibility of different coral families to dis-
eases varied between locations (Fig. 3). Acroporidae
was the most diseased taxon in our study. At Borendi,
3.6% of Acroporidae demonstrated signs of WS,
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whereas 16.7% of Acroporidae colonies had GAs at
Kaala. Overall, the west coast had a higher preva-
lence of signs of compromised health, algal over-
growth and sediment damage, than the east coast. At
Kaala, Oculinidae had the highest number of corals
with sediment damage (83.3%), whereas 40% of the
Siderastreidae colonies at Thio had algal overgrowth.
The highest number of colonies with pigmentation
responses (20.9%) was found on Poritidae at Thio
(Fig. 3).

Sediment granulometry

One class of grain size showed significant differ-
ences in its fraction between locations: diameter
<50 µm (p < 0.05). However, the p-value of the
Kruskal-Wallis test for the 2 other classes is com-
prised between 0.05 and 0.06, indicating a location
effect that was almost significant. Sediments at Kaala
and Nepoui, both situated on the west coast, are
mainly composed of mud (diameter <50 µm), which
represented 77.6 ± 12.1% (mean ± SE) and 84.0 ±
15.3%, respectively (Fig. 4). On the other hand, sedi-
ments at Borendi and Thio, both situated on the east
coast, were mainly composed of fine and coarse sand
(50 µm < diameter < 2 mm), representing 82.3 ± 5.1%
and 67.0 ± 22.9%, respectively (Fig. 4). Mud (diame-
ter <50 µm) was also well represented in the samples
of Thio, with a fraction of about 25%.

DISCUSSION

This is the first coral health study on reefs situated
downstream of mining sites in New Caledonia. Our
results indicate that the investigated locations were
characterized by a medium to high coral cover. The
only 2 coral diseases found were WS and GAs. WS
was detected only on the east coast at Thio and
Borendi, with low prevalences similar to the WS
prevalence values detected in Indonesia (Haapkylä
et al. 2009) and on the GBR (Haapkylä et al. 2010).
However, WS should be monitored closely, as it has
the potential to cause widespread and rapid loss of
coral cover (Bourne et al. 2015). The prevalence of
GAs was up to 4 times higher than the prevalence of
WS in our study.

Our results support the preliminary coral disease
inventories in New Caledonia conducted by Tribollet
et al. (2011) and Work et al. (2014). The low abun-
dance of common Indo-Pacific coral diseases sug-
gests that New Caledonian reefs are healthier than
Caribbean reefs (Sutherland et al. 2004), the GBR
(Sato et al. 2009, Haapkylä et al. 2013, Pollock et al.
2014) and other Indo-Pacific locations (Haapkylä et
al. 2009, Page et al. 2009, Sandin et al. 2008). The
result may also reflect the fact that New Caledonian
reefs have thus far been understudied with regard to
coral disease.

Sediment damage and algal overgrowth, signs of
compromised health, affected all of our study loca-
tions and support earlier findings that sedimentation
and turbidity are major threats to inshore reefs in
New Caledonia (Morrison et al. 2013). In New Cale-
donia, sedimentation is due to both natural and an -
thropogenic inputs (Fernandez et al. 2006, Fichez et
al. 2010), the latter being linked to the mining indus-
try. To date, the southwestern lagoon of New Caledo-
nia has been the main study area for modelling of
geochemical processes (Fernandez et al. 2006), circu-
lation and suspended sediment transport (Ouillon et
al. 2010) as well as coastal erosion (Dumas et al.
2010), but no studies are available from other areas
off the mainland. No studies on the influences of min-
ing, comparing reference sites to affected sites by
measuring sedimentation rates, have been conducted
along the coast.

Geomorphological differences may explain the dif-
ferences in coral and lesion assemblages between
the east (Acroporidae dominated) and west (Poritidae
dominated) coasts, as sedimentation and water circu-
lation processes are likely to differ between the
coasts (Andréfouët & Torres-Pulliza 2004). The bar-
rier reef is continuous along the west coast and dis-
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continuous along the east coast, allowing a connec-
tion with clear oceanic waters (Andréfouët et al.
2009). This pattern may induce stronger hydrody-
namic movement along the east coast, supported by
the south-easterly trade winds that influence surface
currents (Jouon et al. 2006) and reduce particle dep-
osition as shown in our results on sediment grain
sizes at Thio and Borendi. Along the west coast, sed-
iment grain size samples from Kaala and Nepoui
reflect high water residence times, as they are mainly
composed of mud. Indeed, hydro-dynamism is among
the factors controlling sedimentation rates (Fabricius
2005), and this pattern may partially explain the dif-
ferences observed on sediment damage prevalences
between the 2 coasts. The highest prevalence of sed-
iment damage at Nepoui, situated in a large semi-
enclosed bay with the highest proportion of mud in
the sediments, strengthens these findings. Mining
activities are likely to enhance natural soil erosion
and increase inputs of fine sediments into the Cale-
donian lagoon (Bird et al. 1984). However, many other
factors, including depth or coral community composi-
tion with different susceptibilities to lesions, may also
have contributed to the differences ob served in the
prevalence of sediment damage be tween our study
locations.

Despite a high prevalence of algal overgrowth and
sediment damage, we recorded a medium to high
coral cover at each location, with the lowest coral
cover recorded being 19.7%. High coral cover has
been previously observed in different bays in the
southern part of the island, and this pattern is charac-
teristic of some Western Pacific reefs (Adjeroud et al.
2010). New Caledonia’s fringing reefs have been under
erosion pressure for more than a century (Ouillon et
al. 2010), and it is likely that coral communities have
developed mechanisms of adaptation and tolerance
to high turbidity and sedimentation levels (Larcombe
et al. 1995).

Massive Porites are stress tolerant and particularly
resistant to harsh conditions including turbid environ-
ments (Darling et al. 2012). Our results show a high
prevalence of lesions in this genus, especially on the
west coast, and confirm that, despite their high resist-
ance, Porites colonies can be partially affected by tis-
sue loss or lesions due to sediment deposition. At
Nepoui and Kaala, where the prevalence of sediment
damage was the highest, sediment rates may exceed
the sub-lethal threshold that Porites colonies can han-
dle to remain entirely healthy (Flores et al. 2012).

Tribollet et al. (2011) found a 30% prevalence of
discolouration, including pink spots resembling Porites
trematodiasis. Our field records do not allow the

identification of trematodiasis (Benzoni et al. 2010);
we have therefore classified it as a pigmentation
response, a defence response to localized stress
(Palmer et al. 2008). The highest Porites spp. cover
and the highest prevalence of pigmentation responses
were found at Kaala, where sediment composition
reflects high water residence times. Pigmentation
responses have been linked to high sedimentation on
the GBR (Pollock et al. 2014). The results of the pres-
ent study with regard to a possible link between sed-
imentation and pigmentation responses were not as
clear, as the prevalence of pigmentation responses
was highest at Kaala, a site with a high proportion of
mud in the sediment, but second highest at Borendi,
where the prevalence of sediment damage was the
lowest and the sediment composition reflects low
deposition rates.

In conclusion, this study highlights the low disease
prevalence and the high prevalence of sediment
damage and algal overgrowth, signs of compromised
health, on reefs situated in close proximity to mining
sites in New Caledonia. Further studies linking water
quality, hydrodynamics and sedimentation to ecolog-
ical and biological processes are needed to better
understand the effect of mining on New Caledonian
reefs. This study also highlights the importance of
incorporating coral health surveys to monitor the
influence of the mining industry on reefs, as coral
cover alone may not reflect the compromised health
status of coral colonies.
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