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Abstract - A comparative study was conducted in two zones of the Northern Province of New Caledonia, one located 
windward (east coast) and the other located leeward (west coast). In each zone, three major sectors were investigated: 
fringing lreefs close to areas of important mining activities, fringing reefs close to areas of moderate mining activities, and 
fringing reefs close to areas free of mining activities. In addition, on the west coast, fringing reefs close to areas of high nat- 
ural ground erosion were also studied. Only commercial fish species sensus lato were censused on a total of 163 stations, 
concerning 165 fish species. Substrate characteristics were not different between zones and sectors. However, significant 
differences were observed for living organisms: live coral cover was higher in non-mining sectors than in mining ones, and 
algal cover increased with increasing mining activities. The three main descriptors of the commercial fish communities 
(e.g. mean species richness, density and biomass) have all shown lower values in sectors submitted to the lowest ground 
erosion levels, although these trends were not all statistically significant. Similar results were found for some of the major 
fish families, such as the Acanthuridae and Siganidae, whereas other families ha’d no specific pattern, such as the Lut- 
janidae, or a ‘partial’ pattern (i.e. on only one coast), such as the Serranidae, Lethrinidae, Mullidae, Labridae and Scaridae. 
0 1999 Ifremer / CNRS / IRD / Editions scientifiques et medicales Elsevier SAS 

ichthyofauna I fringing reefs I mining activities I terrigeneous runoff I Pacific Ocean 

RCsumC - Assemblages de poissons commerciaux de r&ifs frangeants soumis & cliff6rents degrCs d’krosion ter- 
rig&e en Nouvelle-CalCdonie. Une etude comparative a et6 realisee pour evaluer les effets des apports terrigenes sur les 
peuplements de poissons d’inttret commercial de la province Nord de la Nouvelle-Caledonie. Deux zones sont CutdiCes, 
l’une localisee au vent (c&e est) et l’autre sous le vent (c&e ouest). Dans chaque zone, trois regions principales sont dis- 
tinguees : r&ifs frangeants proches de secteurs soumis a d’importantes activitts minibres, r&ifs frangeants proches de sec- 
teurs soumis a des activites minieres moderees, et r&ifs frangeants proches de secteurs non miniers. De plus, sur la tote 
ouest, des r&ifs frangeants proches de secteurs soumis a une forte erosion terrigene naturelle sont egalement Ctudies. Seu- 
les les especes de poissons d’interet commercial au sens large ont etC recensees (165 espbces) sur un total de 163 stations. 
Les caracteristiques du substrat ne different pas d’une zone a l’autre, ni d’une region a l’autre. En revanche, des differences 
significatives sont observees pour les organismes recouvrants : la couverture en corail vivant est plus forte sur les r&ifs 
proches ‘de secteurs non miniers, alors que la tendance est inverse pour le recouvrement algal. Les trois descripteurs prin- 
cipaux des communautds de poissons commerciaux (richesse specifique, densite et biomasse) sont plus faibles dans les 
secteurs non miniers, bien que cette tendance ne soit pas toujours statistiquement significative. Des resultats similaires sont 
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obtenus pour certaines des principaies familles de poissons, comme les Acanthuridae et les Siganidae, tandis que d’amtres 
families ne montrent aucune tendance particulibre, comme les Lutjanidae, ou une tendance << partielle >> (c’est-i-dire stir 
une seule des deux c&es), comme les Serranidae; les Lethrinidae, les Mullidae, les Labridae et les Scaridae. 0 1999 Ifre- 
rner / CNRS / IRD / l?ditions scientifiques et mCdicales Elsevier SAS 

ichtyofaaune /’ r&if corallien / activitk minihe / apport terriggne / s&an Pacifique 

1. INTRODUCTION 

Fish are clearly one of the most important marine 
resources on coral reef ecosystems, particularly for devel- 
oping countries and Pacific island nations. These ecosys- 
tems are ‘regularly’ submitted to natural perturbations, 
such as hurricanes [17] or Crown-of-thorn starfish infes- 
tations [48, 531. In addition, and for several decades, the 
coral reefs have been submitted to an increasing range of 
human-induced perturbations [ 15, 20, 461. In particular, 
the increase in fish consumption determined a strong 
increase in the fishing pressure on the reefs of various 
geographical areas [ 18, 451. In some cases, overfishing is 
reached and was deemed one of the most serious threats 
to coral reefs 1391. The other major human-induced dis- 
turbances on coral reefs are likely linked to eutrophica- 
tion processes 1341, dredging mining and siltation [3, 11, 
141, and/or alteration of natural habitats due to urbanisa- 
tion of coastal areas [5, 281. 

In New Caledonia and with the exception of the sur- 
roundings of the city of NoumCa (the only really urban- 
ized zone), most of the major potential threats cited above 
may be considered as unimportant mainly due to a very 
low human density. However, New Caledonia is charac- 
terized by important extensive mining activities focusing 
on nickel ore, which is largely present on land (third 
world nickel reserves). Although nickel mining activities 
have existed since the beginning of the century, the 
impact of mining on coastal communities has never been 
seriously assessed. Some information on heavy metals 
contamination of marine invertebrates, such as echino- 
derms and molluscs is available, but bioconcentration, 
toxicity, physioiogical and/or ecological impact on supe- 
rior trophic levels, such as fish, were not investigated 
[ 121. However, the removal of all vegetation in order to 
access nickel ore resources obviously increases the risks 
of terrestrial erosion and hypersedimentation in coastal 
areas during rainfall episodes /3!]. Thus, nickel mining 
activities may be considered as a local potentially impor- 
tant threat to coral reefs and their living resources. 

As part of a larger study on stock assesment of fish oi 
commercial interest in New Caledonia [24. 25, 301, we 
will try here to answer the following questions: do com- 
mercial fish communities from fringing reef areas sub- 
mitted to different ground erosion levels show significant 
segregation in their main descriptors, i.e. diversity, den- 
sity and biomass? If so, are these differences linked to a 
ground erosion and/or levels of mining activity? 

2. MATERIAL AND METHODS 

2.1. Study area and sampling sectors 

This study was conducted on both the east and west 
coasts of the Northern Province of New Caledonia, in the 
southwestern Pacific Ocean cfigure I). New Caledonia is 
one of the largest islands in the tropical Pacific 
(16 900 km2) and is surrounded by very extensive barrier 
reefs delimiting a lagoon of approximatively 23 400 km”. 
In the Northern Province, the current human density is 
very low: approximatively 41 500 inhabitants for the 
whole Province resulting in a mean density of about 
4.2 persons per km [l]. and only small artisanal fisheries 
exist there. Average rainfall usually varies between 
1.0 m yr-’ on the west coast and 2.3 m yr-’ on the east 
coast [37]. 

Only the fringing coastal reefs were studied here. On 
both coasts, three types of fringing reefs have been inves- 
tigated: fringing reefs close to areas of important mining 
activities, fringing reefs close to areas of moderate min- 
ing activities, and fringing reefs close to areas free of 
mining activities (figure I). In addition, on the west coast, 
fringing reefs close to areas submitted to high natural 
ground erosion were also studied. In fact. this erosion is 
not really natural, because it is linked to low and fluctuat- 
ing vegetation cover due to frequent human-induced bush 
fires. Thus, a total of seven different sectors was studied. 
Each sector includes a variable number of stations (i.e. 
replicates), ranging from 10 to 47. As recommended [27], 
the sampling effort in each geographical sector was 
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Figure 1. Location of the fringing reefs studied in the lagoon of the Northern Province of New Caledonia, southwestern Pacific Ocean 

proportional to the estimated surface of reef slopes at the declivity between and within sectors. For our purpose, it 
sampled depths (2.-7 m on average). A total of 163 sta- was however sufficient to have semi-quantitative data of 
tions was investigated. terrestrial eroded surfaces. 

2.2. Defiuition of sectors of different mining activity 
levels 

Important mining activities occur in New Caledonia, con- 
cerning mainly nickel, but also iron, cobalt and chro- 
mium to a lesser extent. The main characteristic of 
mining activities in New Caledonia is that they are all 
open-cast mines (most of them are extensively or semi- 
intensively exploited). So, it may be concluded that 
eroded surfaces on peridotite geological substrates are all 
due to nickel mining activities (SMAI, pers. comm. Ser- 
vice des M&odes Administratives et Infomatiques). 
Terrestrial images of the SPOT satellite were used to esti- 
mate the eroded surfaces close to the different sectors 
studied. It was not possible to calculate the exact eroded 
surfaces, due to strong variations in relief topography and 

2.3. Fish sampling technique 

Commercial fish communities were studied by visual 
censuses using the line-transect method [7] at depths 
which required Scuba diving equipment. This census 
method is derived from terrestrial procedures, and its pre- 
cision and accuracy for underwater-based work have 
been demonstrated [7, 8, 221. Several authors have also 
used this method for estimating density of fish popula- 
tions [21, 3 1, 50, 5 11. At each station, two divers cen- 
sused fish along a 50 m transect, one on each side of the 
transect. The observers counted all commercial fish, and 
recorded the estimated perpendicular distance between 
the fish and the transect line. Distances were noted in 1 m 
intervals for fish bmetween 0 and 4 m from the transect 
line, in 2 m intervals for fish between 5 and 10 m, and in 
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5 m intervals for fish between IO and 20 m away from the 
transect line. Censuses did not take place if visibility was 
less than 4 m from each side of the transect. Density and 
biomass estimates (see below) are based on the detect- 
ability functions of species. This factor is much better 
accounted for by the method used than fixed width 
transects or fixed radius points counts for commercial 
fish species [22]. The size of fish (total length) was esti- 
mated using 1 cm classes for fish ranging from 1 to 
10 cm, 2 cm classes for fishes ranging from 10 to 30 cm, 
5 cm classes for fish from 30 to 60 cm: and 10 cm classes 
for fish larger than 60 cm. The choice of increasing size 
classes with fish length follows widely known recom- 
mendations [4]. Previous studies [21, 231 indicated that 
for most species, the difference between observed and 
actual size was less than 15 %. 

If fish were in a school or a group, the number of fish was 
estimated and the perpendicular distance of the closest 
fish and the furthest fish were recorded. Each sighting 
occurrence will be called a record. Each record con- 
tained the species name, the number of fish sighted, the 
estimated size of fish, and the distance at which the fish 
were observed from the transect line. Despite usual bias 
of visual censuses; mainly for cryptic or shy species, this 
method is particularly efficient in biotopes where human 
visits (diving, spearfishing, etc.) are rare, because the fish 
behavior remains natural [22]. Particular care was also 
taken for species attracted to the divers and to avoid dou- 
ble counts of fish crossing the transect line. Visual cen- 
suses were done at different periods according to zones: 
austral summer 1995-l 996 (approximately from Octo- 
ber to March) in the west coast, and austral summer 
199661997 (approximatively from December to Febru- 
ary) in the east coast. In addition and for each station 
sampled, the substrate characteristics (t&e I) and cover 
by living organisms (macroalgae, soft corals, hard cor- 
als) were quantified along the transect. 

Table I. Characteristics of the different subsGate categories. 

Category Size of particles or characteristics 

Mud <0.0063 mm 
Fine sand 0.0063-0.25 mm 
Coarse sand 0.25-2 mm 
Gravel 2 mm-l cm 
Rubble l-5 cm 
Small block 5-30 cm 
Large block 30-100 cm 
Rock Massive rocks, to biogenic origin or not 
Coral head Coral blocks larger than 1 m of diameter 

2.4. Data anaIyse.9 

The data of the two observers cannot be used as replicates 
because the environment within a station may be hetero- 
geneous (for example, when the census was done near the 
basal part of the reef slope, one diver may have counted 
on the ‘reef side’ of the transect and the other on the 
‘sand side’). Data were thus pooled for each transect. 
Many density estimators may be chosen [8]. Among 
them, as mentioned in previous work [5 11, the most 
robust for this type of data is 

Di = (2L)-t C (ni / dJ 

where Di: density of species i (fish m-2), 

L: transect length (50 m); 

ni: abundance of species i, 

di: average distance of species i to the transect (m). 

Average distance for species i was calculated as follow: 

d, = (nJ’ C (njdj) 

where nj: number of fish of species i observed at occur- 
rence j, and dj: distance of fish of species i to the transect 
at occurrence j. 

The weight of fishes was calculated from length-weight 
relationships previously defined [32]. Biomass can be 
calculated in a similar way to density 

B, = (2L)-’ c (wi / di) 

where Bi: biomass (g m-‘), and wi: weight of species i (g). 

These different estimates can be calculated for each spe- 
cies or for all species combined. The most robust esti- 
mates for global data were obtained using the sum of 
estimates per species rather than estimates which con- 
sider all species combined [24, 311. A principal compo- 
nent analysis (PCA) was applied to the three ‘global’ fish 
descriptors (species richness, density and biomass, which 
were standardized due to their different natures) of the 
163 stations. The heterogeneity of dispersion was tested 
with random permutations of stations between groups 
(i.e. the seven sectors) [42]. Two-way ANOVAs (coast x 
type of reef) were performed on each type of data set 
(species richness, density and biomass). When ANOVAs 
detected significant differences, a posteriori SNK tests 
were used for comparison of means. The regression 
between descriptors of fish communities and substrate 
characteristics (substrate variables themselves and cover 
by living organisms) was fitted to the most significant 
correlation model. The significance of the correlation 
index (R) was tested according to the degrees of freedom 
given by the model 1271. 
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Table II. Total species richness, mean species richness, mean density (X lOA indivm-‘) and mean biomass (g&) per census on the seven 
sectors stuclned. Confidence intervals at a = 5 % level are in parentheses. Results of two-way ANOVAs and a posteriori SNK-tests (a = 5 %). 
Level of significance of ANOVAs: ** = p < 0.01, * = P < 0.05, ns = P > 0.05, - = not tested. 
Sectors underlined are not stastitically different at a 5 % level (SNK test). 

High High Low Non 
erosion mining mining mining 
ww (WHM) (WLM) (WNM) 

No. of stations 
Total nb of species 
Mean nb of species 
Mean densiry 
Mean biomass 

13 
82 

20.9 (3.5) 
470 (5 1) 
194 (32) 

19 10 11 
94 67 67 

15.9 (2.7) 13.9 (3.5) 14.1 (4.5) 
510 (39) 492 (50) 358 (36) 
109 (10) 137 (14) 98 (12) 

WEST COAST EAST COAST ANOVA 

Non 
mining 
@NM) 

Low High Source of variation 
mining mining 
(ELM) (EIHM) Coast (C) Type of (C x T) 

reef (T) 

47 22 41 - - - 
132 112 133 - - 

17.0 (2.7) 23.5 (3.8) 23.8 (2.5) * ** ns 
283 (14) 431 (56) 4258 (44) + :.k ns 

78 (7) 131(17) 171 (18) ns ;i: * ns 

A posteriori SNK-tests : 

Mean nb of species EHM ELM WHE ENM WHM WNM WLM 

Mean density WHM WLM WHE ELM EHM WNM ENM 

Mean biomass WHE EHM WLM ELM WHM WNM ENM 

3. RESUL,TS 

3.1. Composition, (density and biomass 
of fish communities 

A total of 165 fish species was recorded during this study. 
The total number of species was lower on the west coast 
(ranging from 67 to 94 species) tha.n on the east coast 
(ranging from 112 to 133 species) (table II), but this is 
most likely due to a difference in the number of stations 
sampled. More explicit was the mean number of species 
per census, which follow an increasing gradient with 
ground erosion level along both coasts (table ZZ). The 
ANOVAs showed the significance of the factors ‘coast’ 
and ‘type of reef’ on the patterns found (table ZZ). 
Although differences of mean diversity between ‘inter- 
mediate levels’ of ground erosion were not statistically 
significant, the differences between the lowest and the 
highest values were significant on the two coasts (SNK 
test, P < 0.01). The mean densities followed similar pat- 
terns, but without clear links to a particular level of 

ground erosion. However, along both coasts, significantly 
lower values were Sound on fringing reefs close to areas 
free of mining activities (table ZZ). Mean biomass 
increased significantly with ground erosion level on the 
east coast (table Zr). No such gradient appeared on the 
west coast, but the lowest value was found on fringing 
reefs not submitted to ground erosion and the highest on 
fringing reefs submitted to high ground erosion. Thus, 
fish assemblages significantly differed between sectors 
because each sector was characterized by different trip- 
lets of data, i.e. mean species richness, density and bio- 
mass. This was confirmed by the PCA which also 
revealed striking differences in fish assemblages 
Cfisure 2). Axis 1 se:parated centres of gravity of stations 
of fringing reefs close to areas submitted to high ground 
erosion levels, from those of fringing reefs close to areas 
submitted to low ground erosion levels, except in the east 
zone; axis 2 separated the two coasts. The test of random 
permutations is highly significant (P = 0.002), underlin- 
ing that fish assemblages were significantly different 
between the seven sectors studied. 
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Figure 2. First factorial plane of the PC4 monitored on the standardized data of species richness, density and biomass of the commercial reef 
fish. The position of the centre of gravity of e group of stations is shown as follows: WHE = west coast, high erosion (stations: 
WHM = coast, high mining (stations: ), WLM = west coast, low mining (stations: m ), WNM = west coast, non-m 
(stations: ENM = east coast, non-mining j ations: 72 ), ELM = east coast, low mining (stations: + ), and EHM = east coast, high 
mining (stations: +). 

The main fish families displayed different patterns in 
response to increasing ground erosion levels. In the first 
case some families, such as Acanthuridae and Siganidae, 
had trends similar to those observed for the whole ichthyo- 
fauna, e.g. an increase of species richness, density and/ 
or biomass with increasing ground erosion levels 
(table ZZZ). Although these trends are not all statistically 
significant, significant differences (SNK test, P < 0.05) 
were found between the lowest and the highest values, 
such as for the biomass of Siganidae on the east coast. 
The second case is represented by the Lutjanidae which 
were relatively indifferent to ground erosion, except for a 
slight decrease in biomass on the east coast (table IZZ). In 
the third case, the observed trends appeared only on one 
coast: the Serranidae, Labridae and Scaridae displayed an 
increase in species richness, density and/or biomass with 
increasing ground erosion levels on the east coast (how- 
ever, the opposite trend is observed for the biomass of 
Serranidae), and the Mullidae and Lethrinidae on the 
west coast (table 110. These trends are not all significant, 
but significant differences (SNK test, P < 0.05) occurred 
between highest and lowest values in most cases. 

Among the major fish species, 24 increased in density 
and/or biomass with increasing mining and/or ground 
erosion levels. In most cases, the trends found for these 
species are, not surprisingly, similar to those of the family 
to which they belong. This is the case of the serranid 
Plectvol?omus leopardus (increase in density and/or bio- 
mass with increasing ground erosion levels on the east 
coast), of the lethrinids Lethrinus harak and Monotaxis 
grurzdoculis, the labrid Cheilinus trilobatus, and the scar- 
ids Scams altipinnis, S. ghobOa]z and S. microrhinos 
(increase in density and/or biomass with increasing 
ground erosion on the west coast), of the acanthurids 
Acanthurus xanthopterus and Naso unicornis, and of the 
siganids Siganus argenteus, S. lineatus and S. phlellus 
(increase in density and/or biomass with increasing 
ground erosion on both coasts). 

Conversely, five other major species displayed a trend 
opposite to those of the family to which they belong. This 
is the case of the labrids Bodianus perditio and Choero- 
don graphicus, which decreased in biomass with increas- 
ing ground erosion (but only on the west coast for the 
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Table III. Mean species richness (A), mean density (X 10m4 ind,m-*) (B) and mean biomass (g.m-‘) (C) per census for the major fish families 
on the seven sectors studied. Confidence intervals at a = 5 % level are in parentheses. 

WEST COAST EAST COAST 

(-4 High erosion High mining Low mining Non mining Non mining Low mining High mining 

Serranidae 
Lutjanidae 
Lethrinidae 
Mullidae 
Labridae 
S caridae 
Acanthuridae 
Siganidae 

@I 
Serranidae 
Lutjanidae 
Lethrinidae 
Muilidae 
Labridae 
Scaridae 
Acanthuridae 
Siganidae 

(Cl 
Serranidae 
Lutjanidae 
Lethrinidae 
Mullidae 
Labridae 
Scaridae 
Acanthuridae 
Siganidae 

2.00 (0.60) 
0.69 (0.50) 
0.92 (0.41) 
2.08 (0.46) 
2.46 (0.62) 
5.00 (1.19) 
4.54 (1.04) 
1.31 (0.46) 

264 (69) 
1261 (1129) 

193 (112) 
554 (284) 
234 (81) 

1095 (386) 
979 (313) 
309 (135) 

20.9 (10.5) 
30.4 (19.4) 

6.9 (4.6) 
8.8 (4.6) 
7.3 (3.3) 

36.6 (11.5) 
22.4 (7.7) 
14.0 (8.0) 

0.95 (0.31) 
1.42 (0.59) 
0.95 (0.34) 
2.11 (0.49) 
I .26 (0.58) 
3.68 (0.75) 
2.47 (0.57) 
1.16 (0.42) 

81 (32) 
803 (676) 
342 (224) 
456 (139) 
118 (63) 

2155 (827) 
748 (207) 
330 (123) 

4.4 (2.8) 
27.6 (10.5) 

4.9 (2.6) 
6.7 (3.0) 
5.1 (3.4) 
18.6 (9.2) 
17.4 (8.8) 
12.2 (8.1) 

1.70 (0.99) 
2.10 (1.04) 
0.70 (0.20) 
1.60 (0.63) 
1 .oo (0.55) 
2.00 (1.26) 
2.90 (1.18) 
0.70 (0.32) 

232 (81) 
2651 (1347) 

191 (165) 
240 (104) 
135 (81) 

592 (311) 
726 (190) 
169 (80) 

12.9 (8.9) 
68.9 (43.4) 
2.2 (1.0) 
4.2 (2.1) 
8.2 (6.3) 
8.2 (5.1) 
14.7 (9.4) 
7.1 (5.1) 

1.36 (0.66) 
1.27 (0.78) 
0.55 (0.31) 
1.18 (0.53) 
1.55 (0.57) 
2.55 (0.58) 
3.00 (1.27) 
1.36 (0.44) 

155 (73) 
1252 (1054) 

61 (48) 
138 (80) 

250 (108) 
678 (366) 
570 (209) 
318 (129) 

8.6 (8.9) 
28.2 (20.5) 

1.6 (0.9) 
3.6 (1.4) 
9.8 (6.5) 

18.9 (11.5) 
16.9 (9.5) 
7.2 (3.8) 

1.25 (0.31) 2.55 (0,69) 
1.64 (0.40) 1.23 (0.40) 
0.96 (0.20) 0.86 (0.35) 
2.00 (0.44) 1.14 (0.45) 
1.70 (0.40) 3.41 (1.03) 
3.09 (0.68) 4.86 (1.06) 
3.55 (0.52) 3.77 (0.85) 
1.3’8 (0.35) 2.86 (0.54) 

137 (43) 
691 (449) 
131 (46) 
270 (90) 
113 (24) 

74.6 (202) 
774 (109) 
270 (115) 

15.2 (10.1) 
14..l (9.1) 
2.8 (1.0) 
4..6 (1.1) 
2.5 (0.9) 

24..7 (6.1) 
16.3 (4.5) 
3.5 (1.2) 

273 (66) 
496 (458) 

90 (37) 
569 (437) 
281 (102) 
1526 (574) 
669 (206) 
335 (73) 

12.7 (8.7) 
11.7 (7.5) 
2.5 (1.3) 
4.5 (2.9) 
7.0 (3.1) 

58.2 (12.7) 
20.3 (8.7) 
6.4 (1.6) 

2.12 (0.35) 
2.15 (0.55) 
1.14 (0.30) 
1.51 (0.26) 
2.88 (0.48) 
4.90 (0.7 1) 
3.80 (0.60) 
2.44 (0.38) 

260 (60) 
544 (347) 
111 (34) 
213 (93) 
250 (51) 

1417 (336) 
819 (217) 
360 (83) 

9.8 (3.2) 
10.9 (5.8) 
6.2 (3.3) 
3.6 (1.1) 
6.3 (1.5) 

59.9 (11.9) 
29.3 (10.1) 

8.7 (3.2) 

latter), the scarid Scarus schlegeli, the acanthurid 
Ctenochaetus striatus and the siganid Siganus punctatus 
displayed similar trends, in density and biomass. 

3.2. Substrate chkaracteristics, living organisms and 
correlations with fish descriptors 

Rocks represented the main substrate component for all 
of the seven sectors studied (figure 3). The second major 
component was sand on the east coast, and mud on the 
west coast. Differences found between sectors were not 
statistically significant due to the high variance of the 
data (one-way ANOVA, P > 0.05 for all substrate catego- 
ries). This underlines that substrate characteristics may 
be considered as globally homogeneous, despite the fluc- 
tuations occurring between stations within each sector. 
Conversely, significant differences between sectors were 
found for the living organisms (one-way ANOVA, 

P < 0.05 for each of the three categories) @gure 4). For 
macroalgae, no clear gradient could be detected, but the 
lowest values were found in sectors close to areas free of 
mining activities on both coasts. A decreasing gradient 
for both hard and soft corals appeared on the east coast, 
although less pronounced for the latter. No gradient was 
found on the west coast, despite the fact that the highest 
value of live coral cover (hard coral) was observed on 
fringing reefs close to areas free of mining activities or 
ground erosion (figure 4). 

Significant relationships between substrate and fish 
descriptors were not numerous (tubZe ZV). Some fish fam- 
ilies were almost indifferent to substrate characteristics, 
such as Lutjanidae, Lethrinidae and Mullidae, whereas 
some others were more sensitive, such as Labridae and 
Scaridae. The living organisms did not significantly 
influence fish distribution, except the macroalgae but at a 
low level (table IV). Some substrate categories were rela- 
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Figure 3. Mean composition of the substrate in the seven sectors studied. WHE = west coast, high erosion, WHM = west coast, high mining, 
WLM = west coast, low mining, WNM = west coast, non-mining, ENM = east coast, non-mining, ELM = east coast, low mining, and EHM = 
east coast, high mining. 
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Figure 4. Mean cover of the substrate by living organisms in the seven sectors studied. WHE = west coast, high erosion, WHM = west coast, 
high mining, WLM = west coast, low mining, WNM = west coast, non-mining, ENM = east coast, non-mining, ELM = east coast, low mining, 
and EHM = east coast, high mining. 
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Table IV. Summary of the significant relationships found between the fish descriptors and the substrate. Significance: ++ = positive correla- 
tion at CI = I %, + = positive correlation at a = 5 %, - - = negative correlation at a = 1 %, and - = negative correlation at CI = 5 %. 

Fish family Mud Sand Rubble Block Rock Coral 
head 

Macro 
algae 

Soft 
coral 

Hard 
coral 

Serranidae Diversity 
Density 

Lutjanidae 

Lethrinidae 

Mullidae 

Labridae 

Density 
Biomass 

Density 

Diversity 

Dliversity 
Dlensity 
Biomass 

+ 
f 

Scaridae Diversity 
Dlensity 

Acanthuridae Diversity 
Density 

Siganidae Diversity 
Biomass + 

+ 

+ 

+ 
+ 
+ 

+ 
++ + 

tively important for determining fish distribution, such as 
mud and blocks, whereas some others did not have a sig- 
nificant importance, such as coral heads and rocks. These 
results indicate that commercial fish communities are 
globally not influenced by substrate characteristics at the 
level studied here. 

4. DISCUSSION 

Two main types of results appeared from this study. First, 
and this was unexpected, descriptors of fish communities 
(species richness, density and biomass) displayed higher 
values on fringing reefs close to areas submitted to high 
mining activities olr ground erosion levels. Second, the 
patterns found were more pronounced on the east coast 
than on the west colast. Different causes might be respon- 
sible for the patterns observed, acting alone or combined. 
They involved links with living organisms and substrate 
variables, differences in fishing pressure, differences in 
terrigeneous influence and rainfalls, and/or differences in 
geographical characteristics. 

+ ++ 

Although relationships between fish and substratum 
variables are not obvious in this study, it is well estab- 
lished that living organisms and substrate variables usu- 
ally strongly influence distribution of fish communities. 
Correlations between topographic complexity and fish 
species richness is well documented [9, 33, 40, 471. 
Conversely, correlation between topographic complex- 
ity and fish density is not so evident. Some authors 
found a positive correlation between these variables 
[47], whilst some others found only a low correlation 
[33], or no significant correlation [38, 491. Generally, 
small, territorial fish are the most sensitive to substrate 
variables, such as ‘Chaetodontidae [2, 6, 411 or Poma- 
centridae [9, 48, 541. However in the present work, we 
found only a low number of significant correlations 
between fish and llocal environment descriptors, under- 
lining that commercial fish were globally not linked 
with living organisms or subtrate variables. Most of the 
commercial species; are highly mobile and not linked to 
a particular spot on the reef [31]. Data for these large 
species are rare [31, 43, 551. Large scale environmental 
descriptors, such as distance to the coast, water turbid- 
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ity, percentage of carbonates in the sediment, are more 
adapted than precise substrate characteristics in under- 
standing the distribution of these fish, as demonstrated 
by a study of fish communities in the northern lagoon of 
New Caledonia along a terrestrial runoff gradient [31]. 
I-Iowever, in this study all stations studied are on coastal 
fringing reefs; and large scale environmental descrip- 
tors, such as distance to coast, percentage of carbonates 
in the sediment, or water turbidity are all similar 
between the different stations. In other words, the 
present work failed to find environmental descriptors, 
either iocaliy or on a large scale, which could satisfacto- 
rily explain the differences in fish community structures 
observed between stations. 

The second hypothesis which might explain the patterns 
observed involves differences in fishing pressure. Stud- 
ies providing clear data on the effects of fishing activi- 
ties on fish community structure are not numerous, 
particularly because fishing effects are generally treated 
as synonymous with overfishing [ 191. Thus many stud- 
ies of fishing effects have been based upon studies of 
localized catastrophic events rather than gradual changes 
linked to fishing activities under normal conditions 119, 
441. However, several studies have shown that the most 
detectable effects of fishing pressure are a decrease in 
mean size, density and/or biomass of species commonly 
targeted by the fisheries [lg, 29, 36, 451. Difference in 
fishing pressure exists between the sectors studied ]26]. 
Although only small artisanal fisheries exist in all sec- 
tors, fishing pressure is globally higher on the west coast 
than on the east coast, with an average of 0.92 t km-’ vs 
0.30 t km-’ respectively [25, 301. Differences in fishing 
pressure between the sectors studied on the east coast are 
low (table V), from 0.20 to 0.40 t km2, and cannot 
explain the magnitude of the patterns observed on this 
coast. Conversely, fluctuations of fishing pressure on the 
west coast are more pronounced. with values ranging 
from 0.15 to 2.80 t kme2. Two sectors showed high 
fishing pressure levels on the west coast, Kong and 
NCpoui @gure I): one is close to areas submitted to high 
mining activities, and the other is free of mining activi- 
ties. Two other sectors showed low fishing pressure lev- 
els, Poum and Koumac: one is close to areas submitted 
to high natural ground erosion: and the other is free of 
mining activities. It remains thus difficult to establish a 
link between the intensity of fishing pressure and the pat- 
terns found, because similar fishing pressure levels 
occurred in sectors submitted to very different ground 
erosion. 

Table V. Fishing pressure (in t.kn-‘) near the main villages close IO 
the reefs studied (see$iigure I for location of the villages). 

WEST COAST 
BOLlIll 

Koumac 
K-Gomen 
Voh 
KonC 
NCpoui 

0.16 
0.16 
0.22 
0.42 
2.78 
0.92 

EAST COAST 
Touho 
PoindimiC 
HOLldilQU 

Kouaoua 
Canala 

--- 
F.18 
0.40 
0.30 
0.15 
0.34 

Terrigeneous influence is the third set of factors which 
may explain our results. Studies investigating the possi- 
ble role of terrigeneous influence on reef fish communi- 
ties are not numerous [43, 51, 52, 551. Futhermore, 
aithough these studies mentioned the role of terrige- 
neous influence in structuring reef fish communities, 
none of them provides quantification of this phenome- 
non. Only one previous study in the northern lagoon of 
New Caledonia provided quantitative data, demonstrat- 
ing clearly that a coast-to-ocean terrigeneous runoff gra- 
dient influences the distribution of fish assemblages [31]. 
The situation is different here, as fish assemblages are all 
located on coastal fringing reefs. but submitted to differ- 
ent ground erosion levels. Little is known on the tropho- 
dynamics of coral reefs, but productivity is expected to 
be greater in nutrient-rich waters than in nutrient-poor 
ones 1351. We suggest that high terrigeneous runoffs 
bring important quantities of particular matter and nutri- 
ents into coastal waters. This might favour pelagic pri- 
mary production, zooplankton and consequently fish 
production, as suggested for the southwestern lagoon of 
New Caledonia [16], but the existence of a link between 
primary production and ground erosion level is not dem- 
onstrated in the area studied. Nevertheless, it was shown 
that large schools of small pelagic fish, such as ancho- 
vies and sardines, mostly occurred in bays characterized 
by highly turbid waters and particularly near NCpoui and 
Canala villages, which are close to areas submitted to 
high mining activity (see figure I) [IO]. This hypothesis 
implies that ground erosion could have some positive 
effects on coastal fish communities. However, it must be 
considered with caution as an explanation of our resuhs 
for at least two reasons. Firstly, most of the soils found in 
mining areas are relatively poor in nutrients as they orig- 
inate from peridot&e. Secondly, they contain high levels 
of heavy metals which might have detrimental effects, in 
terms of bio-contamination, bio-concentration, physiol- 
ogy or toxicity [i2]. Lastly, the sediments brought by 
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these soils are very fine and easily stirred by trade winds, 
generating highly turbid waters which may slow down 
primary production or the growth of corals. 

A fourth hypothesis, based on difference in rainfall and/ 
or geographical characteristics, may be proposed to 
explain the fact that the observed patterns are more 
apparent on the ealst coast than on the west coast. As 
already observed in the southwestern lagoon of New 
Caledonia [16], we assume that surfaces of drainage sys- 
tems do not have a significant importance in structuring 
costal fish communities at the spatial scale studied here. 
Total land surfaces close to the seven sectors are largely 
higher than the surface of each drainage system existing 
in each sector. Thus, the possible effects of ground ero- 
sion and mining activities might be very localized, and 
detectable mainly at a smaller spatial scale. Average 
annual rainfalls are more than twice on the east coast 
(about 2.3 m yr-‘) than on the west coast (1.0 m yr-I), 
mainly due to the mountain relief [37]. Rainfall is also 
more evenly distributed throughout the year on the east 
coast. In addition, the east coast is also characterized by a 
rugged topography and abrupt coastlines, whereas the 
west coast is mainly characterized by plains and hills. 
Terrigeneous runoff is thus more important and stable 
over time on the east coast than on the west coast, despite 
seasonal variations. If we assume that the previous 
hypothesis on terrigeneous influence is valid, at least 
partly, then the co.mbination of these two factors could 
generate a clearly defined response of the fish communi- 
ties on the east coast, in particular because the reef eco- 
systems under these conditions may be more productive 
[16, 351. Conversely, terrigeneous runoffs occur more as 
spikes on the west coast, and might generate a more cha- 
otic response of fish communities than on the east coast. 
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