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Abstract

Parts of coral reefs from New Caledonia (South Pacific) were registered at the UNESCO World Heritage list in 2008.
Management strategies aiming at preserving the exceptional ecological value of these reefs in the context of climate
change are currently being considered. This study evaluates the appropriateness of an exclusive fishing ban of herbivorous
fish as a strategy to enhance coral reef resilience to hurricanes and bleaching in the UNESCO-registered areas of New
Caledonia. A two-phase approach was developed: 1) coral, macroalgal, and herbivorous fish communities were examined in
four biotopes from 14 reefs submitted to different fishing pressures in New Caledonia, and 2) results from these analyses
were challenged in the context of a global synthesis of the relationship between herbivorous fish protection, coral recovery
and relative macroalgal development after hurricanes and bleaching. Analyses of New Caledonia data indicated that 1)
current fishing pressure only slightly affected herbivorous fish communities in the country, and 2) coral and macroalgal
covers remained unrelated, and macroalgal cover was not related to the biomass, density or diversity of macroalgae feeders,
whatever the biotope or level of fishing pressure considered. At a global scale, we found no relationship between reef
protection status, coral recovery and relative macroalgal development after major climatic events. These results suggest
that an exclusive protection of herbivorous fish in New Caledonia is unlikely to improve coral reef resilience to large-scale
climatic disturbances, especially in the lightly fished UNESCO-registered areas. More efforts towards the survey and
regulation of major chronic stress factors such as mining are rather recommended. In the most heavily fished areas of the
country, carnivorous fish and large targeted herbivores may however be monitored as part of a precautionary approach.
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Introduction dominated by macroalgae, soft corals, sponges, sea urchins, or

) ascidians [18]. Macroalgae-dominated reefs appear as the most
Coral reefs are one of the ecosystems the most susceptible to

climate change [1,2]. Among other causes, this is due to 1) the
high sensitivity of reef-building corals to rising water temperature,
leading to bleaching events, and 2) their tropical distribution that
makes them susceptible to physical destruction by hurricanes [3,4].
These climate-induced disturbances, combined with other stress
factors such as fishing [5,6], predator outbreaks [7,8], diseases
[9,10], or pollution [11,12] have resulted in a significant decline of
coral reefs worldwide during the last decades [3,13]. These
observations have led to pessimistic predictions for the future
persistence of coral-dominated ecosystems [14—-16].

frequent alternate state observed in degraded coral reefs world-
wide [17]. For management purposes, this alternate state is not
desired because, besides lower species diversities, reefs dominated
by macroalgae provide less ecosystem goods and services than
coral-dominated reefs [3]. Management strategies that may
improve the resilience of coral reefs to climate change, in
particular by mitigating the appearance and persistence of coral-
macroalgae phase-shifts, and by facilitating the recovery of corals
after natural disasters (e.g., bleaching events, hurricanes), are thus
required.

New Caledonia, South Pacific, is one of the largest coral systems
in the world, with 4,537 km? of coral reef formations. The lagoon
arca extends over 31,336 km* and is surrounded by a complex
barrier reef of approximately 1,500 km in linear distance [19].
This exceptional coral reef complex provides a high diversity of

In many instances, massive coral mortality observed after
bleaching events or hurricanes has been followed by a shift in the
dominance of benthic organisms [17]. These phase shifts have
been observed in degraded systems virtually everywhere in the
tropics, where many coral-dominated reefs were replaced by reefs
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habitats and species: 310 species of corals [20], 438 species of
macroalgae [21] and 1,851 species of fish [22]. Reefs from New
Caledonia have been mildly impacted by hurricanes and bleaching
events as compared to reefs from the Caribbean or the Indian
Ocean [13]. However, hurricane Erica damaged the west coast of
the main island in 2003 [23,24]. A single bleaching event was
reported in 1996, locally affecting corals from the southwest
lagoon around the capital city of Nouméa, down to a depth of
60 m [25].

About 2,300 km? and 13,400 km? of New Caledonia’s reefs and
lagoons, respectively, were registered at the UNESCO World
Natural Heritage list in 2008, as one of the 196 most pristine and
unique natural sites in the world. Management strategies aiming at
preserving the exceptional ecological value of these reefs in the
context of climate change are thus currently being considered by
public authorities. In particular, the fishing ban of all herbivorous
fish species has been proposed as a strategy to enhance coral
recovery in case of climate-induced disturbances in areas
registered at the UNESCO Heritage list (hereafter “UNESCO
areas”). This option relies on the assumption that higher density,
biomass and/or diversity of herbivorous fish resulting from their
exclusive protection would increase fish grazing on macroalgae,
therefore contributing to the regulation of the occurrence and
persistence of coral-macroalgae phase shifts [3,26]. The appro-
priateness of such a management strategy remains to be critically
evaluated, based on local observations but also in the light of
current debate about the ability of local management decisions to
mitigate the effects of global-scale sources of coral mortality and
the persistence of alternate states of reef systems [27-30].

The objective of this study was to assess the relevance of an
exclusive protection of herbivorous fish in order to promote coral
reefs resilience to climate-induced disturbances (i.e., hurricanes
and beaching events) in UNESCO areas of New Caledonia. A
two-phase approach was developed to address this objective. In
phase 1, corals, macroalgaec and herbivorous fish communities
were examined in a variety of biotopes from reefs submitted to
different levels of fishing pressure across New Caledonia archipel-
ago. The influence of current fishing pressure on herbivorous fish
communities and coral and macroalgal covers in the country was
analyzed. In phase 2, results from phase 1 were challenged in the
context of a global synthesis of the influence of herbivorous fish
protection on the response of reef benthic communities to
hurricanes and bleaching events. The literature on coral recovery
and macroalgal development relative to corals observed specifi-
cally after hurricanes and/or bleaching events in protected and
unprotected areas throughout the world was reviewed, including
observations of the effects of hurricane Erica on the New
Caledonian reefs. Insights from both local and global analyses
were then put into perspective, in order to formulate recommen-
dations for the management of New Caledonia’s UNESCO areas
and, more generally, well-preserved Indo-Pacific reefs supporting
high coral and fish diversity.

Results

Influence of Reef Protection Status on Coral Recovery
and Macroalgal Development: The Case Study of New
Caledonia

A total of 111 species of herbivorous fish were observed in the
14 sites surveyed in New Caledonia (Fig. 1; Appendix Sla). These
111 species were classified into five groups, as a function of their
size, diet and fishing status (Table 1; Appendix Sla). All 44 fished
species were large and included 32 species feeding on microalgae
only (“Large fished microalgae feeders”) and 12 species consuming
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both macro- and microalgae (“Large fished macroalgae feeders”)
(Appendix Sla; Table 1). Few unfished species were large (“Large
unfished herbivorous”, N =12) but the majority were small
(“Small unfished herbivorous”, N =55). The diet of 65 out of
these 67 unfished species was composed of microalgae only, except
that of one large species, Siganus puellus, and one small species,
Siganus spinus, which both also consumed macroalgae (Appendix
Sla; Table 1). Therefore, 14 fish species (12.6% of herbivorous fish
species) consumed macroalgae, including the two latter unfished
Siganidae and 12 large fished species: five Acanthuridae (Naso
brachycentron, N. brevirostris, N. lituratus, N. tonganus, N. unicornis), three
Kyphosidae (Eyphosus cinerascens, K. sydneyanus, K. vaigiensis), and four
Siganidae (Siganus argenteus, S. fuscescens, S. lneatus, S. woodlands)
(Appendix Sla).

Among the 14 sites surveyed, six were not subjected to fishing
due to their protection status or their remoteness. The eight
remaining sites were characterized by low (N=4) to moderate
(N =4) fishing pressure (Fig. 1; Table 2). Fishing pressure did not
affect the absolute biomass, density and diversity of fished
herbivores, but positively impacted the biomass, density and
diversity of fish groups relative to the whole fish community
(Table 3; Appendix Slc). However, when related to herbivorous
species only, the relative biomass, density and diversity of most
fished groups were not significantly affected by fishing (Table 3;
Appendix Slc). Fishing also decreased the size of herbivorous fish,
particularly that of large fished microalgae feeders and small
unfished herbivores (Table 3; Appendix Slc). No difference
between biotopes was detected among the variables tested
regardless of fishing pressure, except for macroalgal cover which
was higher in fringing reefs (Table 3; Appendix Slc). The
interaction between biotope and fishing pressure was not
significant on any of the variables examined.

Coral cover was similar for all levels of fishing pressure, whereas
macroalgae were significantly less abundant in unfished areas
(Table 3; Appendix Slc). However, macroalgal cover was not
correlated with the biomass, density and diversity of macroalgae
feeders whatever the biotope or level of fishing pressure considered
(P>0.05 in all cases). No significant correlation between coral
cover and macroalgal cover was found in any of the biotope or
level of fishing pressure (P>0.05 in all cases).

Influence of Reef Protection Status on Coral Recovery
and Macroalgal Development: A Global Analysis

A total of 27 references from the literature were reviewed for
analyzing the effect of reef protection status on coral recovery and
relative macroalgal development after climate-induced disturbanc-
es on a global perspective (Table 4; Appendix S2). The 27 selected
references included 36 case studies, which encompassed the four
main regions of coral reef geographical range: the Red Sea (1
study), the Indian Ocean (5 studies), the Atlantic Ocean (11
studies) and the Pacific Ocean (19 studies, including two from New
Caledonia) (Fig. 2; Table 4). The survey durations ranged from
one to 22 years: less than five years in 17 studies, between five and
10 years in 13 studies, and more than 10 years in six studies (refer
to Appendix S2 for raw data).

On a global scale, there was no apparent geographical trend in
the distribution of coral recovery indices (CR; Fig. 2). The
proportion of case studies for which corals did not appear to
recover after the disturbances (CR<0) was indeed globally similar
in all geographical regions, varying from 31.6% in the Pacific,
36.4% 1in the Caribbean, to 40% in the Indian Ocean (Fig. 2;
Table 4). The proportion of case studies for which macroalgae
developed relative to corals after the disturbances (MD = “+") was
more variable depending on the geographical region, ranging from
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Figure 1. Location of the 14 study sites in New Caledonia, Southwest Pacific. Site codes are given in capital letters between brackets. Grey
areas were registered at the UNESCO World Heritage list in 2008. “MPA" = marine protected area. “Open” = open fishing area.

doi:10.1371/journal.pone.0060564.9001

11.1% in the Pacific, 50% in the Indian Ocean, to 66.7% in the
Caribbean (Fig. 2; Table 4).

Neither CR nor MD indices was related to the protection status
of the reefs examined. A negative coral recovery (CR<0) was
observed in 33.3% of the case studies, among which 58.3% had
been conducted in marine protected areas (MPAs) and 41.7% in
open reefs (Table 4). Macroalgae did develop relative to corals
(MD=4+")1in 40.9% of the cases studies, among which 44.4% had
been conducted in MPAs and 55.6% in open reefs (Fig. 2; Table 4).
The two indices were not statistically different between MPAs and
open reefs (Mann-Whitney tests, U =159 and 55 for CR and MD,
respectively; P>0.05 in both cases; Fig. 3). A similar pattern was
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observed at the scale of New Caledonia, where corals recovered
better after hurricane Erica in open reefs from the northwest
lagoon than in the MPA from the southwest lagoon. Moreover,
macroalgae did not develop in either case (Table 4).

CR values also appeared unrelated to the pre-disturbance coral
and macroalgal covers (Cyy and M,y; P>0.05 in both cases), the
mitial decline in coral cover observed immediately after the
disturbance (ID, P>0.05), or the period of time during which coral
recovery was measured (to—¢, P>0.05). The CR index was logically
closely related to the post-disturbance estimate of coral growth
(PD, r* =0.929; P<0.001). The latter represented the variation of
coral cover several months to years after the climatic disturbance,
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Table 1. Classification of herbivorous fish species from New
Caledonia into five groups based on species diet, fishing
status, and size [31-36].

Number of
Group # Label species
1 All herbivorous 11
2 Large unfished herbivorous 12
3 Small unfished herbivorous 55
4 Large fished macroalgae feeders 12
5 Large fished microalgae feeders 32

Groups 1 and 4 include species consuming both macro- and microalgae.
Group 5 includes species consuming microalgae only. Most species from
groups 2 and 3 consume microalgae only, except two species (see results).
Refer to Appendix S1a for a complete species list.
doi:10.1371/journal.pone.0060564.t001

a period during which many coral colonies grew back if no other
major disturbance occurred.

Discussion

Status of New Caledonia’s Reefs

Out of the 111 species of herbivorous fish censused in New
Caledonia, only 14 were shown to consume macroalgae. This is
consistent with previous findings reporting that only a few species
of fish are able to actively remove macroalgae on coral reefs, these
species being highly variable across the world [56-58]. Among
these 14 species, 12 are actually fished in New Caledonia. The
size, biomass, density and diversity of these species showed little
variation between levels of fishing pressure, providing evidence
that fishing does not noticeably affect macroalgae feeders in New
Caledonia at the present day. In addition, several of these species,
Le., Siganus argenteus, S. fuscescens, S. woodlandi, Kyphosus spp., are
often found in non-reef habitats, in particular algal beds, and a
large proportion of the juveniles of at least S. argenteus and S.
Juscescens are frequently found in seagrass and algal beds [59]. As
seagrass and algal beds are less targeted by fishers than coral reefs

Herbivorous Fish and Coral Reefs Conservation

in New Caledonia [60], this could favor the persistence of large
populations of these species.

Although herbivorous fish represent about 30% [60] to 50%
[61] of estimated reef fish catches in New Caledonia, the biomass,
density and diversity of each herbivorous group relative to the
whole fish community were actually higher in the most heavily
fished sites. This effect on the structure of the fish communities
strongly suggests that fishing primarily affects fish of higher trophic
levels in New Caledonia, and that an exclusive protection of
herbivorous fish would unlikely significantly increase algal grazing
in coral reefs. Furthermore, overall fishing pressure on reef fish
resources is low in New Caledonia, where annual reef fish catch
rate was estimated at about 200 kgkm™? though higher levels
have been observed close to densely-populated areas [62]. This
would represent 0.1 to 0.6% of the fish biomass in the surveyed
reef sites (Appendix S1b) and is not expected to increase in the
areas located far from urban centers in the short term.
Additionally, herbivores represent a large proportion of the fish
biomass on reefs in New Caledonia, this proportion varying
between 40 and 60% depending on sites (see also [63-66]) as in
most reef fish assemblages in the Indo-Pacific [67]. As many
species of the exploited herbivorous fish are fast growers (e.g.,
Scaridae, Siganidae), have a rapid initial growth (e.g., Acanthur-
idae) [68], or live in reef and non-reef habitats [59,63,69], it is
likely that these fish would be rather resilient compared to most
carnivorous or piscivorous species.

Strong negative correlations between coral and macroalgal
covers were generally observed in relatively degraded reef systems,
where a combination of high fishing pressure, intense coastal
development, and/or frequent disturbances (i.e., hurricanes,
bleaching) have resulted in a significant depletion of coral cover
and the appearance of macroalgae-dominated alternate states
[26,70-74]. However, New Caledonia is considered a generally
healthy reef system, as highlighted, for example, by the very low
macroalgal cover across the 14 surveyed sites. The higher
macroalgal cover observed in fringing reefs compared to other
biotopes may be attributable to increasing oligotrophic waters
from the coast to the barrier [75,76]. The overall low fishing
pressure and healthy status of coral reefs in New Caledonia,
particularly in UNESCO areas, may then partly explain that no
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Table 2. Characteristics of the 14 sites sampled in New Caledonia between 2004 and 2008, in terms of protection status, UNESCO
labeling, human population, fishing pressure, and underwater ecological surveys.

NL BB (o]] LI os TH Pl MR SL AbM AbO MD BR KO
Protection status at the time of sampling Open Open Open Open Open Open Open MPA Open MPA Open Open MPA Open
UNESCO registration in 2008 Yes Yes Yes No No No Yes Yes Yes No No No No No
Coastal human population x 1,000 inhab. 0.0 0.0 4.0 2.0 3.0 1.0 2.0 0.2 0.0 100.0 100.0 5.0 5.0 9.0
Fishing area (km?) 0.0 0.0 7106 353 483.0 5550 7414 0.0 0.0 0.0 1889.0 2815 0.0 621.4
Human pressure (inhab.km?) 0.0 0.0 5.6 566 6.2 1.8 2.7 0.0 0.0 0.0 529 178 00 14.5
Fishing pressure category None None Low Mod. Low Low Low None None None Mod. Mod. None Mod.
Number of stations in
Fringing reefs 4 na 2 3 6 5 na na na na na 3 na na
Lagoon patch reefs 12 1 1 7 4 4 6 na 5 na na 3 5 8
Inner barrier reefs 6 5 8 na 6 4 7 14 3 24 12 6 4 19
Outer barrier reefs 7 4 10 2 8 14 10 7 7 na na 9 6 7
See Materials and Methods for details on the determination of fishing pressure categories. “Mod.” = moderate, “inhab.” =inhabitants, “MPA” = Marine Protected Area,

na” =not applicable. Sites codes are depicted in Fig. 1.

doi:10.1371/journal.pone.0060564.t002
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Table 3. Results of factorial ANOVA testing for the effect of
biotope (d.f=3), fishing pressure (hereafter “fishing”, d.f.=2)
and their interaction (d.f.=6) on coral reef benthic and fish
communities in New Caledonia.

Variables Factor P

Substrate cover (%)

Macroalgae cover Biotope *
Fishing **

Biomass (g.m ?)

Small unfished herbivorous Fishing rx

Biomass (% total fish)

All herbivorous Fishing i

Large unfished herbivorous Fishing *

Small unfished herbivorous Fishing i

Large fished macroalgae feeders Fishing HEER

Large fished microalgae feeders Fishing bkt

Biomass (% herbivorous fish)

Large fished microalgae feeders Fishing *

Density (% total fish)

All herbivorous Fishing *XxR

Small unfished herbivorous Fishing i
Large fished macroalgae feeders Fishing **
Large fished microalgae feeders Fishing i
Diversity (number of species)

Small unfished herbivorous Fishing *
Diversity (% total fish)

All herbivorous Fishing i
Large unfished herbivorous Fishing i
Small unfished herbivorous Fishing i
Large fished macroalgae feeders Fishing i
Large fished microalgae feeders Fishing i
Diversity (% herbivorous fish)

Small unfished herbivorous Fishing *
Large fished microalgae feeders Fishing hd
Size (last quartile, cm)

All herbivorous Fishing HEEX
Small unfished herbivorous Fishing *
Large fished microalgae feeders Fishing wEx

Only significant effects are reported for clarity, but see Appendix S1c for a
complete report, including all relationships tested with corresponding post-hoc
tests for the effect of fishing pressure. Groups of herbivorous fish are detailed in
Appendix S1a. “****": P<0.,001, “***": P<0.005, “**": P<0.01, “*": P<0.05.
doi:10.1371/journal.pone.0060564.t003

correlation was found between coral and macroalgal covers in the
present study.

A Larger Perspective

Published observations of the effect of the last serious climatic
disturbance observed in New Caledonia in 2003 further
emphasized the absence of any influence of protection on coral
reef resilience to climatic disturbances in this region [23,24].
These results were consistent with our global-scale analysis
which showed that coral recovery or relative macroalgal
development observed specifically after climate-induced distur-
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bances were not related to reef protection status at a global
scale. Darling et al. (2010) [77] also reported that the decline of
live coral cover after the 1998 bleaching event in Kenya was
not accelerated in fished areas compared to protected areas.
Similarly, McClanahan (2008) [78] observed a slower coral
recovery within fisheries closures than in unmanaged reefs in 12
sites from Kenya. Other studies conducted at a variety of spatial
and temporal scales highlighted that reef protection, through the
immplementation of MPAs in particular, did not prevent coral
loss in several locations in the south Pacific [79], the Indian
Ocean [28], or the Atantic [80]. Mora et al. (2008) [81] also
concluded that, on a world-wide scale, although MPAs
effectively increased the biomass of fish populations, they did
not modify the patterns of change observed for coral reef
builders and macroalgae. Conversely, several studies showed
that MPAs can help in preventing coral loss and enhancing
coral recovery (e.g., [82,83]), and numerous experimental
studies have advocated the protection of herbivorous fish for
promoting coral reefs resilience to climate change (e.g., [26,84—
86]). These contradictory conclusions are representative of
current debates on the ability of local management decisions
to mitigate the effects of global-scale sources of coral mortality
and the persistence of alternate states of reef systems [27-
30,87].

Discrepancies observed between studies may come from either
the difficulty to translate results from small-scale experiments to
processes occurring at larger scales in nature [82,87] or context-
dependent factors (e.g., geographical area, reef geomorphology,
level of reef degradation, fishing pressure). Conversely to our
study, many experimental studies that have shown a positive effect
of MPAs on coral reef resilience to climatic disturbances focused
on a few species of herbivorous fish only, generally large Scaridae
which are heavily fished in the Caribbean and the Indian Ocean
(e.g., [26,82,84]). Observed patterns of change in coral cover
within MPAs may also vary depending on the species of corals and
the spatial scale examined [82]. Similarly, Selig and Bruno (2010)
[83] documented a significant effect of MPAs in mitigating coral
loss at a global scale, but also emphasized a difference in MPAs
benefits between geographical areas. In the Indo-Pacific in
particular, the authors acknowledged that the beneficial effect of
MPAs in decreasing rates of coral loss has been interrupted after
the large-scale 1998 bleaching event. This observation confirmed
that, in some areas, MPAs may not be able to protect corals from
broad-scale natural disturbances such as ocean warming, large
storms or disease outbreaks, a conclusion consistent with our and
other studies [27,28,88,89]. Furthermore, the global-scale analysis
from Selig and Bruno (2010) [83] included a very large number of
sites characterized by highly variable contexts (i.e., different fishing
pressure, reef degradation status, other chronic stress factors).
Detailed site-specific observations, such as those provided in the
present study in New Caledonia, appear more appropriate to set
local fisheries management rules.

Additionally, the hypothesis linking decreasing coral reef
resilience to overfishing of herbivorous fish was mainly based on
research carried out in the Caribbean, but its applicability to
other biogeographic regions remains uncertain. Roff and
Mumby (2012) [90] found that coral reef resilience in the
context of climate change was expected to be higher in the
Indo-Pacific than in the Caribbean or the Indian Ocean, due
to, among other causes, 1) a higher diversity of coral species,
resulting in more diversified responses to heat stress and
physical destruction, 2) higher herbivorous fish biomass and
diversity, 3) higher abundance of other herbivores such as sea
urchins, and 4) lower macroalgal growth and recruitment rates.
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Figure 2. Distribution of (A) coral recovery (CR) and (B) macroalgal relative development (MD) after climatic disasters. Circles
represent open fishing areas. Squares represent marine protected areas. White labels represent positive CR values (CR>0) and the absence of relative
macroalgal development after the event (MD="—"). Black labels represent negative CR values (CR<0) and a development of macroalgae relative to

corals after the event (MD ="+").
doi:10.1371/journal.pone.0060564.g002

The composition of the regional herbivore species pool could
also play a role as the number of available species may be very
different from one region to another. For instance, in the Indo-
Pacific, where species richness is very high, the number of
species within the same herbivorous group is likely to be
important, whereas in areas such as the Caribbean, Brazil or
Tropical Eastern Pacific, there could be only a very limited
number of species within this group at the regional level [91].
Also, fishing is not the only potential stress factor that needs to
be considered when addressing coral reefs resilience to climate
change. Other major stressors such as sedimentation, nutrient or
other pollutant runoff, are more rarely considered in coral reef
management, despite their high impact on coral reef ecosystems
worldwide [92,93]. In a recent study based on a survey of
expert’s opinions and scientific literature, fishing pressure was
actually ranked last among the 11 factors perceived as the most
important to be incorporated into management plans for
preserving coral-reef resilience in the context of climate change

[87].

PLOS ONE | www.plosone.org

Conclusion

Besides a high social cost in a region where small-scale fishing
represents an important matter for both rural and urban
populations, an exclusive protection of all herbivorous fish species
in New Caledonia would not be capable of mitigating climate
change effects on coral reefs. Although herbivorous species are not
clearly affected by fishing at the present day, our results suggest
that current fishing pressure still has an impact on carnivorous fish,
which may ultimately lead to trophic cascade effects in the future
[84]. Therefore, in the most heavily fished areas of the country
(i.e., outside UNESCO areas), the status of carnivorous fish and
key large fished herbivorous, such as the 12 species of large fished
macroalgae feeders described in this study, might be monitored as
part of a precautionary approach. Conversely, in the sparsely
populated UNESCO areas, fishing does not currently appear as
the major threat on coral reef communities as compared to other
stress factors operating at a large scale in the country, such as the
mining industry, which receives minor attention in management
schemes as compared to fishing [94]. Mining exploitation and
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Table 4. Indices of coral recovery (CR) and macroalgae development relative to corals (MD) after climatic disturbances based on a

literature review.

Location Protection status Disturbance CR MD Reference

MPA Open

ATLANTIC OCEAN

Belize X H+B —0.06 e [31]
H+B 0.02 " [31]
H+B —0.82 na [32]

Florida Keys X H+B 0.22 na [33]

Jamaica

Discovery Bay X H+B —0.09 o [34]

Daily Bull Reef X H+B 0.26 o= [35]

Panama

San Blas Islands X B —0.15 4 [36]

St Lucia X H 0.10 =" [37]

X H 0.12 " [37]

Virgin Islands

St Croix, Buck Island X H 0.43 = [38]

St John, Yawsi Point X H 0.22 ey [39]

RED SEA

Arabic Gulf, Dubai X B 0.15 na [40,41]

INDIAN OCEAN

Kenya X B 0.55 =" [42]
B 029 gt [42]

Maldives B —0.20 na [43]
B 0.62 =" [44]

Seychelles, Cousin Island X B —0.16 4 [45]

PACIFIC OCEAN

Australia, Great Barrier Reef

Middle Island X B 1.78 o=r [46]

Halfway Island X B 1.83 = [46]

Barren Island X B 1.96 = [46]

North Keppel Island X B 0.20 4 [46]

Capricorn Bunker, Swain X H 1.10 na [47]

Heron Island X B —1.60 na [48]

Heron Island, inner flat X H —0.68 na [49]

Heron Island, exposed pools X H 0.42 na [49]

Heron lIsland, protected crest X H —0.10 na [49]

Heron Island, exposed crest X H —0.07 na [49]

Australia NW, Scott Reef X B 0.27 = [50]

Hawai'i

Oahu X H 0.04 =t [51]

West coast X H —0.01 na [52]

Indonesia, 1000 Islands

South Pari X B 0.67 na [53]

South Tikus X B 1.08 na [53]

Micronesia, Palau X B 0.36 na [54]

New Caledonia

Southwest lagoon X H —0.59 = [23]

Northwest lagoon X H 0.80 = [24]

Polynesia, Morea X H+B 0.15 = [55]

“H" =hurricane, “B" =bleaching, “MPA"” =Marine Protected Area, “Open” =open fishing area, “na” =not available.

Raw data used for CR and MD calculations are provided in Appendix S2, and calculation formulae are provided in the Materials and Method section.

doi:10.1371/journal.pone.0060564.t004
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Figure 3. Influence of reef protection on (A) coral recovery (CR)
and (B) macroalgal relative development (MD). Significance levels
refer to Mann-Whitney tests of the effect of reef protection (two
categories) on CR quantitative values and MD levels. “ns”=not
significant, “MPA” =marine protected areas, “open”=open fishing
areas.

doi:10.1371/journal.pone.0060564.9003

prospecting have resulted in the destruction of land vegetation and
soil scraping in large areas of the main island since 1877 (now
covering 1,500 km?), leading to uncontrolled terrigenous inputs to
coastal waters [95] and threatening coastal coral ecosystems
[11,12]. In this respect, the registration of New Caledonia reefs
and lagoons to the UNESCO Heritage list provides an appropri-
ate opportunity for promoting integrated coastal zone manage-
ment schemes that would address all potential stress factors
through concerted spatially-explicit regulations of coastal activities.

Materials and Methods

New Caledonia Case Study (phase 1)

The list of herbivorous fish species from New Caledonia was
extracted from the most recent update of fish diversity in the area
[22] and the species diet descriptions based on extensive stomach
content analyses conducted by the IRD [96] and/or information
from Fishbase [97]. Only strictly herbivorous species (i.e., species
for which algae are an essential component of diet, as indicated by
their consistent dominance in fish stomach contents), and species
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known to be well detected by underwater visual census (UVC),
were retained (Appendix Sla). Herbivorous fish may be grouped
within a number of feeding strategies [56,85]. Since species
composition is usually less stable through time or space than
functional composition [98], our approach focused on groups of
fish defined based on 1) the type of algae consumed, 2) species size,
and 3) species fishing status (Table 1). The type of algae consumed
were either microalgae (including microscopic and filamentous
algae, ie., “turf’), macroalgae (including all erect macroscopic
algae except filamentous algae), or both. Species size was either
small (maximum standard length SL. =30 c¢m), or large (maximum
SL =31 cm). Species were assigned as fished or unfished based on
detailed descriptions of local fisheries [61,99,100].

Estimates of hard living coral cover (%), macroalgal cover (%),
and the biomass, density, diversity and size of herbivorous fish
from the groups defined above, were obtained from 14 sites
spanning the entire archipelago of New Caledonia. Data was
compiled from different UVC surveys conducted between 2004
and 2008. All fish were recorded and sized (to the nearest cm) by
distance sampling along 50 m long transects. Length-weight
relationships from [101] were used to estimate fish biomass. More
details on sampling methods used are provided in [102] for the
Beautemps-Beaupré, Bourail, Merlet, Northern lagoon, Ouvéa
Island, Pines Island, and Southern lagoon sites, and in [24] and
[66] for the Aboré¢, Koné, Lifou Island, Moindou, Ouassé, and
Thio sites (Fig. 1; Appendix S1b). In each of the 14 sites, one to
four biotopes were sampled: fringing reef, lagoon patch reef, inner
barrier reef, and/or outer barrier reef, resulting in a data set
comprising 288 stations from 42 surveyed arcas (Table 2).
Allocation of sampling effort (i.e., number of stations per site)
was based on habitat variability and logistics, and is detailed in
[102].

The 14 sites were characterized by different levels of protection
status and anthropogenic pressure. A fishing ban had been
effectively enforced in Merlet reef, Aboré reef, and Bourail site in
1970, 1988 and 1996, respectively. The remaining 11 sites were
not submitted to any kind of protection at the time of sampling.
Six of them were registered at the UNESCO World Heritage list
in July 2008, given their high biological diversity and near-pristine
conditions (i.e., low human disturbances). These six areas have
since then been managed as IUCN category IV Marine Protected
Areas. We used a human pressure index as a proxy for fishing
pressure in the 14 sites (Table 2). First, the coastal human
population was calculated, based on the number of inhabitants
residing within the maximum distance traveled by fishing boats
from the study sites (20 km or 30 km in the case of Aboré reef
[60,61,99]). This maximum distance was used to estimate the total
fishing area (in km?) accessible to the coastal population. Human
pressure was estimated by the ratio of human population to fishing
area (number of inhabitants.km ™ ?) and used to define three fishing
pressure categories: “none”, “low” and “moderate”. MPAs that
had been implemented at the time of sampling and remote sites
with no human pressure were categorized as “none”, sites with
human pressure ranging from 2 to 7 inhabitants.km % were
categorized as “low”, and sites with human population ranging
from 14 to 57 inhabitants.km™? categorized as “moderate”.

Fish biomass, density and diversity were estimated ecither as
quantitative variables (g.m 2, number.m 2, and number of species
per station, respectively) or as relative variables (% of total fish
biomass, density and diversity, and % of herbivorous fish biomass,
density and diversity, respectively). Fish size was estimated using
the average size of the last quartile for each fish group based on the
rapid fishing effects on the size structure of fish populations (e.g.,
[103,104]). Two-way analyses of variance (ANOVA) were used to
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examine the influence of biotope, fishing pressure and their
interaction on coral and macroalgal covers, and on the quant-
tative and relative biomass, density, and diversity of each fish
group. When a significant effect of fishing pressure was detected
(P<<0.05), Fisher’s Least Significant Difference (LSD) post-hoc tests
were performed to examine differences between “none”, “low”
and “moderate” fishing pressures, allowing to identify what level
of pressure was sufficient for detecting an effect of fishing on the
variables examined. The effect of sites, protection status, and
UNESCO labeling were not included in the analyses because these
three factors were not independent. Furthermore, the registration
at the UNESCO World Heritage list did not reflect the protection
status applied to the studied sites at the time of sampling.

Finally, relationships between coral cover and macroalgal cover,
and between macroalgal cover and the biomass, density and
diversity (quantitative and relative) and size of every group of fish
consuming macroalgae, were assessed across all surveyed areas,
within each biotope and within each level of fishing pressure, using
Pearson correlations. For all analyses, coral cover, macroalgal
cover, fish diversity and fish size data were square-root
transformed. Fish biomass and fish density data were log(x+1)
transformed. All statistical tests were performed using Statistica
v.10 (StatSoft Inc., 2011).

New Caledonia Case Study within a Global Framework
(Phase 2)

Results obtained from local data in New Caledonia were
challenged in the context of a global literature review. Publications
reporting changes in reef benthic communities observed specifi-
cally after hurricanes and bleaching events (i.e., the major climate-
induced disturbances) in reefs with various herbivorous fish
protection status were analyzed, including published observations
from New Caledonia. This allowed enlarging the scope of our
study in the context of current debate about the ability of local
management decisions to mitigate the effects of global-scale
sources of coral mortality and phase-shifts in reefs systems [27-30].

The recovery of corals after hurricanes and/or bleaching events
has been shown to depend locally on the state of reefs before the
disturbance (i.e., the initial coral cover), the immediate impact on
coral cover (i.e., immediate coral mortality), and time (i.e., the
post-disturbance period considered when assessing recovery
trajectories) [105,106]. All the aforementioned parameters were
thus taken into account when compiling available published data.
Consequently, only publications providing quantitative data on
coral cover 1) before (#y), 2) soon after (¢;), and 3) long after (z,) the
mmpact of a hurricane and/or a bleaching event were retained.
This resulted in a total of 27 publications and 36 case studies,
among which two were from New Caledonia (Table 4; Appendix
S2).

When available, data on macroalgal cover at { and # were also
extracted from the selected publications. This allowed evaluating
the development of macroalgae relative to corals after climate-
induced disturbances, used as a proxy of the potential occurrence
of coral-macroalgae phase shifts, i.e., the alternate state likely
regulated by herbivorous fish grazing. For the specific need of this
survey, macroalgae were considered as growing over corals after a
disturbance on a specific reef if 1) macroalgal cover at f, was
superior to hard living coral cover at #, and 2) macroalgal cover
increased after the disturbance (#) relative to observations made
before the disturbance (f). The term macroalgae here refers to all
erect macroscopic algae except filamentous algae. Although
filamentous algae often provide a preliminary substrate for the
development of macroalgae on degraded reefs [107], the focus of
this analysis has been restricted to macroscopic erect algae since
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their dominance is generally considered as the most common
alternate state of reef degradation in the absence of herbivore
regulation [17,108]. Furthermore, quantitative estimations of
filamentous algae cover are rare in the literature, and were not
available in most case studies included.

A quantitative index of coral recovery and a qualitative index of
macroalgal development relative to corals observed after hurri-
canes and/or bleaching events were determined based on the
assumptions described above. The coral recovery index (CR) was
calculated as follows:

_PD

CR=—
ID

with PD: post-disturbance estimate of coral growth, and ID:
estimate of the initial decline in coral cover observed immediately
after the hurricane and/or bleaching event. PD and ID indexes
were calculated as follows:

(€o=C/e,
I &

h—1

C,—Cy

PD= and ID=

]

with (' coral cover (%) as provided in the selected publications (see
Appendix S2).

The macroalgal relative development index (MD) was deter-
mined as follows:

MD is positive (" + ") if M,,>C,, and M, > M,
otherwise MD is negative (" —");

with M: macroalgal cover (%) as provided in the selected
publications (see Appendix S2).

Values of CR and MD were then mapped as a function of the
protection status of herbivorous fish, defined using two categories:
MPAs (i.e., areas where fishing was either banned or strongly
restricted) vs. open fishing areas. This allowed identifying potential
geographical patterns on coral recovery and macroalgal develop-
ment relative to corals after hurricanes and/or bleaching events at
a global scale. The effect of herbivorous fish protection on CR
quantitative values and D levels was then statistically tested using
non-parametric Mann-Whitney procedure. In addition, the
number of case studies for which corals increased or decreased
in abundance (CR>0 or CR<O0, respectively) and for which
macroalgae developed or not relative to corals at & (MD=“+" or
“—7, respectively) were plotted as a function of protection status.
Finally, the relationships between CR and 1) the pre-disturbance
coral cover (Cyy) 2) the pre-disturbance macroalgal cover (M,), 3)
the 1nitial decline in coral cover observed immediately after the
disturbance (ID), 4) the post-disturbance estimate of coral growth
(PD), and 5) the time during which coral recovery was measured
(to-t7), were tested using linear regressions.

Supporting Information

Appendix S1 Data used for New Caledonia case study
analysis. a) List of herbivorous fish species with information on
their diet and fishing status. b) Average values of benthic cover and
fish variables in each site. ¢) Average values and results of statistical
comparisons (I statistic, P value) between biotopes and levels of
fishing pressure.

(XLSX)
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Appendix S2 Literature data used for global scale
analysis. Values of coral cover and macroalgal cover were
extracted from 27 publications including 36 case studies. “#”
refers to a period before the climatic disturbance, “#,”” soon after,
and “t,” several months and years after. For each case study, the
exact year or month at which observations were obtained is
indicated in subscript. Final values of CR and MD indices are
provided in Table 4. Calculation formulae are described in the
Materials and Methods section. “MPA” = Marine Protected Area
(fishing banned or restricted), “open” =open area (unprotected,
fished), and “na” =not available.

(PDF)
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