Coral decline threatens fish biodiversity

in marine reserves
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The worldwide decline in coral cover has serious implications for
the health of coral reefs. But what is the future of reef fish
assemblages? Marine reserves can protect fish from exploitation,
but do they protect fish biodiversity in degrading environments?
The answer appears to be no, as indicated by our 8-year study in
Papua New Guinea. A devastating decline in coral cover caused a
parallel decline in fish biodiversity, both in marine reserves and in
areas open to fishing. Over 75% of reef fish species declined in
abundance, and 50% declined to less than half of their original
numbers. The greater the dependence species have on living coral
as juvenile recruitment sites, the greater the observed decline in
abundance. Several rare coral-specialists became locally extinct.
We suggest that fish biodiversity is threatened wherever perma-
nent reef degradation occurs and warn that marine reserves will
not always be sufficient to ensure their survival.

any ecologists have expressed concern over the worldwide

decline in coral cover due to global warming and associ-
ated coral bleaching, overfishing, and coastal pollution (1-5).
Coral reefs support a high diversity of fishes that may ultimately
depend on corals for their survival; however, the impact of
long-term reef degradation on fish populations is unknown.
Most attention to the protection of marine fish populations has
focused on the benefits of controlling exploitation by establish-
ing “no-take” marine reserves (6-8). However, comprehensive
strategies for protecting marine biodiversity also require an
understanding of how species respond to degradation of their
habitats.

In the past, there has been a dichotomy of opinion over how
closely fish communities are linked to their habitat, with some
information indicating a high degree of variability that is inde-
pendent of habitat change (9-14) and other data showing that
coral-specialists clearly suffer when coral cover is reduced
(13-17). Here we ask the following questions. If coral reefs
continue along a path of degradation, what will be the fate of fish
communities as a whole? Will marine reserves provide fish
communities with any resilience to the effects of habitat loss?

Methods

In 1996, we observed the beginning of what progressed into a
long-term decline in coral cover in four marine reserves in the
Tamane Puli Conservation Area, Kimbe Bay, Papua New
Guinea (150°06'E, 5°25'S). To predict the potential response of
fish assemblages to declining coral in this area, we began by
estimating the proportion of reef fish species that only fed on
coral tissue or those that only lived in association with branching
corals. We surveyed all species in 20 different families of fishes
associated with coral reefs in the region (18). Those species
dependent on live coral as food or living space were distin-
guished from the rest, based both on our own observations and
published accounts of diet and habitat associations (19, 20).
The cover of branching scleractinian corals was estimated
from annual surveys of eight reefs between 1996 and 2003
(including four marine reserves established in 1999 and four
reefs open to fishing). Each reef was sampled by eight 50-m line
transects (four in the reef crest and four in the upper reef slope

www.pnas.org/cgi/doi/10.1073/pnas.0401277101

v) 100
g 90 m  Coral feeder or dweller
80
é 70 o Other
60
50
ﬁ 40
30
m %
B el
0 0 , a D.I1I. n n n
REEF FISH FAMILY
Fig. 1. Reeffish dependence on coral in Kimbe Bay. The number of coral reef

fish species in 20 families that are dependent on live coral as food or living
space (filled bars) is compared with all other species (open bars). Species are
ranked in order of a decreasing number of species associated with corals. The
percentage figures represent the proportion of species in each family that are
associated with live coral.

habitat). Coral cover was estimated by quantifying the substra-
tum under 100 random points along each transect.

In conjunction with coral surveys, we monitored the presence/
absence and abundance of all species in four speciose reef fish
families that could be reliably surveyed by visual transects
(Acanthuridae, Chaetodontidae, Labridae, and Pomacentridae ).
Densities were estimated during annual surveys of the four
reserve and four open reefs between 1997 and 2003. Scuba divers
visually counted individual fish in eight replicate 50-m transects
laid out in the reef crest and upper reef slope habitats (4 m wide
for Acanthuridae, Chaetodontidae, and Labridae, and 1 m wide
for Pomacentridae). Estimates of species richness were based on
total species lists for each site at each time.

For 2 of the years (1999-2000) we carried out monthly surveys
to record the substrata used by juveniles when they first settled
into reef habitat. The settlement sites for all species in the four
fish families were surveyed by using eight 50 X 2-m transects laid
out in the reef crest and upper reef slope habitats. We counted
all settlers, estimated their size, and recorded the microhabitats
they occupied. Settlement sizes varied among species, and we
used species-specific cut-off sizes to restrict our sampling to
individuals <2 weeks old. The settlement sites of >102,000
juveniles were recorded over the 2-year period.

Results and Discussion

Our survey of the feeding modes and habitat use by species in 20
reef fish families indicated that =11% of 538 species had an
obligate association with living corals (Fig. 1). This proportion
appears to be typical for fishes ofthe Indo-Pacific region (19,20).
Only 12 of the 20 families contained any species that were
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Fig. 2. (A4) Declining mean cover of branching scleractinian corals between

1996 and 2003 inthe Tamane Puli Conservation Area, Kimbe Bay. Coral cover
was estimated from annual surveys of eight reefs (four marine reserves
established in 1999 and four reefs open to fishing). Cover estimates were
pooled for eight coastal reefs surveyed before 1999. Bars represent standard
errors (n = 32). (B) Change in mean fish species richness for four reef fish
families (Acanthuridae, Chaetodontidae, Labridae, and Pomacentridae) be-
tween 1997 and 2003 for the four marine reserves and four fished reefs.
Species richness was based on total species lists for each site at each time. Bars
represent standard errors (n = 4).

specialized on corals, and in 5 of these 12 families, only 1 species
fell into this category. Even for families such as Gobiidae,
Pomacentridae, and Chaetodontidae, which include many coral-
feeding or coral-dwelling species, these specialists were still a
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minority (<25%). Thus, we hypothesized that a relatively small
proportion of species would be immediately threatened by the
demise of corals.

Our annual surveys of eight reefs between 1996 and 2003
(including four marine reserves established in 1999 and four areas
open to fishing) documented a decline in coral cover from =66%
in 1996 to a low 0f 7% in 2002 (Fig. 24 ). This decline was associated
with a corresponding increase in turfing algae. The decline in coral
cover in marine reserves was very similar to that in open areas. It
appeared to be due to a combination of coral bleaching (observed
in 1997,1998, 2000, and 2001 ), a gradual increase in sedimentation
from terrestrial run-off, and outbreaks of crown-of-thorns starfish.
By 2002, reef crest habitats on inshore reefs supported <2% cover
of'the branching acroporid corals that form the primary habitat and
food of the majority of coral-specialist fishes.

By 2002, diversity of fishes in the four focal families had
declined by =22% compared to 1997 (Fig. 2B). This figure was
close to the =15% decline predicted from patterns of diet and
habitat use (Fig. 1) and paralleled the temporal change of coral
cover (Fig. 24). By 2003, the decline in diversity was reduced to
=15%, the small recovery associated with the increase in coral
cover in the lastyear. Importantly, the decline in biodiversity was
not influenced by marine reserve status, with similar patterns
observed in marine reserves and open areas. The proportional
decline in local species richness was largest for the two families
surveyed with the highest proportion of coral specialists (Chaet-
odontidae and Pomacentridae), each exhibiting a >25% decline
in local species richness.

An =15% loss of species is likely to be ecologically significant
for any community. However, the impact of coral decline on the
structure of fish assemblages turned out to be far greater than
either originally predicted or was evident from the focus on
species richness. About 75% ofthe fish species surveyed declined
in abundance from the beginning to the end of the survey period
(Fig. 3). About half of all fish species declined by >50%. A
smaller proportion of species (=25%) increased in abundance,
with numbers of some dead coral or rubble associated species
rising dramatically. The magnitude of change in abundance for
each species in areas open to fishing was strongly correlated with
that for marine reserves (r = 0.83, P < 0.05). Only two
surgeonfishes exploited in the traditional fishery (Ctenochaetus
striatus and Acanthurus pyroferus) showed significant increases in
marine reserves, a finding that can be attributed to protection
(Fig. 3). Few other species surveyed are exploited, and the
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SPECIES

Percentage change in fish abundance between 1997 and 2003 in marine reserves and on open reefs. Percentage change is calculated from the average

of the first two surveys (1997-1998) and last two surveys (2002-2003) for all fish species in the families Acanthuridae, Chaetodontidae, Labridae, and
Pomacentridae. The numbers onthexaxis represent individual species (1-77) and are ranked from largest increase to largest decline for open reefs. Only species
with a mean number per transect >1 are included, most showing a statistically significant change over time. Two surgeonfish species (marked by an asterisk)

showed an increase in marine reserves relative to fished reefs.
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Fig. 4. Relationship between the direction and magnitude of change in fish

abundance between 1997 and 2003, and the proportion of all juveniles
observed to be associated with live coral at settlement. Settlement data were
collected in 1999 and 2000, when the average coral cover was 29.0 £ 0.7%.

change in the abundance of most species can be attributed to
habitat degradation.

The dramatic change in the abundance of almost all species
indicates a phase-shift in reef fish community structure in
response to habitat degradation and the increasing dominance of
a small proportion of the original species pool. The catastrophic
decline in the abundance of 50% ofthe species was not predicted
from the initial snapshot of their ecology, because it affected far
more than just coral-feeding or coral-dwelling fishes (Fig. 1).

An analysis of fish settlement sites provided the most likely
explanation for the community-wide change. Species varied on
a continuum of those that only ever settled onto live coral
substrata to those that never settled onto coral (Fig. 4). About
65% of fish species settled onto live coral in proportions
significantly greater than expected because of the average cov-
erage of live coral at these times. Furthermore, the magnitude
of change in fish abundance was inversely correlated with the
proportion of juveniles found settling on live coral (r = —0.57,
P < 0.05). With a few exceptions, species that mainly settle into
live coral declined, and those largely recruiting to noncoral
substrata increased in abundance.

Reef fish communities may be more contingent on their
underlying habitat than has previously been considered. Our
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data suggests that this dependence arises through habitat-limited
recruitment (16, 21), although adult mortality through declining
food and shelter may also be important. The impact on species
in reef fish families less reliant on coral may be correspondingly
less extreme (e.g., Tethrinidae and Lutjanidae). Flowever, this
cannot be confirmed until we know more about the settlement
site preferences in these groups. The impact on small specialized
families (e.g., Gobiidae and Carancanthidae) may be even more
devastating. Global extinction may be imminent for some coral-
dwelling gobies with restricted geographic ranges (22). The
entire caracanthid family is comprised of only two obligate
coral-dwelling species (Fig. 1), both of which are now extremely
rare at our study sites.

The magnitude of the decline in coral cover in Kimbe Bay is not
atypical of other geographic locations where coral has also been
largely replaced by turfing algae (1-5). The impacts of coral-algal
phase-shifts on fish communities in other regions may have been
similar. Flowever, although short-term effects on coral-feeding
fishes have been noted (23), the long-term effects on reef fish
communities have not previously been described. Our results
suggest that reefs without corals will no longer support diverse fish
faunas but rather will be numerically dominated by a small subset
of species preferring algal or rubble substrata.

Although there is considerable potential for recovery from local
disturbance through larval dispersal, the spatial extent of habitat
devastation appears to be expanding rather than contracting (4, 5).
If this trend cannot be reversed by management actions, species
with restricted dispersal or small geographic ranges will be threat-
ened by extinction (24-26). Although there is a large body of
evidence that indicates that marine reserves can be an effective
management strategy for protecting marine biodiversity (6-8),
there is a growing recognition that such areas cannot protect reefs
from large-scale pollution or global warming (4, 27-30). Thus,
although marine reserves are necessary to control the “top-down”
impact of human predation, they must be combined with manage-
ment strategies that fundamentally address “bottom-up” processes
that appear to be a more likely path to extinction.
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