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average, 46% of the Sumatran smoke plume was
located over the region of IOD upwelling, with
the highest density of smoke consistently located
over the Mentawai area (38). Deposition of these
fire particulates (19) would have been assisted
by the 500 mm of rainfall received by the Men-
tawai region during the 1997 wildfires and by
atmospheric subsidence over the cold SST
anomaly (6). Weakening and reversal of the
monsoon and equatorial winds (7) in December
1997 also would have acted to further concen-
trate nutrients and plankton into the Mentawai
region from the upwelling plume offshore.

Approximately 1.1 � 104 metric tons of
Fe were released from the Sumatran wild-
fires during 1997 (35, 39), and exposure to
sunlight and acid conditions during atmos-
pheric transport in the smoke plume (36 )
would have allowed up to 90% of the Fe to
exist as bioavailable Fe(II) (40). Only 0.2
to 0.8% of the Fe released from the Sumat-
ran wildfires was required as bioavailable
Fe(II) in the Mentawai region to meet the
total Fe requirements of the 1997 red tide
(Table 1) (13, 41). Although these calcula-
tions are estimates, it is clear that the 1997
Sumatran wildfires were a large potential
source of Fe that could have promoted the
extraordinary productivity in the upwelled
water around the Mentawai Islands.

The proposed link between the death of the
Mentawai Islands reef ecosystem and the 1997
Indonesian wildfires has implications for the fu-
ture health of coral reefs. Widespread tropical
wildfire is a recent phenomenon (25, 34), the
magnitude and frequency of which are increas-
ing as population rises and terrestrial biomass
continues to be disrupted (34). Where back-
ground nutrient supplies in reef waters are ele-
vated or human activities have reduced upper
trophic levels (42), reefs are likely to become
increasingly susceptible to large algal blooms
triggered by episodic nutrient enrichment from
wildfires. Therefore, in addition to their impact on
forest ecology and human health, tropical wildfires
may pose a new threat to coastal marine eco-
systems that could escalate into the 21st century.
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Global Trajectories of the
Long-Term Decline of Coral Reef

Ecosystems
John M. Pandolfi,1* Roger H. Bradbury,2 Enric Sala,3

Terence P. Hughes,4 Karen A. Bjorndal,5 Richard G. Cooke,6

Deborah McArdle,7 Loren McClenachan,3 Marah J. H. Newman,3

Gustavo Paredes,3 Robert R. Warner,8 Jeremy B. C. Jackson3,6

Degradation of coral reef ecosystems began centuries ago, but there is no global
summary of the magnitude of change. We compiled records, extending back
thousands of years, of the status and trends of seven major guilds of carnivores,
herbivores, and architectural species from14 regions. Large animals declined before
small animals and architectural species, and Atlantic reefs declined before reefs in
the Red Sea and Australia, but the trajectories of decline were markedly similar
worldwide. All reefs were substantially degraded long before outbreaks of coral
disease and bleaching. Regardless of these new threats, reefs will not survive
without immediate protection from human exploitation over large spatial scales.

Coral reefs and associated tropical nearshore
ecosystems have suffered massive, long-term
decline in abundance, diversity, and habitat

structure due to overfishing and pollution
(1–7 ). These losses were more recently com-
pounded by substantial mortality due to dis-
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ease and coral bleaching (8–12). Although
much longer records exist for some coral (13)
and commercially important fisheries species
(2, 3), detailed ecological descriptions of reef
ecosystems are less than 50 years old (14,
15). The long-term historic sequence of eco-
system decline is unknown for any reef,
thereby obscuring the potential linkage and
interdependence of the different responsible
factors that must be unraveled for successful
restoration and management.

We reconstructed the ecological histories of
14 coral reef ecosystems worldwide (16) using
consistent criteria throughout. We determined
the ecological status of reefs ranging from pris-
tine to globally extinct (Table 1) for seven
general categories of biota (hereafter referred to
as guilds) (17) for each of seven culturally
defined periods ranging from prehuman to the
present (table S1) (18). We used cultural peri-
ods rather than calendar years because the mag-
nitude of human impacts depends primarily on
technological prowess and economic structures
that were out of phase geographically until
converging in the 20th century. Guilds and
ecological status were broadly defined so that
the same standards could be used for all periods
and regions examined and so that widely dis-
parate paleontological, archaeological, histori-
cal, fisheries, and ecological data could be used
in the same analysis (tables S2 and S3) (17).

The average ecological status of each
guild for all regions combined (17 ) declined
sharply over time (Fig. 1). In general, large
animals declined faster than small animals
and free-living animals declined more rapidly
than architectural builders such as seagrasses
and corals. Large carnivores and herbivores
were almost nowhere pristine by the begin-
ning of the 20th century, when these guilds
were already depleted or rare in more than
80% of the 14 regions examined. The univer-
sal lag in decline of architectural guilds is
consistent with earlier observations for Carib-
bean reefs (19).

We used principal components analysis
(PCA) to ordinate the data and to describe the
historical trajectories of change within each
region in terms of the ecological status of all
seven guilds combined (17 ). Reef regions
were defined as pristine for the initial (pre-
human) period, and for purposes of compar-
ison, we included a hypothetical reef for
which all seven guilds were ecologically ex-

tinct. Only the first principal component
(PC1) was interpretable (17 ). The resulting
trajectories (Fig. 2A) closely and consistently
track PC1, which explains 91% of the total
variation in the data. The key structures in the
data set were thus effectively captured by a
one-dimensional system, with each region’s
time periods mostly sequentially ordered
along PC1, which is described overwhelm-

1Department of Paleobiology, MRC-121, National
Museum of Natural History, Post Office Box 37012,
Smithsonian Institution, Washington, DC 20013–
7012, USA. 2Centre for Resource and Environmental
Studies, Australian National University, Canberra,
ACT 0200, Australia. 3Center for Marine Biodiversity
and Conservation, Scripps Institution of Oceanogra-
phy, La Jolla, CA 92093, USA. 4Centre for Coral Reef
Biodiversity, School of Marine Biology, James Cook
University, Townsville, QLD 4811, Australia. 5Archie
Carr Center for Sea Turtle Research, Department of
Zoology, Post Office Box 118525, University of Flor-
ida, Gainesville, FL 32611, USA. 6Center for Tropical
Paleoecology and Archaeology, Smithsonian Tropical
Research Institute, Box 2072, Balboa, Republic of Pan-
ama. 7California Sea Grant, University of California
Cooperative Extension, Santa Barbara, CA 93105,
USA. 8Department of Ecology, Evolution, and Marine
Biology, University of California, Santa Barbara, CA
93106, USA.

*To whom correspondence should be addressed. E-
mail: pandolfi.john@nmnh.si.edu

Table 1. Ecological states and criteria used to assess the 14 tropical marine sites analyzed.

Ecological state Criteria for classification

Pristine Detailed historical record of marine resource lacks any
evidence of human use or damage.

Example: Fossil coral assemblages
Abundant/common Human use with no evidence of reduction of marine

resource.
Example: No reduction in size of fish vertebrae in

middens or relative abundance of species
Depleted/uncommon Human use and evidence of reduced abundance

(number, size, biomass, etc.).
Examples: Shift to smaller sized fish; decrease in

abundance, size, or proportional representation of
species

Rare Evidence of severe human impact.
Examples: Truncated geographic ranges; greatly

reduced population size; harvesting of
pre-reproductive individuals

Ecologically extinct Rarely observed and further reduction would have no
further environmental effect.

Examples: Observation of individual sighting
considered worthy of publication; local extinctions

Globally extinct No longer in existence.
Example: Caribbean monk seal

Fig. 1. (A to G) Ecologi-
cal change in coral reef
guilds through time.
Time trajectories of eco-
logical condition for
each of seven guilds of
reef inhabitants (17) ex-
pressed as the percent-
age of regions in each
ecological state from 14
regions (16) in the trop-
ical western Atlantic,
Red Sea, and northern
Australia. Cultural peri-
ods (18): P, prehuman;
H, hunter-gatherer; A,
agricultural; CO, colonial
occupation; CD, colonial
development; M1, early
modern; M2, late mod-
ern to present.
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ingly by the status of large herbivores and
carnivores (20).

PCA also provides a simple, objective index
of present-day reef degradation as measured by

the normalized scores for the end points of each
regional trajectory along PC1 (Fig. 2B). As ex-
pected, reefs in the western Atlantic have de-
clined more severely than in Australia or the Red

Sea. The best-protected reefs in the world, on the
Great Barrier Reef, are the closest to pristine. But
these same reefs are also one-quarter to one-third
of the way along PC1 to ecological extinction.
Moreover, the reefs of Moreton Bay, at the
extreme southern end of the Great Barrier
Reef, are as close to ecological extinction for
all seven guilds as the severely degraded reefs
of eastern Panama and the Virgin Islands.

The overall historical trajectory of reef deg-
radation across all cultural periods is markedly
linear, despite the wide range of values within
any one cultural period (Fig. 3). Most impor-
tantly from the perspective of reef conservation
and management, most of the reef ecosystems
were substantially degraded before 1900. Re-
cent widespread and catastrophic episodes of
coral bleaching and disease have distracted at-
tention from the chronic and severe historical
decline of reef ecosystems (10, 21–23). How-
ever, all of the reefs in our survey were
substantially degraded long before the first ob-
servations of mass mortality resulting from
bleaching and outbreaks of disease (10, 11).
The only reasonable explanation for this ear-
lier decline is overfishing (3), although land-
derived pollution could have acted synergis-
tically with overfishing in some localities.

Historical trajectories of reef degradation
provide a powerful tool to explain global
patterns and causes of ecosystem collapse, as
well as to predict future ecosystem states,
allowing managers to anticipate ecosystem
decline through an understanding of the se-
quence of species and habitat loss. Manage-
ment options will vary among regions, but
there must be a common goal of reversing
common trajectories of degradation. The
maintenance of the status quo within partially
protected areas such as the Great Barrier Reef
is at best a weak goal for management, which
should strive instead for restoring the reefs
that are clearly far from pristine. Regardless
of the severity of increasing threats from
pollution, disease, and coral bleaching, our
results demonstrate that coral reef ecosystems
will not survive for more than a few decades
unless they are promptly and massively pro-
tected from human exploitation.
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Long-Term Region-Wide Declines
in Caribbean Corals

Toby A. Gardner,1,3 Isabelle M. Côté,1* Jennifer A. Gill,1,2,3

Alastair Grant,2 Andrew R. Watkinson1,2,3

We report a massive region-wide decline of corals across the entire Caribbean
basin, with the average hard coral cover on reefs being reduced by 80%, from
about 50% to 10% cover, in three decades. Our meta-analysis shows that
patterns of change in coral cover are variable across time periods but largely
consistent across subregions, suggesting that local causes have operated with
some degree of synchrony on a region-wide scale. Although the rate of coral
loss has slowed in the past decade compared to the 1980s, significant declines
are persisting. The ability of Caribbean coral reefs to cope with future local and
global environmental change may be irretrievably compromised.

It is becoming increasingly acknowledged
that coral reefs are globally threatened (1,
2). Recent assessments suggest that 11% of
the historical extent of coral reefs is already
lost, while a further 16% is severely dam-
aged (3). For the Caribbean basin, a wealth
of quantitative, small-scale studies now ex-
ist that describe changes such as reduced
coral cover, reduced physical and biologi-
cal diversity, and increases in the spatial
and temporal extent of macroalgae [e.g., (4,
5)] on individual reefs. These have contrib-
uted to qualitative summaries of regional
and subregional scope (3, 6), which suggest
a general pattern of decline and degrada-
tion. However, the extent and spatiotempo-
ral variability of these changes have not
been quantified on a Caribbean-wide scale.
Here, we assess the extent of decline in
coral cover across the Caribbean through
the integration of existing data sets in a
meta-analysis framework (7).

Data describing change in percent hard
coral cover over time for monitored reef sites
within the wider Caribbean basin were ob-
tained from a range of sources (8). A total of
263 sites from 65 separate studies (table S1)
across the Caribbean were included in the
overall meta-analysis (Fig. 1).

Using the software Meta-Win (9), we
carried out meta-analyses on the total data

set to quantify two separate effect sizes: (i)
overall absolute change in percent coral
cover (CA) as summarized across the dura-
tion of all studies, irrespective of year or
length of study; and (ii) overall annual rate
of change in percent coral cover (CR) be-
tween surveys carried out at different
points in time (calculated relative to the
initial percent coral cover) (8). The latter
has the advantage of partially accounting
for differences in study duration and initial
coral cover; however, it assumes a constant
rate of decline between years. To allow for
the possibility of nonlinear declines, we
also calculated year-on-year rates of change
in coral cover [�N � log(N � 1)t�1 –
log(N � 1)t, where N is percent coral cover
and t is year of study] for all studies with
data from successive years (8). Finally, we
calculated weighted (8) and unweighted
mean absolute percent coral cover across
all sites for each year between 1977 and
2001. We examined spatial and temporal
variability in CA and CR by splitting the
data set into subregions and time periods
(8). Throughout, confidence intervals were
generated by bootstrapping (9), corrected

1School of Biological Sciences, 2School of Environmental
Sciences, University of East Anglia, Norwich NR4 7TJ,
UK. 3Tyndall Centre for Climate Change Research, Nor-
wich NR4 7TJ, UK.
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Fig. 1. Regional distribution of
study sites in the wider Carib-
bean basin. The separate
study sites from which moni-
toring data were sourced are
shown as circles.
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