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11. Responses of Coral Reefs to El Niño–Southern
Oscillation Sea-Warming Events

Gerard M. Wellington and Peter W. Glynn

11.1 Introduction

Prior to Chesher’s (1969) stunning prediction that the corallivorous sea star,
Acanthaster planci, could spell the initial phases of extinction of reef-building
corals in the Pacific Ocean, coral reefs were regarded as highly stable and
resilient ecosystems in near equilibrium with their physical and biotic environ-
mental controls (e.g., Odum and Odum 1955; Wells 1957; Margalef 1968).
Widespread outbreaks of A. planci and resulting coral mortality over the Indo-
Pacific region have caused considerable alarm, and although the causes of these
outbreaks are still unknown, some workers link them to favorable conditions in
the water column promoting larval survival followed by heavy settlement and
high recruitment (Birkeland and Lucas 1990). The effects of this predator are still
a significant management problem in many areas (Wilkinson 1990; Wilkinson
and Macintyre 1992; DeVantier and Done, Chapter 4), but concerns about 
A. planci disturbances have been increasingly supplanted by concerns about other
global-scale disturbances that are linked to significant coral reef decline, includ-
ing the deterioration of water quality from runoff (Ginsburg 1994), overfishing
(Jackson 1997; Pandolfi et al. 2003), coral diseases (Harvell et al. 1999), and coral
bleaching (Glynn 1993; Brown 1997; Wilkinson 2000; Hughes et al. 2003). This
essay focuses on coral reef degradation due to coral bleaching, which is consid-
ered by many to be the largest threat to coral reef ecosystems (Hoegh-Guldberg
1999; Wilkinson 2002).
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Beginning with the very strong 1982 to 1983 El Niño event, and continuing at
high frequency through the 1980s, workers became aware of unprecedented coral
reef bleaching: the sudden loss of endosymbiotic dinoflagellates that often leads
to widespread coral mortality (Glynn 1984, 1990a; Brown 1987; Guzmán et al.
1987; Carriquiry et al. 1988; Williams and Bunkley-Williams 1988, 1990).
Similar to the alarm precipitated by Acanthaster disturbances of the previous
decade, the global coral bleaching and mortality events stimulated widespread
concern in the coral reef research community, resulting in workshops, symposium
addresses, and special journal publications focusing on this issue (e.g., Ogden and
Wicklund 1988; Brown 1990; D’Elia et al. 1991; Buddemeier 1992). Several field
and laboratory studies have demonstrated that the majority of these recent coral
bleaching and mortality events are caused by elevated seawater temperatures that
exceed the stress-response thresholds of temperature- and light-sensitive
coral–algal symbioses (Glynn and D’Croz 1990; Jokiel and Coles 1990; Glynn
et al. 1992, 2001; Gleason and Wellington 1993; Goreau and Hayes 1994; Rowan
et al. 1997; Hoegh-Guldberg 1999; Lough 2000; Berkelmans 2002). A multitude
of stressors often associated with sea warming disturbances, either during the
event or with some time lag, often exacerbate the already weakened state of
corals. These may include increased rainfall, flooding and runoff, reduced cloud
cover and wind speed (favoring increased light penetration), sedimentation, pol-
lution, violent storms, intensified upwelling, and sea level lowering during La
Niña events. Additionally, several recent studies have demonstrated increasing
incidences of epizootics that are often correlated with elevated thermal conditions
(Kushmaro et al. 1996; Harvell et al. 1999; Porter 2001). Finally, taking into
account predicted sea-level rise and changes in the carbonate mineral saturation
state, effects that could interact to reduce calcification rates and reef building
(Smith and Buddemeier 1992; Kleypas et al. 1999, 2001; Pittock 1999), it will
become necessary to deal with a suite of disturbances affecting coral reefs during
global warming.

New and stronger evidence indicates that most of the global warming observed
over the last 50 years is attributable to anthropogenic forcings, namely, greenhouse
gas and aerosol emissions (compare IPCC 1992, 1996, and 2001). The observed
mean sea-surface temperature (estimated subsurface bulk temperature; i.e., the
upper few meters depth) has increased from 0.4 to 0.8 °C since the late 19th cen-
tury. The sea-surface temperature data obtained from 1961 to 1990 show a 0.23
to 0.27 °C warming during this 30-year period. The two warmest years globally
were 1998 and 2005, which were the highest observed over an instrumental
record beginning in 1880 (Shein 2006). Positive anomalies above the 1961 to
1990 mean were +0.50 °C (1998) and +0.53 °C (2005), the latter in the absence
of a strong El Niño signal. The globally averaged surface temperature is projected
to increase by 1.4 to 5.8 °C over the period 1990 to 2100 (full range of 35 IPCC
emission scenarios based on several climate models). The projected rate of warm-
ing is greater than the observed changes during the 20th century and, based on
paleoclimate data, is very likely to be without precedent during at least the last
10,000 years (IPCC 2001).
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In this chapter we address sea-warming disturbances associated with El Niño–
Southern Oscillation (ENSO) events, with a focus on the eastern tropical Pacific
and the effects of ENSO disturbances on coral bleaching, mortality, and recovery.
While no generally accepted definition of El Niño exists (see Trenberth 1997),
historically it refers to local sea warming off coastal Peru. The ENSO phenome-
non is more wide-ranging, involving the migration of the south Pacific warm pool
across the International Dateline, and causing atmospheric and oceanic perturba-
tions along the entire eastern Pacific as well as the western Atlantic and Indian
Oceans. Here we use El Niño and ENSO for local (eastern tropical Pacific) and
global effects, respectively. The eastern Pacific region is particularly suited for an
assessment of ENSO effects on coral reefs because it experiences a strong warm-
ing signal and because a long-term database of the condition of pre- and post-
disturbance coral communities is available. Other coral reef areas are also discussed
where they provide insight into how the varied effects of sea warming distur-
bances influence coral reef ecosystems.

11.2 The Nature of ENSO Events

In the marine realm, one of the first and most notable effects of ENSO is a sudden
warming of the central to eastern tropical Pacific Ocean. In the eastern Pacific,
elevated sea level, thermocline depression, local flooding or drought conditions,
and increased storm activity often accompany sea warming. The frequency of
ENSO events over the past century is once about every four years, but their onset
is erratic, and their intensity, duration, and spatial extent are highly variable
(Philander 1990; Enfield 1992; Allan et al. 1996). The atmospheric manifestation
of ENSO, the Southern Oscillation, is synchronous with the marine phase and
involves linkages between remote climatic perturbations—so-called teleconnec-
tions—that can influence all of the world’s oceans and continental regions (Riegl,
Chapter 10). For example, El Niño warming in the eastern Pacific is usually cor-
related with: (1) high SSTs in the western equatorial and southwest Pacific (Great
Barrier Reef region) about one year before and following an event (Rasmusson
and Carpenter 1982; Lough 1994); (2) high SSTs contemporaneously and basin-
wide in the Indian Ocean (Baquero-Bernal et al. 2002); and (3) high SSTs in the
northwestern tropical Atlantic and Caribbean Sea 4 to 5 months following the
eastern Pacific mature phase (Enfield and Mayer 1997).

In terms of ENSO activity, the 1980s and 1990s were unusual in several
respects. The two strongest ENSO events in recorded history—1982 to 1983 and
1997 to 1998—occurred only 15 years apart, and during this same time one of the
most protracted El Niño warming periods, lasting from 1990 to 1995, was
recorded (Trenberth and Hoar 1996). Some workers, however, have concluded
that this was not an extended El Niño event, but rather a prolonged warm phase
of a Pacific decadal mode of variability (Lau and Weng 1999). The 1982 to 1983
event was touted as the “event of the century” (Cane 1983, 1986; Hansen 1990)
and the 1997 to 1998 event was considered comparable or even stronger than
the earlier event (McPhaden 1999; Enfield 2001). The warming intervals were
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comparable during the two events, with each about 14 months in duration. 
A comparison of SST metrics in the eastern Pacific, in Niño 1 + 2 and Niño 
3 zones, shows both SSTs and SSTAs (SST anomalies) rose faster in mid-1997 than
in mid-1982 (Fig. 11.1). These data are from an optimally interpolated (OI) analy-
sis of ship, drifter, and satellite measurements produced by the NOAA National
Centers for Environmental Prediction (NCEP; Reynolds and Smith 1994). Niño 
3 SSTAs also were ~0.5 °C higher in 1997 to 1998 than in 1982 to 1983.

Several regional- to local-scale differences between the 1982 to 1983 and 1997
to 1998 events have been recognized, including diverse physical and biotic char-
acteristics and responses. For example, coral bleaching and mortality associated
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Figure 11.1. Comparisons of SSTs and SSTAs in Niño zones 3 (90°–150°W, 5°N–5°S)
and 1+2 (80°–90°W, 0°–10°S) during the 1982 to 1983 and 1997 to 1998 ENSO events.
These Niño regions were selected to coincide with historical ship tracks where reliable
data were available (Rasmusson and Carpenter 1982). Niño 3 is centered offshore and far
to the west along the equator, and Niño 1+2 refers to the region near the South American
coast. Horizontal dashed lines are plotted at 27 °C (upper) and 0 °C (lower) for reference.
After Enfield (2001).
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with ENSO-elevated SSTs in 1982 to 1983 were largely confined to the eastern
Pacific, the central and northern sectors of the Great Barrier Reef, the Java Sea,
southern Japan, the western Indian Ocean, and the Caribbean Sea and adjacent
waters (Glynn 1984; Brown 1987; Coffroth et al. 1990), and included 68 reported
bleaching events. In contrast, during the 1997 to 1998 ENSO, frequent and wide-
spread coral bleaching and mortality were reported in all major coral reef regions,
totaling 2,070 events (Figs. 11.2A,B, 11.3). Notable newly impacted areas were
Belize, Brazil, northeastern Australia, the Philippines, Southeast Asia, south India,
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Figure 11.2. Global distribution of all known coral bleaching events (1963–2002). (A) Light
(<10%) to moderate (10–50%) coral bleaching (n = 1629 events). (B) Severe (>50%) coral
bleaching (n = 955 events). Map produced on 15 November 2002 from ReefBase (2002).



11. Sea-Warming Disturbances to Coral Reefs 347

20
00

17
50

15
00 32
5

30
0

27
5

25
0

22
5

20
0

17
5

15
0

12
5

10
0 75 50 25

0 1960
1962
1964
1966
1968
1970
1972
1974
1976
1978
1980
1982
1984
1986
1988
1990
1992
1994
1996
1998
2000
2002

Y
ea

r

Number of events

19
82

–1
98

3
19

87
–1

98
8

19
90

–1
99

5
19

97
–1

99
8

20
02

18
85

F
ig

ur
e 

11
.3

.
T

he
 to

ta
l n

um
be

r 
of

 c
or

al
 r

ee
f 

bl
ea

ch
in

g 
ob

se
rv

at
io

ns
 f

or
 e

ac
h 

ye
ar

 g
lo

ba
lly

, 1
96

3 
to

 2
00

2.
 T

he
 1

99
8 

bl
ea

ch
in

g 
re

co
rd

s 
( n

=
 1

88
5)

 a
re

se
ve

re
ly

 tr
un

ca
te

d.
 F

ro
m

 R
ee

fB
as

e 
(2

00
2)

 d
at

a 
se

t, 
10

 A
ug

us
t 2

00
2.

 T
he

 d
ur

at
io

n 
of

 E
N

SO
 e

ve
nt

s 
du

ri
ng

 th
e 

19
80

s 
an

d 
19

90
s 

is
 n

ot
ed

 a
bo

ve
.



the Laccadive and Maldive Islands, continental East Africa, and the Red Sea. The
only region where no bleaching was reported is off western tropical Africa, per-
haps due to the absence of observers. The latest data available for 2002 indicate
the occurrence of 452 coral bleaching events (ReefBase 2002). This was the
greatest bleaching year ever reported for the Great Barrier Reef region, and was
related to a large thermal anomaly observed by NOAA. The other reports in 2002
may be due to local thermal events more than to any major regional-scale pattern.
Some proportion of the large increase in extent and number of reports between
the earlier and latter events is certainly due to a greater awareness and documen-
tation in recent years and the use of the Internet to aid transmission and collec-
tion of reports.

Given the general similarity of the 1982 to 1983 and 1997 to 1998 El Niño
events in the eastern Pacific, we still note some marked local-scale differences
between the two disturbances in both occurrence and timing of temperature stres-
sors, and the severity and distribution of coral mortality. An example of one area
where corals experienced severe bleaching and mortality in 1982 to 1983 (with
overall mean mortality ~90%), and no adverse effects in 1997 to 1998 is the Pearl
Islands in the Gulf of Panamá (Table 11.1). Seasonal upwelling typically occurs
in the Gulf from late December to about the end of April. Upwelling was largely
suppressed in 1983, and coral bleaching/mortality coincided with high maximum
SSTs (>30 °C) and high stressful temperature duration (degree days, DD > 400; 
a “degree-days” index is the combined effect of SST anomalies and their dura-
tion; Podestá and Glynn 1997). Upwelling occurred immediately preceding and
during the height of El Niño warming in 1998 (Glynn et al. 2001), with maximum
SSTs <30 °C and degree days duration <400. Another difference was noted in the
Galápagos Islands, which experienced similarly stressful high sea temperatures
during 1982 to 1983 and 1997 to 1998. Critically high temperatures persisted in
the Galápagos Islands in 1997 to 1998, resulting in coral bleaching and mortality
(~24% overall), but of significantly lower magnitude than in 1982 to 1983
(~97%) (Feingold 2001; Podestá and Glynn 2001). The more recent, relatively low
coral mortality could be attributed in part to marked semidiurnal temperature
fluctuations, ranging from 2 to 4 °C, which occurred at sites where bleaching and
mortality were not severe. A third difference probably was related to a respite
from elevated sea temperatures in 1997 to 1998. In 1982 to 1983, coral bleaching
and mortality occurred more or less continuously over the El Niño period, from
4 to 10 months depending on locality. In 1997 to 1998, two distinct bleaching
bouts were detected at three equatorial eastern Pacific sites, each corresponding
to local sea-warming pulses. The initial period of elevated temperatures and
bleaching occurred over varying time intervals from August to November 1997
in Colombia (Vargas-Ángel et al. 2001), Panamá (Glynn et al. 2001), and Costa
Rica (Jiménez et al. 2001). These were followed by 4- to 6-month intervals of
lower temperatures, then a return of stressful temperatures from March to August
1998, depending upon locality. These high-temperature pulses were recorded
in situ in coral communities, and also were visible as transitory filaments online
in NOAA near-real-time weekly animated satellite imagery. In summary, several
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factors may have contributed to the reduced coral mortality in 1997 to 1998 in the
equatorial eastern Pacific: (1) timing of the largest SST anomalies, which
occurred in the Galápagos Islands during the cool season; (2) unabated upwelling
in the Gulf of Panamá; (3) temperature fluctuations in the Galápagos Islands;
(4) a 4- to 6-month respite from stressful temperatures at several sites; and (5) the
presence of host/symbiont combinations more resistant to high temperatures in
corals that survived the 1982 to 1983 bleaching event. Evidence for the latter
effect is presented by Glynn et al. (2001), who proposed a bleaching model to
explain the variable coral bleaching responses observed during El Niño events in
Panamá and the Galápagos Islands.

Perhaps the greatest intraregional difference between events was the relatively
low coral mortality rates in 1997 to 1998 compared to 1982 to 1983 (Glynn and
Colley 2001; Glynn 2002). In general, every surveyed site in the equatorial east-
ern Pacific, over a latitudinal spread of 11° (2°S to 9°N), experienced notably
lower coral mortalities in 1997 to 1998 compared with 1982 to 1983 (Table 11.1).
At higher eastern Pacific latitudes, off the west coast of Mexico (16 to 20°N),
coral mortalities were high at Banderas Bay during the 1997 to 1998 El Niño
event and along the Huatulco reef tract in 1998. At Banderas Bay, overall mean
coral mortality ranged from 62% to 96%, and the high coral cover in 1991 indi-
cated no prior ENSO-induced changes, at least in the short term (Carriquiry and
Reyes-Bonilla 1997). The high mean coral mortality of 98.9% reported at
Huatulco occurred during a La Niña cool phase, but the lowest available temper-
atures, monthly mean values of 25 and 26 °C in February and May, respectively,
did not appear to reach critically low levels (Reyes-Bonilla et al. 2002). (La Niña
refers to large-scale changes in atmospheric and oceanographic conditions oppo-
site to El Niño, e.g., the westerly location of the equatorial warm pool, and in the
eastern tropical Pacific shoaling of the thermocline, anomalously cool sea surface
temperatures, nutrient-rich surface waters, and high primary and secondary pro-
ductivity.) Coral cover was also high on the Huatulco reef tract in 1996, but rela-
tively large sections of dead and eroded pocilloporid reef frames at some sites and
massive corals that recruited in 1989 suggest that a thermal disturbance might
have occurred during the 1987 El Niño event (Glynn and Leyte Morales 1997).
Coral mortality off southern Baja California was unknown in 1982 to 1983, but it
was relatively low after the 1987 (10.2%) and 1997 to 1998 (18.2%) ENSO
events (Table 11.1). The relatively low-level coral bleaching and mortality at Baja
California is attributed to the lower and less prolonged stressful temperatures
there, and the seasonal timing of positive temperature anomalies, which tend to
occur during the low-temperature periods of winter and spring (Reyes-Bonilla
et al. 2002).

Violent storms affecting reef areas in the eastern tropical Pacific were
markedly different during 1997 to 1998 compared to 1982 to 1983. Four cyclones
traversed the west coast of Mexico in 1997 and 1998. While the greatest damage
on shallow pocilloporid reefs amounted to ~50% to 60% mortality, with some
dislodgment of reef frame blocks, most reefs were not seriously affected (Lirman
et al. 2001; S. S. González and H. Reyes-Bonilla personal communication). 
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No storm damage to corals was reported off Mexico or any Pacific Central
American region in 1982 to 1983, but large swells and contrary seas caused con-
siderable damage to coral reefs in the Galápagos Islands. Storm-generated seas
uprooted branching and massive corals at Floreana and Pinta Islands in the
Galápagos, depositing large amounts of coral and reef-associated animals on the
shoreline (Robinson 1985). In 1982 to 1983, storm activity was greater in the South
Pacific. Between December 1982 and April 1983, six hurricanes passed through
French Polynesia, causing 50 to 100% destruction of corals on some deep (40 to
>100 m) atoll reef slopes (Laboute 1985; Harmelin-Vivien and Laboute 1986).

11.3 ENSO-Related Disturbances to Coral Reefs

ENSO disturbances to coral reefs may be classified into short-term and longer-
term temporal scales. Elevated sea water temperatures, often in combination with
high irradiance levels (including UV radiation), are short-term disturbances that
can cause coral responses of bleaching, tissue loss, and partial or whole colony
mortality. Longer-term or delayed ENSO-related disturbances are: (1) violent
storms; (2) high rainfall and flooding with increased coastal runoff and sedi-
mentation; (3) periods of sudden and marked sea-temperature decline, resulting
from thermocline shoaling and upwelling; (4) elevated nutrient concentrations; (5)
dinoflagellate blooms; (6) disease epizootics; and (7) subaerial exposure of corals
due to sea-level fluctuations. Detailed information on these sorts of disturbances is
available in the reviews of Williams and Bunkley-Williams (1990), Glynn (1993,
2000), Brown (1997), and Hoegh-Guldberg (1999). Conditions (3), (4), (5), and
(7), often associated with post-ENSO activities (La Niña events), can affect corals
several months to more than a year following a period of elevated temperature.

The loss of zooxanthellae and/or decline in chlorophyll concentration in sur-
viving tissues retards calcification and skeletal growth (Goreau and Macfarlane
1990; Glynn 1993; Hoegh-Guldberg 1999), interferes with reproduction (Szmant
and Gassman 1990; Glynn et al. 2000; Hirose and Hidaka 2000; Omori et al.
2001), and lowers a coral’s capacity to repair tissue damage and resist epizootics
(Meesters and Bak 1993; Mascarelli and Bunkley-Williams 1999; Harvell et al.
2001). Lipid production also declines rapidly in bleached corals, negatively
impacting the obligate crustacean symbionts of branching corals that are depend-
ent on their hosts for trophic sustenance (Glynn et al. 1985). In some areas and
for some coral taxa, e.g., Oculina in the eastern Mediterranean, bacteria have
been shown to cause coral bleaching and may therefore precede a bleaching
response induced solely by high-temperature stress (Kushmaro et al. 1996).
However, it is likely that an increase in temperature may weaken a coral’s resist-
ance and increase the virulence of pathogenic bacteria (Kushmaro et al. 1996;
Harvell et al. 2001). Finally, long-term consequences of bleaching that may con-
tinue for many years include: (8) changing patterns of predation on corals;
(9) lowered rates of coral recruitment; (10) bioerosion and loss of stable coral
frameworks; and (11) local to regional-scale coral extinctions.
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11.4 History of ENSO Events

After the annual cycle, the Pacific El Niño-Southern Oscillation (ENSO) and its
climatic impacts around the world constitute the strongest, most spatially coher-
ent climate signal that exists in both the ocean and the atmosphere.

—Enfield and Mestas-Nuñez (1999).

Prior to the early 1970s little was known about the phenomenon now referred to
as ENSO. The earliest accounts of these events, described by Murphy (1926) and
others, came from the coastal shores of Ecuador and northern Perú during the
mid- to late 1800s and were characterized by prolonged periods of high SSTs,
accompanied by heavy precipitation and the cessation of coastal winds. During the
1920s Walker and Bliss (1930) described the occurrence of periodic “seesaw”
shifts in atmospheric pressure systems resulting in the reversal of ocean currents
and atmospheric pressures across the Pacific and Indian Oceans. However, it was
not until Bjerknes (1969, 1972) that it became clear that the El Niño phenomenon
was related to the Southern Oscillation through teleconnections linking the inter-
action of both atmospheric and ocean processes. Finally, Wyrtki (1973) demon-
strated that the El Niño phenomenon could be explained by Pacific-wide changes
in sea level responding to shifts in the trade winds. Even though much is now
known about the dynamics of ENSO events, our ability to predict the occurrence
and intensity of this phenomenon remains elusive.

In this review we describe several recent studies that have shed light on the his-
tory of ENSO events ranging from recent to millennial time scales. How long have
ENSOs and ENSO-like phenomena existed? And, how might their frequency and
strength change under a future global warming scenario? Several recent studies
provide compelling evidence linking anthropogenic factors as contributing sig-
nificantly to the severity of both the 1982 to 1983 and 1997 to 1998 ENSO events.

One of the first multicentury, coral-based climate reconstructions was con-
ducted by Dunbar et al. (1994) in the Galápagos Islands, located at the epicenter
of ENSO activity. A 10-m-wide, 5-m-high coral colony was sampled at a site
located on the equator, at the “center of action” for recording thermal anomalies
in the eastern Pacific. In this landmark study, a 367-year growth chronology and
347-year annual δ18O analysis produced a climate record extending from 1586 to
1953 AD. In addition to the coral proxy records, written historical archives extend
the record from 1586 to recent times (Quinn et al. 1987; Quinn and Neal 1995).
This isotopic record made it possible to examine eastern Pacific SST variability
over a time span not previously available and, more importantly, at such a pivotal
site for recording ENSO events. An evolutionary spectral plot of the isotopic data
reveals distinct step-like shifts in the frequency of ENSOs (Fig. 11.4). From 1750
to 1750 AD an ENSO event occurred every 6 to 4.6 years. By 1850 it shifted to
3.4 years. The comprehensive approach by Quinn and Neal (1995) involved the
reconstruction of past El Niño events through an investigation of historical
records. Their definition of an El Niño event is as follows: “the appearance of
anomalously warm water along the coast of Ecuador and Perú as far south as
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American Geophysical Union.

Lima (12° South) during which a normalized sea surface temperature (SST)
anomaly exceeded one standard deviation for at least four consecutive months at
three or more coastal stations.” Under this criterion, Quinn and Neal were able to
identify the El Niño events of 1957, 1965, 1972 to 1973, and 1976, based on 1956
to 1981 data. They classified the powerful 1982 to 1983 event as very strong,
based on SST anomalies that were three times higher than their minimal criteria.
In their essay they outlined 12 characteristics that could be used to identify very
strong events, including SST anomalies 6 to 12 °C above normal in peak months,
a rise in sea level resulting in coastal flooding, mass mortality of sea birds, and a
drastic reduction in fisheries production. The level of confidence in these records
is clearly higher after 1800. A simple analysis of Quinn and Neal’s records from
1525 to 1987 AD, categorized by the number of strong, severe, and very severe
El Niño events (Fig. 11.5), matches extremely well with shifts in the recurrence
interval of El Niños reported in Dunbar et al. (1994). The fact that these two inde-
pendent records are highly correlated provides confidence that this historical
record may be largely correct. However, the accuracy of the historically based 
El Niño records (Quinn et al. 1987) has been called into question. Ortlieb and
Machare (1993) argued that the observations of Dunbar et al. (1994) and Quinn
and Neal (1995) did not necessarily match those from coastal Ecuador and north-
ern Perú in terms of intensity and timing. This, however, could be related to errors
in the historical record and/or the fact that the very strong Galápagos record
reflected a more oceanic signal (Quinn and Neal 1995). Quinn and Neal’s (1995)
reconstruction suggests that the very strong 1982 to 1983 and 1997 to 1998 
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El Niño events may have been unique over the past four centuries in terms of their
strength and overwhelming deleterious effects on coral growth and survivorship.
These combined events led to the destruction of many of the modest coral reef
formations present in the eastern Pacific. Corals living in warm-water areas with-
out seasonal upwelling (e.g., the Gulf of Chiriquí, western Panamá) generally
fared better than those experiencing upwelling in the Gulf of Panamá. Surprisingly,
however, in 1998 SSTs in the Gulf of Panamá did not surpass levels sufficient for
severe bleaching to occur, due in part to the timing and early fluctuations in SST
anomalies in 1998 (Glynn et al. 2001).

A recent study in the Galápagos Islands conducted by Riedinger et al. (2002)
produced an ~6100-year-long 14C sediment record from a hypersaline lake, pro-
viding evidence of the frequency and intensity of El Niño events since the mid-
Holocene. Data from their study indicate that El Niño activity was quite high
from the present to ~3100 ybp. However, between about 4600 and 7130 ybp 
El Niño activity, particularly strong to very strong El Niño events, was much
reduced in frequency. Their data indicate that from the present to ~3100 ybp, there
were 80 strong to very strong events, while from 4000 to 6100 ybp only 23 events
of comparable magnitude occurred. Support for these findings includes studies by
Sandweiss et al. (1996) who also provide evidence for a prolonged warming period
along the Peruvian coast as far as 10°S during the mid-Holocene period from 5000
to 800 ybp (see Fig. 11.6). Their conclusions were based on the presence of shallow,
warm-water fossil bivalve assemblages dated to this interval.
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In support of the Galápagos coral-based study by Dunbar and co-workers
(1994), Rodbell et al. (1999) examined dated inorganic laminae derived from
storm deposits in an alluvial alpine lake in Ecuador. These data from a 9.2-m core
yielded climate information spanning from less than 200 ybp to as far back as 15 ka.
They found that El Niño events were longer in periodicity and lower in amplitude.
Rodbell et al. (1999) were able to show a strong match between the timing of
clastic laminae and historical records of moderate to severe El Niño events occur-
ring from 1800 to 1976. Overall they identified the occurrence of 26 moderate 
El Niño events between 1800 and 1976 AD. From about 15 to 7 ka, the periodic-
ity of the clastic sediments was ≥15 years followed by a progressive increase
toward lower frequencies that became established around 5000 ybp. This result
was consistent with the studies of Sandweiss et al. (1996) and Riedinger et al.
(2002). Using a simple numerical ocean–atmospheric model, Clement et al. (1999)
found that during the mid-Holocene the occurrence of ENSO events was likely to
have been less intense in both amplitude and frequency compared to the present.

Focusing on past ENSO behavior during the Last Glacial Maximum (LGM),
Koutavas et al. (2002) reconstructed a 14C-dated Mg/Ca SST record based on
δ18O values of foraminifera preserved in the marine sediments at the Galápagos
Islands. Their results showed that over the past 30 kyr the intensity of the Cold
Tongue varied in step with precession-induced seasonal changes. During the
LGM, temperatures cooled by 1.2 °C and Koutavas et al. (2002) suggested that
such a shift would have resulted in the relaxation of temperature gradients,
which in turn would have reduced gradients in both the Hadley and Walker cir-
culation systems. This would have led to a southerly shift in the position of the
Intertropical Convergence Zone (ITCZ)—in essence chronic, quasi-continuous
ENSO conditions. In support of this putative climate shift, Koutavas et al.
(2002) cited evidence of wetter climate conditions in the Bolivian Altiplano and
drier conditions in northern South America. Additional studies by Rodbell et al.
(1999), Tudhope et al. (2001), and others provide evidence in support of their
results.

Stott et al. (2002) recently offered evidence for a “super” ENSO during the
Late Pleistocene. Using δ18O and Mg/Ca ratios from planktonic foraminifera as
a proxy for temperature and salinity these workers differentiated the calcium
δ18O record, revealing a dominant salinity signal that varied with Dansgaard/
Oeschger cycles over Greenland. Salinities were found to be higher during peri-
ods of latitudinal cooling and lower during interstadials. These variations in
salinity shifts are analogous to Pacific ocean–atmospheric cycles. ENSO events
correlated with stadials at high latitudes while La Niña conditions correlated
with interstadials. According to Stott et al. (2002), at times of cooling at high lat-
itudes, the tropical Pacific experienced either more frequent or more persistent
ENSO events.

Millennial-scale shifts in atmospheric convection away from the western trop-
ical Pacific may explain many paleo-observations, including atmospheric CO2,
N2O, and CH4 during stadials and patterns of extratropical ocean variability that
have tropical source functions positively correlated with ENSO.
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The fossil coral records reported by Tudhope et al. (2001) extend back to
130,000 years, through the last glacial–interglacial cycle. These investigators used
δ18O and δ13C proxies to examine paleo-SST and to establish the time series of the
records. The fossil corals analyzed grew when sea level was 70 to 100 m lower
than present, ca. 40 and 130 ka, respectively, during the penultimate interglacial
period. Interannual variations were interpreted as reflective of a paleo-ENSO sys-
tem. Spectral analysis further provided data on ENSO periodicity during these
periods. One of the conclusions of Tudhope et al. (2001) was that the variance in
the ENSO band is greater in the modern coral record compared with fossil corals.
However, they did find some periods in the last interglacial and late Holocene that
matched current ENSO frequencies. The key point is that ENSO events have been
a prominent climatic feature during interglacial periods, extending perhaps from
the last interglacial up through the Holocene. Tudhope et al. (2001) suggested that
SSTs were similar to present conditions and 2 to 3°C cooler during four low sea-
level stands between 130 ka and the last glacial period.

Tudhope and co-workers found that ENSO was weak and suggested that at 6.5
ka the δ18O values indicated similar or slightly cooler SSTs. Overall, however, the
evidence from several proxy records in the eastern Pacific, including Sandweiss
et al. (1996), Rodbell et al. (1999), Riedinger et al. (2002) as well as others, sup-
port their arguments. Lastly, Tudhope and co-workers suggested that orbital pre-
cession-glacial dampening (Crowley and North 1991) may have controlled the
frequency and strength of ENSO events, and that the pacing and strength of ENSOs
are higher now than at any time over the past 150,000 years. However, Hughen
et al. (1999) reconstructed a fossil record from a 124,000-year-old coral in Indonesia
that suggests that during the last interglacial period temperatures were slightly
warmer than present but distinct from the recent records since the mid-1970s,
when global SSTs shifted to an average warmer state.

From the recent paleoclimate studies presented above, it is clear that ENSO
events have been one of the dominant features shaping global climate change at
least as far back as the late Pleistocene, and perhaps earlier (Fig. 11.6). The major
question at present is how much warmer will it become in the near future and how
fast will this change occur?

11.5 What Factors Are Causing Recent Warming?

Certainly the well-documented shift to warmer subsurface sea temperatures asso-
ciated with El Niño (Guilderson and Schrag 1998) appears to have had a major
impact on the heat budget across the Pacific and is thought to be responsible for
the increase in frequency and intensity of ENSO events since 1976. Evidence sup-
porting this abrupt shift is based on bomb 14C that showed enrichment in surface
water via shoaling of the undercurrent in the equatorial eastern Pacific. In 1960
14C values ranged seasonally from 20 to 30%. By the mid-1970s, the isotopic val-
ues increased from 50 to 100% indicating a significant shoaling of the Equatorial
Undercurrent and hence warmer surface waters. Although the phenomenon was
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described from eastern Pacific surface waters, heat levels have increased in all the
major oceans (Fig. 11.7; Levitus et al. 2000).

One of the first studies to assess global temperature trends was conducted by
Graham (1995). Using the most recent portion of the observed ocean SST data set
(1970–1992), he was able to reproduce the results of the atmospheric models
using ocean surface temperatures alone. The conclusion from the modeling effort
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indicated that simulated temperatures are caused by enhancement of the tropical
hydrologic cycle resulting from increasing SST, in essence suggesting that model
results could be due to natural climate variability, but are most likely attributable
to increasing levels of atmospheric CO2.

Further evidence of forced warming was reported in Trenberth and Hoar
(1996), who noted that ENSO-level warming occurred continuously in the Niño
4 region from 1990 to 1995, marking the longest ENSO event over the past 113
years. This manifestation was mainly driven by the static position of the Southern
Oscillation, which remained negative from early 1990 to June 1995. Statistical
analyses based on modern ENSO frequencies predict that this prolonged negative
SOI would only be expected to occur every 1100 years and an ENSO as pro-
longed as the 1990 to 1995 one would occur only once every 1500 to 3000 years.

By identifying and quantifying all potential sources giving rise to recent warm-
ing over the past 1000 years, Crowley (2000) presented results from an energy
balance model showing that 41 to 64% of pre-anthropogenic (pre-1850) variation
could be explained by natural variation in solar radiation and volcanic activity. In
addition, the contribution of solar forcing was evaluated and compared with
greenhouse gases from the middle of the last century. Those results indicated that
the climate effects due to greenhouse gases were four times larger than the effect
due to solar variability and that temperature changes since 1850 could not be
explained by natural variability alone. Using a linear upwelling/diffusion energy
balance model (EBM) to calculate mean annual changes in forcing, the results
indicated that during pre-1850 there was a 0.05 °C decrease in the 17th and 18th
centuries reflecting a CO2 decrease of ~6 parts per million in an ice-core record.
Combining solar and volcanic variability, model responses indicated only a
0.15 to 0.20 °C increase in temperature between 1905 and 1955, representing one
quarter of the total observed 20th-century warming.

Crowley (2000) provided two independent lines of evidence indicating that
Northern Hemisphere temperatures were unusually high over the past 1000 years.
First, the warming over the past century is unprecedented in the past 1000
years. Second, the same climate model explaining much of the variability in tem-
perature over the interval 1000 to 1850 can only account for about 25% of the
20th-century temperature increase attributable to natural variability. Crowley (2000)
concluded by suggesting that recent increases are due to an already present warming
trend from greenhouse gas forcing that is likely to accelerate in the near future.

Recent empirical observations provide strong evidence that global tempera-
tures have risen from +0.3 °C to a value closer to +0.6 °C, based on a series of
unprecedented warming events that broke consecutive temperature records in the
1990s. To assess the significance of these results, Karl et al. (2000) employed an
autoregressive moving-average (ARMA) model to separate the timing of change
points in temperatures over the past 500 to 1000 years. The difference in the rates
of change over the two periods, 1912 to 1941 and 1976 to 1998, was highly sig-
nificant. Statistical methods employed ARMA to calculate the probability of
16 consecutive months of record-breaking mean monthly temperatures. The
resulting probabilities varied from 0.009 to 0.04, using a rate of warming
between 2.5 and 3.0 °C per century.
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In attempts to predict future climate change based on the results of rigorous
model/observation analyses, incorporating a coupled ocean–atmospheric model,
Stott et al. (2000) were able to show that model analyses could successfully sim-
ulate global mean land temperature variations over large scales, indicating that
external forces (i.e., increased greenhouse gas effects) have had a strong influence
on observed temperature change. Their models were also able to explain more than
80% of the observed variation in decadal temperature changes during the 20th
century and indicated that temperatures would continue to rise to 2100 at a rate
comparable to current levels (~0.2 K per decade).

To assess the effects of natural forcing attributable to changes in stratospheric
aerosols, specifically those due to volcanic eruptions and fluctuations in solar irradi-
ance, Stott et al. (2000) evaluated three climate ensembles based on the DADCM3
dynamical climate model. The ensemble comprised four simulations that varied only
in their initial conditions, ALL, ANTHRO, and NATURAL forcing. The ALL
ensembles revealed temperature changes since 1860, which were consistent with
observations of changes over the past 30 years. The NATURAL model showed no
warming over the past 30 years, while the ANTHRO model showed a 0.2 °C warm-
ing relative to the period 1881 to 1920. By comparing both anthropogenic and natu-
ral forcing, their model successfully predicted significant large-scale responses to
observed temperatures. The global mean model (ALL) trends were consistent with
observations. The NATURAL ensemble was conclusively rejected, indicating that
anthropogenic forcing is, in fact, the most likely cause of recent warming.

Perhaps one of the most important and telling pieces of evidence in support of
significant climate change, with respect to global warming, is the recent data com-
piled by Levitus et al. (2000). These workers documented dramatic increases in
oceanic heat content over a 40-year period (the mid-1950s to the mid-1990s), cor-
responding to a warming rate of 0.3 °C between 300 and 1000 m depth in each of
the major ocean basins (Fig. 11.7). From 0 to 300 m depth, the measured increase
was 0.31 °C. This warming began in the 1950s in the Pacific and Atlantic Oceans,
with the Indian Ocean showing a warming trend since the mid-1960s. Maximum
heat content was observed during the 1997 to 1998 ENSO event. These data sug-
gest the possibility that enhancement of the Pacific Decadal Oscillation (PDO)
contributed significantly to the warming signal.

11.6 ENSO Markers on Coral Reefs

11.6.1 Geomorphological and Ecological Markers

Several lines of geomorphological and ecological evidence have been proposed
to help identify ENSO effects on coral reefs, on decadal to centennial time scales.
None of these features alone can serve as unique signals of ephemeral ENSO
warming events (DeVries 1987), but in combination, and with additional markers
from geochemical analyses (see below), they can offer reasonably convincing evi-
dence of past ENSO disturbances.



11. Sea-Warming Disturbances to Coral Reefs 361

Geomorphological evidence. The death of entire coral reef frameworks in the
Galápagos Islands (Glynn 1994), at Cocos Island (Guzmán and Cortés 1992), and
along coastal Ecuador (Glynn 2003) can be attributed to the sudden and pro-
longed sea warming associated with the 1982 to 1983 El Niño event. Many of
these frameworks have suffered from significant erosion and collapse since 1982
to 1983. Several reef structures in the Galápagos Islands have disappeared entirely,
whereas some at Cocos Island and along coastal Ecuador are still standing but in
varying stages of disintegration. Those frameworks that are still intact could serve
as indicators of El Niño for two or possibly more decades. Colgan (1990) offered
evidence from a tectonically uplifted and well-preserved coral assemblage that the
1941 El Niño event caused widespread mortality of pocilloporid frameworks at
Urvina Bay, Galápagos Islands. The destabilization and disintegration of in situ reef
structures may also result in off-reef submarine and/or strand-line clastic deposits
that could be dated and possibly related to El Niño activity (Scott et al. 1988; Glynn
2000). For example, an approximately 1-m-high berm of coral debris on the south
end of Pinta Island (Galápagos Islands) most likely represents the remnants of an
incipient pocilloporid patch reef that was present just offshore before the 1982 to
1983 El Niño event (Fig. 11.8). Coral tempestites were formed in the Galápagos in
1983 due to storms, swell reversals, and high sea-level stands, which caused coral
breakage, dislodgment, and transport onto the shoreline (Robinson 1985).

Figure 11.8. Coral rubble berm at the south end of Pinta Island, Galápagos Islands
(17 May 2002). This feature, about 1 m high and 5 to 8 m wide, is composed of coral
debris originating from a pocilloporid patch reef killed during the 1982 to 1983 El Niño
disturbance. Courtesy of T. Smith.



From preliminary analyses of carbonate sediment production rates, and reef and
offshore sediment stratigraphy, Scott et al. (1988) argued that intense bioerosion
following massive El Niño-induced coral death would accelerate the deposition of
coral sediments. These workers reported increases in coral sediment grain sizes after
the 1982 to 1983 El Niño, indicative of intense lithophagine bioerosion. Since the
size and texture of bioeroded sediments are often uniquely produced by different
taxa, it is possible that the composition of postdisturbance sediments can be
related to the relative abundances of bioeroder taxa (Glynn 2000). Rapid rates of
bioerosion have been quantified on several reefs impacted by El Niño warming
disturbances (Glynn 1988; Eakin 1996, 2001; Reaka-Kudla et al. 1996). In an analy-
sis of erosion on an entire 2.5-ha Panamanian reef, Eakin (1996) reported overall
net losses of 4800 kg CaCO3/year after the 1982 to 1983 El Niño event, compared
with predisturbance net depositional rates of 8600 kg CaCO3/year. The reef con-
tinues in a highly variable, habitat-specific erosional mode, with net losses of
3000 to 18,000 kg CaCO3/year in the aftermath of the 1997 to 1998 El Niño event.
Much of this variability is due to changes in (a) the community composition of
calcifying organisms, (b) topographic complexity, and (c) echinoid population
densities. Coral mortalities due to La Niña-forced low tidal exposures (1989 and
1993) actually had a larger effect on these erosional rates than coral mortalities
due to elevated SSTs during the 1997 to 1998 El Niño event (Eakin 2001).

The sudden death of long-lived massive corals that have grown continuously
for several centuries can also indicate El Niño activity. For example, numerous
old colonies of Porites lobata and Pavona clavus in the Galápagos Islands, with
maximum estimated ages ranging from 347 to 423 years, died during the 1982 to
1983 El Niño event (Glynn 1990b). Also, P. clavus demonstrated continuous
skeletal growth at Urvina Bay (Galápagos Islands) for 367 years before the
colony was uplifted and killed in 1954 (Dunbar et al. 1994). These growth records
suggest that coral mortality resulting from the 1982 to 1983 ENSO warming
event in the Galápagos Islands was a unique event over the prior four centuries.

Ecological evidence. Colgan (1990) observed several markers within branching
and massive coral skeletons that he attributed to the 1941 El Niño disturbance.
These features were present on corals at the Urvina Bay uplift, which, as of 2002,
were still in a high state of preservation. After death, branching coral (Pocillopora
spp.) frameworks formed towers through the interaction of damselfish that defended
and reduced bioersion on the coral summits, and echinoids (Eucidaris) that grazed
and caused undercutting of the tower bases. This differential erosion eventually led
to the collapse and disintegration of the towers. In massive coral colonies (Porites
lobata and Pavona spp.), algae and epifauna colonized the dead upper surfaces until
surviving coral tissues on the sides of the colonies eventually spread laterally by
regrowth and began to cover the scars on the summits. Relating species-specific
growth rates to the amount of regrowth that occurred on these massive corals,
Colgan (1990) calculated that this could have occurred between the strong 1941 
El Niño event and the tectonic uplift and death of these corals in 1954.

Similar scarring and coral regrowth have produced lobes on the massive coral
Gardineroseris planulata in Panamá (Fig. 11.9) and on Porites lobata (Fig. 11.10)
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at Clipperton Atoll. In Panamá, the bottoms and tops of these lobes respectively
mark the 1982 to 1983 and 1997 to 1998 El Niño disturbances at the Uva Island
reef in the Gulf of Chiriquí (Glynn 2000). At Clipperton, the regenerated lobes on
P. lobata have been correlated with the 1987 ENSO event, which at that location
was more severe than the ENSO event of 1982 to 1983 (based on the magnitude
and intensity of SST anomalies; Glynn et al. 1996). Regenerating lobes also form
on massive Porites spp. colonies that have been partially consumed by the coral-
livorous sea star Acanthaster planci (Done 1987; DeVantier and Done, Chapter 4).
Stable oxygen isotope (18O/16O) thermometry of skeletal growth immediately pre-
ceding and following the partial mortality event should help to distinguish between
thermally induced bleaching and death from predation, uplift, or other factors.

Another example of ecological processes that may offer evidence of past El
Niño activity relates to predator–prey interactions (Glynn 1985). Before the
1982–83 El Niño, several ~100- to 200-year-old colonies of G. planulata on the
Uva Island reef were protected from A. planci attack by a barrier of pocilloporid
corals and their obligate crustacean guards. Almost all of the G. planulata

Figure 11.9. Skeletal regeneration lobes on Gardineroseris planulata that formed follow-
ing partial colony mortality during the 1982 to 1983 ENSO event at Uva Island, Gulf of
Chiriquí, Panamá (6 m depth, 15 May 1999). The summits of the lobes, covered with turf
algae, bleached and suffered partial mortality again during the 1997 to 1998 ENSO event.
The heights of the lobes, excluding losses due to erosion, ranged from 10 to 20 cm.
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colonies survived the elevated temperatures of 1982 to 1983, but the branching
pocilloporid corals did not. This resulted in the death of the crustaceans, which
allowed A. planci access to the more temperature-resistant massive corals within
the refuge. Sclerochronologic analysis of cores from the largest Gardineroseris
colony showed no signs of prior growth discontinuities, which suggested that the
biotic barrier had protected this massive coral for up to 200 years. This approach is
no longer relevant due to the recent severe reduction in the abundance of A. planci.
Although a pocilloporid barrier has not re-formed (as of March 2005), A. planci pre-
dation is no longer an important factor on the Uva Island reef (Fong and Glynn 1998).

11.6.2 Geochemical Markers

The carbonate skeletons of corals are capable of providing accurate, high-resolution
climatic data sets stored over a vast range of temporal scales from diurnal to millen-
nial. They are recorders of natural events such as solar activity, volcanic eruptions,
human-induced forcing of greenhouse gases, and other environmental changes. In
addition, tree rings, varved sediments, ice cores, and other such markers are capable
of storing past information on climate change.

Studies of growth patterns in massive corals indicate that two skeletal bands are
typically formed annually: one wide, low-density band that usually forms in the
cool season, and a narrow, denser band that forms during warmer periods
(Fig. 11.11). It should be noted that this pattern varies geographically. Periodic

Figure 11.10. Skeletal regeneration lobes on Porites lobata that formed following partial
colony mortality during the 1987 ENSO event at Clipperton Atoll (10 m depth, 23 April
1994). The live summits bear numerous pufferfish bite marks. The heights of the dated
lobes since 1987, excluding losses from bioerosion, ranged from 12 to 15 cm.
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extremes in either warm or cool temperatures can result in the formation of nar-
row stress bands. In the case of corals, moderate to severe ENSOs can result in
interrupted skeletal growth that can provide a history of ENSO disturbances or
extreme cooling events that periodically occur on reefs at higher latitudes during
severe winters (Hudson et al. 1976; Hudson 1981; Halley and Hudson, Chapter 6).

One of the first studies to observe and suggest the annual nature of high- and
low-density banding in coral was conducted by Ma (1933). Following this initial
observation, Knutson et al. (1972) demonstrated that coral bands were formed on
an annual basis. This important study paved the way to investigate not only the
factors controlling rates of growth but also their capacity to capture a history of
climate change based on reasonably well-understood biochemical proxies such as
δ18O and Sr/Ca ratios. Traditionally, δ18O has been the primary method used to
reconstruct proxy sea surface temperatures. This proxy signal, however, is con-
strained by potential variation in sea surface salinities that can alter the relationship
between δ18O and sea surface temperatures. This problem is largely circumvented
where variations in δ18Oseawater are minimal.

Figure 11.11. X-radiographic positives showing the changes in skeletal density from 17
January to 19 November 1979 for the corals (A) Pavona gigantea and (B) Pavona clavus
at Contadora Island, Pearl Islands, Gulf of Panamá. The time series in samples to the right
were collected from the same colonies over the time periods indicated. Solid lines connect
the high-density bands formed in the preceding wet, nonupwelling season (June–December).
Scale bars are 1 cm. Linear dimensions of low-density (LD) and high-density (HD) bands
are shown on the far right. Dotted lines (1, 2, 3) on the November 19 samples indicate
position of Alizarin Red stain lines. Corals were stained on 25 January, 24 May, and 
25 September 1979. From Wellington and Glynn (1983).



In attempts to reconstruct a paleo-SST relationship using Sr/Ca ratios, de
Villiers et al. (1995) called into question the validity of a 4 to 6 °C cooling in the
tropics, which was reported to have occurred during the LGM. Based on observed
variations in the Sr/Ca content of sea surface waters, latitudinal transects across
both the Pacific and Atlantic Oceans revealed uncertainties of 2 to 3 °C with
regard to the Sr/Ca thermometer. One of the major problems observed, however,
was that differences in coral growth rates appear to have an effect on the slope of
the Sr/Ca relationship, with slower-growing corals showing higher Sr/Ca levels.
de Villiers et al. (1995) concluded that biological factors, such as variations in
metabolic rate, could play a significant role in influencing the actual Sr/Ca signal.

In contrast to de Villiers’ study, an instrumental calibration study conducted in
the laboratory by Schrag (1999) has shown that Sr/Ca ratios in corals have a high
potential for providing very accurate information on SSTs, to within ± 0.2 °C. In
comparing these results with the field observations of de Villiers et al. (1995) and
a recent laboratory study by Meibom et al. (2003), it is obvious that the accuracy
of the Sr/Ca tracer technique is inconsistent. The latter workers found that the
temperature signal could vary by as much as 10%, resulting from metabolic
changes synchronized with the lunar cycle.

Cohen et al. (2001, 2002) evaluated the relationship between SST and skeletal
Sr/Ca in a temperate coral living over a broad temperature range. Astrangia pocu-
lata occurs naturally with or without algal symbionts. In comparing the relation-
ship between SST and Sr/Ca values, it was found that 65% of the Sr/Ca variability
in the symbiotic state was related to metabolic activity independent of SST,
as earlier shown by de Villiers et al. (1995). Based on the derived Sr/Ca–SST
relationship they found that the slopes of the temperature curves were virtually
identical between symbiotic and nonsymbiotic colonies. Moreover, Cohen and
co-workers showed that variations in Sr/Ca in the asymbiotic form are primarily
controlled by variation in SST, whereas the Sr/Ca ratio in the symbiotic coral is
under strong biological control. More work on this problem requires robust pro-
tocols that can provide accurate proxy SSTs under a variety of biotic and abiotic
conditions. Despite the recent recognition of these potential pitfalls in achieving
accurate SST proxies, several studies have produced remarkably high correlations
between SST and Sr/Ca ratios (Linsley et al. 2000; Fig. 11.12).

11.7 Spatial and Temporal Scales of ENSO-Related Coral Bleaching

Given the high variability of stressful levels of temperature and irradiance distri-
butions on coral reefs and the varying sensitivities of zooxanthellate corals to
these conditions, it is not surprising that numerous microscale spatial patterns of
bleaching and mortality have been described. Severe coral bleaching often coin-
cides with elevated temperatures in shallow reef habitats, direct exposure to
downwelling solar irradiance, and reduced water circulation or mixing. Back-reef
corals that are often exposed to greater extremes in temperature than fore-reef
corals may not bleach while bleaching is pronounced in other reef habitats.
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Corals in deeper reef zones, exposed to vigorous circulation, subdued irradiance,
and mixing with deeper, cooler waters, often are less severely impacted during
mass bleaching events. Recent studies have demonstrated that patterns of bleach-
ing in some reef-coral species, both across colonies at different depths and within
a single colony, are controlled by diverse communities of symbiotic zooxanthel-
lae with varying tolerance limits for elevated temperature and irradiance stressors
(Rowan et al. 1997; Baker 2001; Rowan 2004). These sorts of environmental
influences affecting bleaching susceptibility/resistance are addressed extensively
in the literature (e.g., Goreau and Macfarlane 1990; Jokiel and Coles 1990;
Williams and Bunkley-Williams 1990; Glynn 1993; Brown 1997; Hoegh-Guldberg
1999; Goreau et al. 2000; Feingold 2001; Glynn et al. 2001; Baker et al. 2004;
Riegl, Chapter 10).

In terms of meso- (reefs) to macro-scale (reef regions) patterns of bleaching,
whole-reef ecosystems and entire biogeographic regions underwent unprecedented
mass bleaching in the 1980s and 1990s. Except for the equatorial west African
region, some level of coral reef bleaching has now been observed in all of the
world’s coral reef provinces, from 27°S (Easter Island) to ~34°N (Japan; H. Yamano
personal communication; Fig. 11.2A,B). It should be recognized, however, that
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Figure 11.12. Comparison of Rarotonga coral Sr/Ca with IGOSS satellite SST showing a
high correlation between SSTs and Sr/Ca (mmol/mol) proxy values. Reproduced from
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368 Gerard M. Wellington and Peter W. Glynn

1870

0.0

0.5

1.0

1.5 (B) Global SST degree-month index for 50 reef sites: 1871−2002

1900 1930

Year

D
eg

re
e-

m
on

th
 In

de
x

1960 1990

Figure 11.13. (A) Mean SST maximum anomaly and (B) mean degree-month index at 50
coral reef sites that bleached in 1997 to 1998 (source data 1871–2002, Had1SST,
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period for calculating the anomalies is 1982–1999. The degree-month index combines
both the magnitude and duration of warm season SST anomalies by summing positive
anomalies for the months the mean maximum monthly SST was exceeded for each year.
Courtesy J. M. Lough; see Lough (2000) for additional information on analyses.
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intraregional variability in coral bleaching has been observed. For example,
Reyes-Bonilla and co-workers (2002) have suggested that Mexican Pacific coral
reefs have been relatively little affected by ENSO events because temperature
anomalies are less pronounced in that area and coral recruitment has been normal
to high, at least since 1997. Compared with the first global compilations of



11. Sea-Warming Disturbances to Coral Reefs 369

bleaching events in the 1980s (Glynn 1984; Brown 1987; Coffroth et al. 1990;
Williams and Bunkley-Williams 1990), it is clear that through the 1990s this class
of disturbance spread to include nearly every coral reef assemblage worldwide.

It is cautioned, however, that the more recent bleaching events reported by
ReefBase include numerous discrete coral reefs whereas the earlier records were
often for larger reef regions. To illustrate the high correlation between thermal
stress and coral bleaching worldwide during 1997 to 1998, Lough (2000, personal
communication) analyzed the occurrence of bleaching at 50 reef sites in the Indian
Ocean/ Middle East, Southeast Asia, Pacific Ocean, and the Caribbean/Atlantic.
She found that the level of thermal stress at the vast majority of these sites was
unmatched during the period 1871 to 1999 (Fig. 11.13A,B).

During the temporal development of a bleaching episode, Hoegh-Guldberg (1999)
suggested that coral reefs are generally affected first in the southwestern Pacific
and Indian Ocean, then around Southeast Asia, and finally in the Caribbean basin.
He further proposed that coral reef bleaching begins in the Southern Hemisphere
and spreads into the Northern Hemisphere with the evolution of ENSO events.
Coral reef bleaching in the eastern Pacific typically occurs during the warm sea-
son about one year following bleaching in the southwestern Pacific (Podestá and
Glynn 2001). The timing may vary, however, as bleaching occurred in the eastern
Pacific (Panamá) in August to September 1997, preceded by five months of bleach-
ing on the Great Barrier Reef. A second bout of bleaching occurred in Panamá
from March to June 1998. In addition, severe bleaching events at Easter Island
and Fiji in the Southern Hemisphere occurred during February and March 2000,
about two years following the 1997 to 1998 ENSO (Wellington et al. 2001).
Clearly, local conditions such as the duration of temperature anomalies, water-
column transparency, and cloud cover influence the timing of these events.

11.8 Recovery

Even though hundreds of severe coral bleaching events have been documented
during the 1980s and 1990s, relatively few studies are available on the extent of
coral community recovery. From quantitative long-term studies, Connell (1997)
listed eight examples of changes in coral cover following bleaching events, which
were likely caused in large part by elevated seawater temperature or by a combi-
nation of elevated temperature and irradiance. This represents only about 10% of
the 77 cases available with data spanning at least 4 years. The majority of the
changes in coral cover were tentatively assigned to predation, storm damage, sed-
imentation, reduction in herbivore abundances, and disease epizootics. Sufficient
observations were available to judge whether recovery had occurred or not in only
five of the eight ENSO-related examples. All western Pacific reefs but one
demonstrated significant recovery (>50% increase as percent of loss) over peri-
ods of 7 to 13 years. These included coral reefs in the Thousand Islands region of
Indonesia (Brown and Suharsono 1990) and at Phuket Island, Thailand (Brown
et al. 1993). Some sites at Phuket Island showed no significant declines in coral



cover over an 11-year period of study (Chansang and Phongsuwan 1993). The
only site showing no recovery was the Uva Island reef (Panamá) in the eastern
Pacific (Glynn 1990a).

Here we augment and update the record of changes in coral cover for several
equatorial eastern Pacific coral reefs subjected to multiple El Niño/La Niña dis-
turbances over the past two decades. Recovery of coral reefs from the Galápagos
Islands to the Gulf of California, Mexico, monitored over the longest periods
(15–31 years), is evaluated in terms of live coral cover. Statistical testing of pre-
and post-disturbance mean differences in coral cover is noted where possible.

Shallow (1–5 m depth) Galápagos coral reefs that experienced high coral mor-
tality (97% overall, Glynn et al. 1988) in 1982 to 1983 have not demonstrated sig-
nificant recovery over a period of nearly 20 years, from just after the El Niño
disturbance to the most recent sampling (1983–2002; Table 11.2). Indeed, nearly
all of the coral reef buildups described in Glynn and Wellington (1983) have been
reduced to sediment piles due to intense bioerosion (Glynn 1994; Reaka-Kudla
et al. 1996). Although the relatively deep (14–20 m) coral community east of
Onslow Island experienced severe to moderate bleaching in 1982 to 1983 and
1997 to 1998, mortality was negligible, with dense aggregations of corals per-
sisting for 25+ years. Declines in coral cover of 16.1% to 56.1% reported by
Feingold (2001) over a 2-year period were probably due to the redistribution of
the mobile fungiid (Diaseris) and siderastreid (Psammocora) corals comprising
this assemblage. The small areas of pocilloporid buildups at Española and Santa
Fe Islands, now consisting of fragmented and dispersed rubble, also did not show
signs of recovery when sampled in 2002.

Off the Pacific coast of Colombia, coral reefs at Gorgona Island experienced
high mortality (>50%) in 1983 (Table 11.1). By 1998, coral cover was signifi-
cantly higher on La Azufrada reef than in 1979, demonstrating recovery since the
1982 to 1983 El Niño event (Table 11.2). Panamanian reefs experienced marked
declines in coral cover—76% to 90% overall—following the 1982 to 1983 El
Niño event (Glynn et al. 1988). Two of the three Panamanian reefs examined here
have recovered to pre-El Niño live cover levels. The Saboga Island reef, in the
upwelling Gulf of Panamá, recovered fully over only an eight-year period
(1984–1992). Coral cover on this reef has remained relatively constant and high
during the past 10 years (1992–2002). In the nonupwelling Gulf of Chiriquí, coral
cover in the shallow and deep reef zones at the Uva Island reef has fluctuated
since 1983, generally showing a downward trend. Reef-flat corals in particular
experienced high mortalities in 1989 and 1993, a result of extreme midday low-
water exposures. At Caño Island, off the southwestern coast of Costa Rica, coral
cover in all shallow to deep reef zones combined (0–14 m) declined significantly
in 1985, by nearly 70%, and has remained at a low level over a 15-year period
(1985–1999). Dinoflagellate blooms in 1985 caused high mortalities of pocillo-
porid corals, especially in shallow reef zones (Guzmán and Cortés 2001). The
northernmost site examined, the Cabo Pulmo pocilloporid coral reef in the lower
part of the Gulf of California, Mexico, suffered nearly a 53% decline in live cover
between 1986 and 2002. Over this period, the majority of the corals died from the
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elevated temperature stress that accompanied the 1997 to 1998 ENSO, but coral
mortality continued to 2002 from various causes.

In summary, about one-third of the eastern Pacific areas examined have
demonstrated varying levels of recovery over periods of from 10 to 20 years.
Following El Niño perturbations, coral community decline often continues due
to strong upwelling, algal blooms, extreme low tidal exposures, and bioerosion.
Considering present limited data, it appears that the potential for reef recovery is
higher in the western Pacific than in the eastern Pacific. Possibly this is related to
interregional differences in: (1) coral species diversity; (2) connectivity among
reefs vis-à-vis source populations, larval dispersal, and recruitment; (3) ENSO
intensity and return intervals; and (4) bioerosion.

Finally, although live coral cover is useful as an index of coral reef community
recovery, one must be cognizant of the importance of other community attributes
such as species composition, relative abundances, contributors to framework con-
struction, integrity of coral frameworks, and the abundances and activities of other
community members such as noncoral epibenthos (algae, sponges, zoanthids, inter
alia), herbivores, corallivores, symbionts, and bioeroders. With the hundreds of
coral reefs that have suffered high coral mortalities during recent ENSO distur-
bances, additional information should soon become available on the recovery
process, including the mechanisms and time scales required.

11.9 The Future of Coral Reefs

Bleaching is a complex phenomenon that is generally defined as a breakdown of
the symbioses between animal host and algal symbionts, and the resultant loss of
algal cells or their pigments, in response to a variety of stressors. These have been
characterized as “physiological bleaching,” “algal-stress bleaching,” and “animal-
stress bleaching” by Fitt et al. (2001). While many factors have been implicated
in coral bleaching responses (see for example Brown 1997), high and/or pro-
longed thermal and irradiance anomalies such as those associated with increas-
ing SST and ENSO events are undoubtedly foremost in terms of their role in
bleaching.

Since the unusually strong 1982 to 1983 ENSO there has been a progressive
increase in sea-surface warming in both the Northern and Southern Hemispheres
(Levitus et al. 2000). As a consequence of this warming, virtually every shallow
(≤10–15 m) coral reef area worldwide has incurred negative effects in terms of
reduced coral cover, with losses ranging from moderate to severe (especially in
the eastern Pacific). Only the western African region remains unknown in this
regard. As of 2002, nearly every coral reef area in the tropics and extratropics has
been affected, including Easter Island (Chile), Baja California (Mexico), the Line
Islands in the central Pacific, and the Houtman-Abrolhos Islands (western
Australia). In the Line Islands, one of the last to have incurred bleaching for the
first time, water temperatures had not previously exceeded coral bleaching
thresholds (see Goreau and Hayes 1994; Strong et al. 1997).
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Although good physiological models now exist describing the proximate
mechanisms responsible for temperature-related coral bleaching (Warner et al.
1996, 1999; Jones et al. 1998, 2000; Gates and Edmunds 1999; Fitt et al. 2001),
additional studies are needed to distinguish between the mechanisms accounting
for differential responses to elevated SST and UVR. Such studies should include
phenotypic responses leading to acclimation, assessment of the efficacy of natu-
ral selection, and the interactions of these processes with respect to both the coral
host and its algal symbiont composition.

What is the future of coral reefs? Here we address several factors that may have
a significant negative impact on reef corals. These major effects include signifi-
cant increases in downwelling of potentially detrimental levels of UVR (ultravi-
olet radiation), including both UV-A and UV-B wavelengths. The penetration of
potentially harmful UV-B wavelengths, particularly in the upper 10 m, can occur
during a reduction in the vertical mixing of the water column. The second factor
is sea-surface warming, which can result in coral bleaching. These two physical
factors may act synergistically to damage 2 coral symbionts’ photosynthetic sys-
tems PS1 and PS2 (Jones et al. 1998, 2000).

Factors that might be expected to mitigate the damaging effects of elevated
temperature and light include genetic strains of corals/symbiotic algae that are
able to tolerate local conditions or rapidly adapt to increased exposure to elevated
temperatures and UVB radiation. We know that some coral taxa (e.g., Porites) are
able to withstand a broad range of conditions while others are physiologically
limited to a very narrow range of conditions (Hoegh-Guldberg and Salvat 1995;
Marshall and Baird 2000) and are usually the first to manifest signs of bleaching
(e.g., Acropora). Even closely related species may show marked differences in
their tolerances to environmental disturbances. The high mortality and low recov-
ery potential of Agaricia tenuifolia compared with Agaricia agaricites during and
following the 1997 to 1998 ENSO event in Belize suggest that the former species
has a lesser ability to produce heat shock proteins for protection against stressful
elevated temperatures (Robbart et al. 2004).

What are some of the factors that correlate with an ability to resist bleaching?
In general, any physical or environmental variables that serve to reduce stresses
to the symbiosis between coral and zooxanthellae will tend to mitigate bleaching.
In particular, the reduction of temperature and irradiance stress, increased bleach-
ing tolerance or thresholds, or limits to the cellular damage that can occur in the
bleaching response help ensure the resistance of corals and the resilience of the
community (reviewed in West and Salm 2003). One common observation often
made during bleaching events is that coral colonies exposed to high water flow—
currents, wave action, or vertical mixing in the water column—are generally less
affected by high temperatures (Jokiel and Coles 1990).

Nakamura and van Woesik (2001) described the physical mechanisms relating
to the causes of bleaching in regard to water motion. Using the relationship
between diffusion, shear stress, and water velocity passing over a colony, they
were able to explain the mechanism responsible for observed differences in
bleaching between and among individual colonies. In general, smaller colonies in
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high water motion environments would be expected to experience lower levels of
bleaching than large colonies under the same conditions. Through empirical stud-
ies these workers determined that corals subjected to a “high-flow treatment” at
50–70 cm/s showed no bleaching compared to corals in a “low-flow treatment”
at <3 cm/s, which suffered high levels of bleaching at the same temperature.

Another important factor comes from the general observation that during
bleaching events corals living at deeper depths (> 15 m) generally exhibit reduced
levels of bleaching compared to colonies at shallow and intermediate depths. The
likely explanation is that UVR attenuates rapidly with depth, particularly the
shorter and more potent UV wavelengths between 300 and 320 nm (Gleason and
Wellington 1993, 1995; Wellington and Fitt 2003). Hence, depth could provide an
important refuge for shade-loving, deep-water corals.

The history of previous exposure to stresses may also play a role in predicting
future ability to acclimate to increasing temperatures. For example, Coles and
Jokiel (1978) demonstrated that corals exposed to 32.5 °C, after being previously
held at 20, 24, 26, and 28 °C, exhibited variable survival rates of 47, 30, 61, and
74%, respectively. It is not clear, however, whether these “adaptive” changes rep-
resented differential survivorship based on genetic differences or physiological
adaptation.

Arising from this initial work, Buddemeier and Fautin (1993) proposed that
corals could adapt to environmental extremes by changing their algal partners
involved in the symbiosis. The “adaptive bleaching hypothesis” (ABH) posits the
formation of new symbiotic consortiums with different zooxanthellae more suited
to current conditions experienced by the host coral. The fundamental tenets of the
ABH assume that different types of zooxanthellae respond differently to environ-
mental conditions, particularly temperature, and that bleached corals can acquire
zooxanthellae from the environment. Recently, Kinzie et al. (2001) conducted
simple tests of the ABH assumptions. They found that (1) bleached adult hosts
could acquire algae secondarily from the environment in a dose-dependent manner
and (2) genetically different strains of zooxanthellae exhibited variations in growth
rate at different temperatures.

Is coral bleaching really adaptive? To address this question, Baker (2001) per-
formed an experiment with several common reef-building species that contained
different “high light” and “low light” symbionts at different depths. Corals were
reciprocally transplanted between shallow (2–4 m) and deep (20–23 m) sites on
a Caribbean reef in Panamá. Baker observed that corals transplanted upward were
significantly more bleached than those transplanted downward. However, corals
transplanted downward showed significantly higher rates of mortality after one
year when compared to upward transplants, despite the fact that they did not ini-
tially bleach.

These findings have stimulated interest and continuing investigations. Most
work on the systematics of zooxanthellae and their potentially flexible symbioses
has, until recently, involved Caribbean species. During the past few years, sym-
biotic associations in the Indo-Pacific have been assessed in greater detail
(LaJeunesse et al. 2003; Fabricius et al. 2004), and the identification of the
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thermally stress-tolerant clade D zooxanthellae has allowed for further investiga-
tions of the ABH. It is now recognized that considerable flexibility of symbioses
can and does occur in many, but not all, coral species. Additionally, coral species
may tend to harbor en hospite symbionts adapted to ambient environmental con-
ditions, and differential bleaching susceptibilities do exist among zooxanthellae
clades, types, and species. Across numerous Indo-Pacific locations, bleaching
events resulted in mortality of coral species harboring intolerant zooxanthellae,
while species harboring stress-tolerant types not only survived bleaching events,
but also increased their populations on reefs formerly dominated by less tolerant
symbiosomes (Baker et al. 2004; Fabricius et al. 2004; Rowan 2004). Some work-
ers share a cautiously optimistic view of the future of coral reefs and their ability
to adapt to global temperature change (Baker et al. 2004; Rowan 2004) whereas
others (Jokiel and Coles 1990; Hoegh-Guldberg 1999; Hughes et al. 2003;
McWilliams et al. 2005) are less confident considering the present high rate of
environmental change.

11.10 Summary

Despite many seemingly discordant studies indicating variability in the specifics
of ENSO-related effects to coral reefs, we can offer several assertions based on
a preponderance of data presented here. First, sea surface temperatures are
increasing, and these increases are likely to be a signal of global warming.
Second, this warming trend is contributing to increasing frequencies and inten-
sities of ENSO events. Third, both warming sea temperatures and ENSO-related
climate change have a pronounced deleterious effect on corals and coral reefs,
primarily through temperature and ENSO-related coral bleaching events that
directly affect the structure and function of reef communities. When added to the
numerous other biotic and abiotic stressors currently affecting coral reefs glob-
ally, there is considerable uncertainty over the short-term and even long-term
persistence of these diverse and critically important biological and geological
structures.
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