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Abstract

Coral bleaching, during which corals lose their symbiotic dinoflagellates, appears to be
increasing in frequency and geographic extent, and is typically associated with abnormally
high water temperatures and solar irradiance. A key question in coral reef ecology is whether
local stressors reduce the coral thermal tolerance threshold, leading to increased bleaching
incidence. Using tree-ring techniques, we produced master chronologies of growth rates in the
dominant reef builder, massive Montastraea faveolata corals, over the past 75–150 years from
the Mesoamerican Reef. Our records indicate that the 1998 mass bleaching event was
unprecedented in the past century, despite evidence that water temperatures and solar
irradiance in the region were as high or higher mid-century than in more recent decades.
We tested the influence on coral extension rate from the interactive effects of human
populations and thermal stress, calculated here with degree-heating-months (DHM). We find
that when the effects of chronic local stressors, represented by human population, are taken
into account, recent reductions in extension rate are better explained than when DHM is used
as the sole predictor. Therefore, the occurrence of mass bleaching on the Mesoamerican reef in
1998 appears to stem from reduced thermal tolerance due to the synergistic impacts of chronic
local stressors.
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Introduction

Coral reefs are threatened by many human induced-

impacts, including overgrowth by fleshy macroalgae,

whether due to algal growth stimulation from nutrient

pollution and/or a reduction in herbivory due to over-

fishing (Hughes, 1994; Lapointe, 1997; McCook, 1999;

McCook et al., 2001; McClanahan et al., 2003; Smith et al.,

2006); abrupt smothering or a slow reduction in fitness

due to sedimentation (Dodge & Vaisnys, 1977; Rogers,

1990; Riegl & Branch, 1995; Fabricius & Wolanski, 2000);

or direct damage due to destructive fishing practices

(McManus et al., 1997), irresponsible tourism (Barker &

Roberts, 2004), and boat damage (Saphier & Hoffmann,

2005). Coral diseases and bleaching (the phenomenon in

which corals lose pigmentation associated with their

symbiotic dinoflagellates, typically due to thermal

stress) both appear to have increased in recent decades

(Harvell et al., 1999; Hoegh-Guldberg, 1999) while live

coral cover has declined (Gardner et al., 2003). Although

reef degradation can be gradual, abrupt and severe

episodes such as mass bleaching events can also lead

to the sudden loss of corals (McField, 1999). An out-

standing question is whether the amount of thermal

stress a coral can tolerate before bleaching (Fitt et al.,

2001) is affected by other local stressors (Knowlton &

Jackson, 2008; Sandin et al., 2008). Indeed, a recent study

investigating coral bleaching on the Great Barrier Reef

found that thermal tolerance decreased with increased

dissolved inorganic nitrogen sourced from land (Wool-

dridge, 2009). Here, we consider the effect of increasing

general human impacts on the thermal tolerance thresh-

old in Montastraea faveolata, using nearby human popu-

lation over the past century as a proxy.

Scleractinian corals contain annual growth bands in

their skeleton, which are revealed by X-rays (Knutson

et al., 1972), and these preserved records of growth can
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be used to investigate how environmental change has

affected coral health. Several studies have found that

bleaching reduces skeletal growth in corals, leaving a

record in the skeleton, often recognized by a high-density

‘stress band’ (Leder et al., 1991; Mendes & Woodley, 2002;

Hendy et al., 2003b; Suzuki et al., 2003; Rodrigues &

Grottoli, 2006). Coral bleaching appears to be increasing

in frequency worldwide (Hoegh-Guldberg, 1999;

Hughes et al., 2003). Despite a record of ecological

surveys dating back to the 1950s, in Jamaica the first

large-scale coral bleaching events were not observed

until the 1980s (Goreau, 1992). Likewise, in coral skeletal

records from Florida, Halley & Hudson (2007) found no

record of bleaching before the mid-1980s, after which

time multiple bleaching events were identified. On the

Mesoamerican Reef, the first mass bleaching event

wasn’t recorded by observers using SCUBA until 1995

(McField, 1999) followed by a more severe event in 1998

(McField, 2000; Aronson et al., 2002b).

We investigated the history of bleaching on the Me-

soamerican reef by applying tree-ring techniques to

construct annually resolved, multidecadal records of

growth from skeletal cores of massive M. faveolata corals.

Growth chronologies and bleaching incidence were then

compared with records of thermal stress and solar

irradiance, as well as human impacts, using the popula-

tion of Honduras as a proxy (population in 2006 � 7.4

million). The population of Honduras is a good indica-

tor of local human impacts because over 80% of land-

based runoff in the region originates from Honduras,

and this has increased over time along with population

(Burke & Sugg, 2006). Indeed, Burke & Sugg (2006)

modelled sediment and nutrient runoff in watersheds

surrounding the Mesoamerican Reef for the current land

use scenario and that for the hypothetical natural cover.

They found that sedimentation increased over 20-fold,

discharge doubled, nitrogen increased threefold and

phosphorus increased sevenfold. Meanwhile, the hu-

man population has more than tripled in Honduras

and Guatemala since the 1950s (United Nations Statis-

tics Division, 2008). We investigated whether the history

of coral bleaching on the Mesoamerican Reef could be

explained by thermal stress alone, or whether bleaching

was better explained by the combination of recent local

human impacts and thermal stress.

Materials and methods

Coral collection and preparation

Ninety-two coral cores from M. faveolata, the dominant

reef-builder on the fore-reef (Mcfield, 2000) were col-

lected at four sites on the Mesoamerican reef: Turneffe

Atoll and the Sapodilla Cayes in Belize; and Utila and

Cayos Cochinos in Honduras (Fig. 1, Table 1). Cores

were collected between 2.5 and 13 m depth in spur and

groove habitat using a hand-held reversible air drill

driven by a gasoline-powered air compressor. A cus-

tom-built stainless-steel core barrel 6 cm in diameter

and 50 cm long fitted with a brass drill head containing

carbide teeth was fashioned after the design developed

by the Australian Institute for Marine Science. After

core removal, precast concrete plugs were inserted to

prevent colonization of the inside of the coral by boring

organisms and allow coral regrowth. At each site, we

collected cores from the largest heads within a 30-m

radius from the anchor/buoy site. Cores were drilled

vertically to obtain the clearest banding pattern along

the maximum growth axis. Several cores were collected

from dead coral heads to avoid biasing the record by

analyzing growth rates only from survivors. After col-

lection, tissue was removed using a waterpik and the

cores were rinsed in fresh water and air-dried. A slab of

0.86 cm thickness was cut from the middle of each core

using a water-lubricated double-bladed diamond table

saw. Finally, core slabs were cleaned in deionized water

and air-dried.

Core slabs were X-rayed at UCSD Thornton Hospital

using a Siemens Polyphos 50 with a source-to-object

distance of 40 in and a setting of 63 kV at 5 mA/s. Along

with each core, 4 cm wide aluminum bars of the same

thickness as the coral slabs (0.86 cm) were irradiated

(Fig. S1). An aragonite wedge cut from a Tridacna

maxima clam shell and three aluminum wedges, includ-

ing one of the same dimensions as the shell, were also

Fig. 1 Map of the Mesoamerican Reef showing locations of

coral collection (black circles). Dark gray denotes coral, light

gray denotes land areas. T1, T2, Turneffe Atoll (four cores from

T1, 13 from T2), S, Sapodilla Cayes; U, Utila; C, Cayos Cochinos.
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irradiated to calibrate skeletal density based on X-ray

brightness (Fig. S1). Digital X-ray cassettes were processed

using an AGFA Musica ADC Compact Plus, and images

saved in DICOM format, as well as hard copy films.

DICOM images were converted to BMP format using

IMAGEJ (Rasband, 2007). We analyzed coral X-rays for

annual linear extension, density, and calcification (the

product of extension and density) using CoralXDS and

the second derivative zero band delimiting function

therein to objectively identify the beginning and end

of each band (Helmle et al., 2002). The ‘heel effect,’

caused by differing intensity of the X-ray field along

the anode–cathode axis (Carlton & McKenna-Adler,

1912), could influence density measurements and esti-

mates of calcification. Using the same principle as a

Carricart-Ganivet & Barnes (2007), the aluminum slabs

irradiated in each coral X-ray were used to construct a

background image with the same dimensions as the full

X-radiograph. Each background image was then sub-

tracted in CoralXDS to remove the heel effect. Note that

for the two longest cores from Utila, the heel effect

could not be sufficiently removed, so only extension

rates are shown. For each coral core, three transects at

various locations on the core were analyzed and aver-

aged to account for slight variations in within-band

extension and density. Transects were measured along-

side of the axis of maximum growth. The vertical coral

growth axis was avoided because growth band curva-

ture within the maximum growth axis can artificially

affect the measured parameters.

Chronology development

In the first step of chronology development, we ensured

that all growth increments were assigned the correct

calendar year through the tree-ring technique of cross-

dating (Fritts, 1976). Crossdating relies on the principle

that individuals from a given site share growth patterns

if the same limiting environmental factors control

growth. The technique consists of matching synchro-

nous growth patterns among multiple samples, begin-

ning at the most recently formed increment and

working back in time. If an increment is accidentally

missed, the growth pattern in that individual will be

offset by a year relative to the others in the sample set,

indicating an error. Crossdating ensures the annual

resolution of the final chronologies. Some corals contain

distinct patterns in luminescent banding which can

assist with chronology development (Montastraea corals

from Florida, Hudson et al., 1994; Porites corals from

Australia, Hendy et al., 2003a). However, no distinctive

luminescent banding was evident in the M. faveolata

from Mesoamerica. Instead, crossdating these corals

relied on patterns in growth-increment width.

We used the program COFECHA to statistically validate

crossdating (Grissino-Mayer, 2001). This program

detrends each measurement time series with a cubic

spline set to a 50% frequency response of 32 years and

then removes any remaining autocorrelation so that the

final time series meet the assumption of serial indepen-

dence and have a mean of one. Next, COFECHA correlates

each standardized time series with the average of all

other standardized time series. A low correlation in-

dicates a potential error and that the sample should be

visually reinspected for false or missing bands. COFECHA

was also used to verify the dating of cores collected

from dead corals, based upon correlation with the live-

collected cores. COFECHA also calculates series intercor-

relation, the mean correlation between each standar-

dized time series and the average of all others in the

sample set. The high-frequency, between-year growth

variability is described using the mean sensitivity,

which for any pair of adjacent years ranges from

zero (each year is the same width) to two (when a

nonzero value is adjacent to a zero value; i.e. a missing

increment) (Fritts, 1976) (Table 2). All samples with

nonsignificant series intercorrelation values were

visually checked and no errors were found. In addition,

Table 1 Coral core collection site locations, with dive site name or nearby caye, coordinates, number of cores from each site, along

with growth anomalies in 1998

Site Dive site name Coordinates

Cores in master

chronology

Total

cores

1998 stress

band

Turneffe 1 Dog Flea Caye 1712905900N, 8714503000W 9 17 12 (71%)

Turneffe 2 Harry Jones 1711802500N, 8714800400W

Sapodilla Frank’s Caye, NE buoy 1610704500N, 8811405900W 21 44 44 (100%)

Utila Diamond Caye 1610305200N, 8615703000W 9 17 17 (100%)

Cayos Cochinos Pelican Point, Peli 2 1515804100N, 8612900600W 7 14 14 (100%)

Total 46 92 87 (95%)

Table lists the total number of cores which were drilled and slabbed along the growth axis, the number of these included in each master

chronology, and the percentage and number of the cores collected that have dense stress bands associated with the 1998 event.
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no series intercorrelation values were extremely low

(lowest r 5 0.18).

Extension rates had higher series intercorrelations com-

pared with density and calcification (Table S1), and were

therefore used for statistical trend analyses. Although

calcification rate accounts for both skeletal extension and

density, here we find that density does not vary widely

and is not well correlated between heads, as exemplified

by the lower series intercorrelation values. Instead, calci-

fication in our corals appears to be mostly driven by

fluctuations in extension (average R2 between extension

and calcification master chronologies 5 0.76, and between

density and calcification 5�0.24), as was also found in a

study by Lough & Barnes (2000). In addition, during and

after the 1998 bleaching event, we find suppressed exten-

sion rates and increased density, especially at Sapodilla

and Utila, though calcification remains almost constant.

This indicates that analyses of calcification rates would

ignore a potentially important biological signal, perhaps

due to trade-offs between extension and density that do

not affect overall calcification (Carricart-Ganivet & Mer-

ino, 2001; Carricart-Ganivet, 2004).

A total of 46 cross-dated cores were used to construct

long-term master chronologies of coral growth; this

subset had been accurately drilled and cut along the

axis of maximum growth and therefore had clear X-rays

(Table 1). First, each coral measurement time series was

standardized by dividing by the mean growth-incre-

ment width. Standardized time series, each with a mean

of one, were then averaged to produce the master

chronology at each site (Fritts, 1976). Extension rate

master chronologies are plotted in Fig. 2, while all three

measures are plotted in Fig. S2. Because corals are not

known to have any size or age-related growth trends,

the records were not detrended with negative exponen-

tial functions or cubic splines as with tree-ring records

(Fritts, 1976). Note that we do not evaluate differences

in absolute growth rate, which do not necessarily reflect

reef health (Edinger et al., 2000). Instead, we investi-

gated long-term trends in relative growth rates to more

accurately evaluate the impacts of coral bleaching with-

in and among sites. Differences in both absolute exten-

sion rates among and within sites are discussed in

Carilli et al. (2009).

Calculating thermal stress

Century-scale records of sea surface temperature (SST)

are available on a monthly averaged basis. Given this

temporal resolution, we calculated long-term records of

thermal stress in terms of degree-heating-months

(DHM) (Lough, 2000) using a methodology similar to

that for degree-heating-weeks, which is a common way

of quantifying coral thermal stress (Strong et al., 1997)

(Fig. 3). Briefly, this method calculates DHM as the

annual sum of the difference between average monthly

SSTs that exceeded the long-term maximum monthly

mean. We obtained long-term records of SST from two

different globally gridded datasets; HadISST and

ERSSTV2. Because of the grid sizes in each dataset,

individual grid boxes for each site were not available;

instead we chose two grid boxes from each dataset to

represent the region. From the HadISST dataset (Rayner

et al., 2003), we chose the 1� 11 boxes centered on

17.51N, 87.51W to represent Turneffe and 16.51N,

87.51W to represent the southern sites. From the

ERSSTV2 dataset (Smith & Reynolds, 2004), we chose

the 2� 21 boxes centered on 181N, 881W to represent

Turneffe and Sapodilla and 181N, 861W to represent

Cayos Cochinos and Utila. Heat stress in Jamaica (Fig.

S3) was quantified using the ERSSTV2 dataset box

centered on 181N, 781W representing Discovery Bay.

Total annual thermal stress was calculated for each

‘coral-year’, starting in October of 1 year and ending

September of the next year (Fig. 3). To determine

whether the long-term SST datasets accurately repre-

sented the temperatures experienced by the corals in

Mesoamerica, we obtained 2 years (April 2000–May

2002) of in situ temperature measurements (0.0001

degree resolution) taken every ten minutes at Cayos

Cochinos (at 5 m depth and the same site as our samples

were collected) from the United States Geological Sur-

vey. In addition, we compared the in situ and long-term

datasets to shorter, higher resolution time series from

satellite measurements (Fig. S4): AVHRR from Glover’s

Reef, Belize (NOAA Coral Reef Watch) and the Inte-

grated Global Ocean Services System (IGOSS) centered

on 15.51N, 86.51W (Reynolds et al., 2002). While the

long-term records, due to their coarser temporal resolu-

tion, do not capture the full range of short-term varia-

bility, the DHM measure has been shown to accurately

predict bleaching in the western Indian Ocean (McCla-

nahan et al., 2007). We also obtained data from the

Table 2 Series intercorrelation and average mean sensitivity

of extension rates from corals at each site as calculated using

COFECHA

Site

Series inter-

correlation

Average

mean

sensitivity

Flagged,

total segments

Turneffe Atoll 0.646 0.217 0, 13

Utila 0.575 0.177 3, 19

Cayos Cochinos 0.531 0.175 3, 22

Sapodilla Cayes 0.611 0.195 5, 42

The number of total correlated segments and the number of

flagged segments (segments with P40.01) are also reported.
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Comprehensive Ocean-Atmosphere Data Set on the

density of shiptracks that supply most of the early

SST data to verify that data are reliable (Woodruff

et al., 1987). Those data after 1950 are based on a greater

number of observations and are therefore more reliable.

Solar irradiance

In order to compare levels of solar irradiance in 1998

to those during warm periods in the middle of the

20th century (Fig. 3), we plotted the average monthly

Fig. 2 Master chronologies of extension rates for each site (top), and the number of cores contributing to each chronology (bottom). See

supplement for density and calcification records. Confidence intervals are the standard error for each year. Major hurricanes that passed

close to each site are shown as arrows and are named, and the bleaching events of 1995 and 1998 are shown as vertical orange lines. Note

that Sapodilla and Utila both show slight decreases in extension rates before 1998 (GLM: Sapodilla, F(2, 45) 5 7.41, Po0.01, R2 5 0.25; Utila,

F(4, 43) 5 3.66, Po0.05, R2 5 0.25).
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cloudiness for a grid cell centered on 171N, 871W from

COADS (Woodruff et al., 1987) (Fig. S5). Cloudiness is

expressed in oktas: the number of eighths of the sky

covered by clouds on a scale from 0 (no clouds) to 8

(completely covered).

Data analysis

The number of cores that comprise each master chron-

ology decreases with age (Fig. 2), and the variance

increases accordingly. Master chronologies must be

interpreted with caution before approximately 1950

where the number of contributing colonies becomes

quite low, often less than five. As noted above, in

comparison with density and calcification, coral exten-

sion rates had the strongest common signal as gauged

by the tree-ring statistic of series intercorrelation (Table

2), and were therefore the only measure of coral growth

retained for further analysis.

We tested for trends using the master chronology

extension rates from 1950 to 2007 to avoid bias asso-

ciated with the decrease in chronology power with age.

The timing of changes in extension rates from 1950 to

1997 was estimated by fitting a generalized linear model

ðextension ¼b0yearþ b1year� post1955þ . . .

þ b9year� post1995Þ

(Table 3). Categorical variables representing time peri-

ods starting every five years after 1950 were included in

the model. The categorical variable, post19XX, was

assigned a value of one for years 19XX–1997 and zero

otherwise. Variables were eliminated using a stepwise

backward regression method with a tolerance of P 5 0.2.

We used stress bands to investigate the history of

coral bleaching. Stress bands were assumed to represent

bleaching events and were identified as bands in which

density exceeded the series average by at least 1.5 SDs.

However, a potential complication to this reconstruc-

tion is that the surface of a coral head may not com-

pletely bleach (Rowan et al., 1997). Thus, a single core

may not record a bleaching event if it passes through a

region of the coral head that was not fully impacted. To

address this issue, Hendy et al. (2003b) calculated the

likelihood of sampling previous bleaching events based

on the number of cores collected and the proportion of

coral surface area that was bleached. We also calculated

the likelihood that a prior mass bleaching event

occurred, but was not recorded in our cores, using

the incidence of stress banding in our cores and the

equation:

Probability ¼ n!

r!ðn� rÞ!

� �
prð1� pÞn�r;

modified from Hendy et al. (2003b), where n is the

number of cores collected, r is the number of the

collected cores with a stress band, and p is an estimate

of the proportion of each colony that bleached.

Although the scale of the 1998 bleaching event was

extensive, and therefore the proportion of a colony’s

surface that was bleached may have been higher, we

used P 5 0.3 as a conservative proportion as in Hendy

et al. (2003b).

To test for interactive effects on coral extension rate

between DHM and human impacts, we fit a generalized

linear model using extension rates, DHM of the pre-

vious year and the population of Honduras (United

Nations Statistics Division, 2008) of any given year as a

proxy for human impacts. We used DHM for the pre-

vious year because reduced coral growth due to bleach-

ing typically occurs at the tail end of each ‘coral-year,’

(late summer and early fall) and therefore the following

year records a smaller amount of skeletal growth. We fit

the model

ðextensiont ¼b0 þ b1 �DHMt�1 þ b2 � popXXpercentilet

þ b3 �DHMt�1 � popXXpercentiletÞ;

where popXXpercentile was a categorical variable repre-

senting whether the human population in a given year

was greater than or less than the 75th, 80th, 85th, 90th,

and 95th percentile of population, taking value one if it

was greater than or equal to the value of the specified

percentile and zero if it was less. The DHM used here

was the average from both grid-cells and datasets (Fig.

3), and we pooled extension rates from all four sites. The

best model for each percentile was chosen by stepwise

backward regression with tolerance P 5 0.2. Model fits

between percentiles were then compared using the

Fig. 3 Annual accumulated thermal stress index, or degree-

heating-months (DHM). Thermal stress was calculated by sum-

ming the monthly temperature anomalies that exceed the long-

term average maximum monthly temperature. Here, we show

the average of the two grid cells used from two different long-

term datasets: HadISST (Rayner et al., 2003) and ERSSTV2 (Smith

& Reynolds, 2004). The individual records are available as a

supplemental figure (Fig. S6).
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Akaike Information Criterion, and the 90th percentile

(� 5.8 million people) had the best fit.

Results

At Turneffe and Cayos Cochinos, there are small but

significant increases in extension rate during several

time periods after 1950 (Table 3). Sapodilla Cayes has a

slight decline in extension rates after 1975 (Po0.2)

and a significant, steeper decline after 1990 (GLM:

F(2, 45) 5 7.41, Po0.01, R2 5 0.25, Table 3) while Utila

has a significant decline after 1995 (GLM: F(4, 43) 5 3.66,

Po0.05, R2 5 0.25, Table 3).

We collected a total of 92 coral cores of which 87 (95%)

have a stress band associated with the 1998 bleaching

event (Table 1). There are only three individual years in

different cores that contain a high-density stress band

(defined here as density over 1.5 SDs higher than the

mean) before 1998. One of the prior stress bands occurs in

a core from Utila during 1995. The likelihood of missing

an event on the scale of the 1998 bleaching event in our

cores is vanishingly small (Poo0.0001) because of

our large sample size. Therefore, bleaching on the scale

of 1998 is unprecedented, at least in the past century.

Unlike evidence of mass bleaching, 1998 was not

unique in terms of heat stress or irradiance on the

Mesoamerican Reef. Our long-term DHM records show

that on the Mesoamerican reef, heat stress was even

higher in earlier years such as 1937 and 1958 than 1998

(Fig. 3), which agrees with the findings of Lough (2000)

for the entire Caribbean region. Mid-century warmth is

also supported by air temperature data from the Gold-

son International Airport (near Belize City). The cloudi-

ness data demonstrate that solar irradiance was not

exceptionally high in 1998 (Fig. S5). In Jamaica, the first

bleaching events occurred in the 1980s (Goreau, 1992),

but heat stress during those years was lower than

during mid-century as well (Fig. S3).

The results of the generalized linear model showed

that the best model was one where extension rates were

affected by DHMt�1 as well as the interactive effect of

high population and DHMt�1, which changed the slope

of the relationship (Fig. 4) (F(3, 409) 5 26.92, Po0.0001,

R2 5 0.32).

Discussion

We generated new time series of coral growth over the

last century from four sites on the Mesoamerican Reef,

utilizing the tree-ring technique of crossdating. These

chronologies provide valuable information regarding

long-term trends in relative growth rates, the history

of coral bleaching, and how both thermal stress and

local stressors affect coral growth. In particular, the four

chronologies underscore an observed increase in

bleaching frequency over recent years as well as the

Table 3 Results of generalized linear model estimates for trends in extension over 1950 to 1997

Predictor

High Local Stress Low Local Stress

Sapodilla Cayes Utila Turneffe Atoll Cayos Cochinos

Year – – �0.005** �0.009**

Post 1955� year – o�0.0005 – o0.0005

Post 1960� year – o0.0005 0.066 o0.0005*

Post 1965� year – – – –

Post 1970� year – – – o0.0005

Post 1975� year o�0.0005 – – –

Post 1980� year – – 0.120** o0.0005

Post 1985� year – o0.0005* – o0.0005*

Post 1990� year o�0.0005* – 0.072* –

Post 1995� year – o�0.0005* – o0.0005

Constant 1.078*** 1.045*** 11.672** 19.544**

N 48 48 48 48

F 7.41 3.66 4.91 2.24

P 0.002 0.012 0.002 0.050

R2 0.25 0.25 0.31 0.22

A dash indicates that the variable was excluded from the model using stepwise backward regression with a tolerance of Po0.2.

Significance levels are

*o0.05,

**o0.01,

***o0.001.
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severity of the 1998 bleaching event. Ecological surveys

dating back to the 1970s confirm that the Mesoamerican

Reef experienced its first documented bleaching event

in 1995 (Glynn, 1993; McField, 1999), and a much more

severe and widespread bleaching event in 1998 (Kramer

& Kramer, 2000; McField, 2000; Aronson et al., 2002b).

Indeed, the 1998 bleaching event was severe and wide-

spread with reports of bleaching around the globe

(Spencer et al., 2000; Wilkinson, 2000; Bruno et al.,

2001; McGrath & Smith, 2003; Smith et al., 2008). On

the Mesoamerican reef, the 1998 bleaching event was

almost certainly unprecedented over the last century as

evidenced by a lack of prior stress banding in our cores.

Indeed, the 1998 bleaching event may be unprecedented

over the last 3,000 years, as shown by exceptional

species turnover in coral rubble cores from the Belize

lagoon (Aronson et al., 2002a).

Coral bleaching is generally associated with high

temperatures and solar irradiation, and indeed thermal

stress was exceptional for many locations worldwide

where bleaching occurred during 1998 (Lough, 2000).

However, our calculated DHM, air temperature, and

cloudiness records indicate that these variables do not

explain the occurrence of mass bleaching on the Me-

soamerican Reef in 1998. Warmer temperatures accom-

panied by higher levels of solar irradiance occurred

mid-century, yet no evidence of bleaching could be

identified in our samples. Using long-term SST recon-

structions, Lough (2000) and Barton & Casey (2005) also

found evidence for previous thermal stress comparable

to recent levels on the Mesoamerican Reef and in the

wider Caribbean. While some SST reconstructions may

be affected by data gaps or incorrect spatial interpola-

tion (Barton & Casey, 2005), our sites are relatively well-

sampled over time (Woodruff et al., 1987). In addition,

mid-century warmth is corroborated by high (warm)

values of the Atlantic Multidecadal Oscillation, an in-

dicator of climate variability based on Atlantic SST

(Kerr, 2000), and proxy records of Caribbean SSTs. Coral

stable oxygen isotope reconstructions (Gischler & Osch-

mann, 2005; Hetzinger et al., 2008), growth rates from

the coral Siderastrea siderea from the Bahamas and Belize

(Saenger et al., 2009), and coral and sclerosponge Sr/Ca

records from Florida and Jamaica, respectively (Haase-

Schramm et al., 2003; Maupin et al., 2008) all support

mid-century warmth that was not accompanied by

coral bleaching. Our finding that corals on the Mesoa-

merican Reef did not bleach mid-century despite high

thermal stress is consistent with patterns of thermal

stress and bleaching in Jamaica. There, underwater

ecological observations date to the 1950s, with no

reports of mass bleaching until 1987 (Goreau, 1992)

despite thermal stress in 1957 and 1958 that was com-

parable to that during the first documented bleaching

events in Jamaica (Fig. S3). While heat and solar irra-

diance stress in 1998 were not exceptional within the

past century on the Mesoamerican Reef, local anthro-

pogenic stress has increased in recent decades. Beyond

a human population of � 6 million in Honduras, we

found that DHM-related declines in extension became

greater. Thus, the widespread and severe bleaching

event on the Mesoamerican reef during 1998 appears

to have resulted from increased local stresses, which

lowered coral thermal tolerance and led to bleaching in

response to only moderate warming.

Although the relationship between coral extension

and local stressors is likely far more complex, the

concept that local stress interacts with thermal stress

is also consistent with differences in the resistance and

resilience of corals among the four sites. At the Sapo-

dilla Cayes and Utila, long-term decreases in extension

rates may be the expression of long-term sublethal

stress as these sites. Indeed, Sapodilla and Utila experi-

ence higher levels of chronic anthropogenic stress than

Cayos Cochinos and Turneffe Atoll (Halpern et al., 2008;

Carilli et al., 2009). Also, Utila, which experiences high

relative chronic stress (Halpern et al., 2008; Carilli et al.,

2009), is the only site where corals exhibit a significant

depression in growth rates and a stress band associated

with the 1995 bleaching event. Similar long-term reduc-

tions in coral growth rates are not exclusive to the

Mesoamerican Reef and have also recently been re-

ported on the Great Barrier Reef (De’ath et al., 2009),

in Thailand (Tanzil et al., 2009), and near the Panama

Canal (Guzman et al., 2008).
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Fig. 4 Annual extension for all sites vs. DHM from the pre-

vious coral-year along with a linear regression on the extension

rates that occurred when the human population of Honduras

was o5.8 million (black) and those that occurred when popula-

tion exceeded 5.8 million (gray) (F(3, 409) 5 26.92, Po0.0001,

R2 5 0.32). DHMt�1 alone is not a significant predictor of exten-

sion rates, but the relationship is improved when the effects of

population are added.
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Repetitive bleaching or preexposure to high or more

variable water temperatures or light may increase a

coral’s thermal tolerance threshold via acclimatization

(Brown et al., 2002; Castillo & Helmuth, 2005), offering

some potential protection from rising global tempera-

tures. However, the continued acceleration of local stres-

sors such as increased sedimentation through land

clearing, marine dredging, and coastal development

may depress a coral’s energy reserves (Rogers, 1990),

making it less likely to either resist bleaching or to survive

and recover from a bleaching event (Rodrigues & Grottoli,

2006). Further observational studies, for instance with

extensive in situ instrumentation in place before and

during a bleaching event, are needed to identify how

specific stressors interact to change the bleaching thresh-

old. Experimental studies might also be useful to calculate

the effects of different stressors, such as nutrients or

sedimentation, on thermal tolerance thresholds.

Our data suggest that chronic local stressors depress

the thermal tolerance threshold, increasing the likeli-

hood of coral bleaching under only moderate thermal

stress. Although our study addresses M. faveolata, the

dominant reef framework builder in most of the Me-

soamerican reef region, this finding may be common to

other coral species and regions (Wooldridge, 2009).

Therefore, local management strategies that reduce

local stressors, such as creating effective marine re-

serves to protect from overfishing, or reducing runoff

impact by watershed management and protecting or

replanting coastal mangroves, may increase coral ther-

mal tolerance and thus the associated likelihood of

surviving future warming.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. X-radiograph of 3 short cores from the Sapodilla Cayes. Core name labels and core tops are at left. Aluminum bars are on the

top and bottom of the x-ray. Note the compressed growth in 1998 revealed as a bright, dense band and denoted by an arrow on the

bottom core. Aragonite wedge is labeled, other wedges are aluminum.

Fig. S2. Master chronologies of extension (cm), density (g/cm3) and calcification (g/cm2) for each site (top) and the number of cores

in each chronology (bottom). Major hurricanes that passed close to each site are shown as arrows and are named, and the bleaching

events of 1995 and 1998 are shown as vertical orange lines.

Fig. S3. Accumulated thermal stress for Discovery Bay, Jamaica. Temperature stress was calculated by summing the monthly

temperature anomalies that exceed the long term average of the maximum monthly temperatures. Data from the ERSSTV2 dataset

(Smith and Reynolds 2004), centered on 181N, 781W was used. Stars indicate recorded mass bleaching in 1987, 1989, 1990, 1991, 1998,

and 2005.

Fig. S4. Cayos Cochinos water temperature data from several sources. Water temperature data from in situ measurements at Pelican

Point, Cayos Cochinos (measurements every 10 minutes, black) is compared with monthly long-term data from the HadISST (green)

(Rayner et al. 2003) and ERSSTV2 (yellow) (Smith and Reynolds 2004) datasets, along with more recent satellite measurements from

AVHRR (blue) (NOAA Coral Reef Watch) and IGOSS (pink) (Reynolds et al. 2002) datasets.

Fig. S5. (Top) Air temperature record from the Goldson International Airport, 1941–2004. Warm air temperatures in the late 1950’s

support our confidence in long sea surface temperature records. Dashed line delineates 30 1C air temperature. (Bottom) Monthly

cloudiness record (black circles) from the grid cell centered on 171N, 871W, expressed in oktas, the number of eighths of the sky

covered by clouds. A linear trend line is plotted in gray and the months June-September in 1958 and 1998 are shown for comparison

(red boxes).

Fig. S6. Accumulated annual temperature stress. Temperature stress was calculated by summing the monthly temperature anomalies

that exceed the long term average of the maximum monthly temperatures. Records from 2 grid cells (denoted by the latitude and

longitude of the center of each cell) from each of 2 long-term temperature records: HadISST (Rayner et al. 2003) and ERSSTV2 (Smith

and Reynolds 2004) are used, and the average of these four records is also shown (A). (B) and (D) represent Turneffe, (C) and (D)

represent Sapodilla, and (C) and (E) represent Cayos Cochinos and Utila. Years with the highest heat stress in the average of all four

temperature records are denoted by a dashed line.

Table S1. Interseries correlation values for the three growth measurements for each site.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors.

Any queries (other than missing material) should be directed to the corresponding author for the article.
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