
RESEARCH ARTICLE

A. G. Grottoli Æ L. J. Rodrigues Æ C. Juarez

Lipids and stable carbon isotopes in two species of Hawaiian corals,
Porites compressa and Montipora verrucosa, following a bleaching event

Received: 7 March 2003 / Accepted: 13 February 2004 / Published online: 20 March 2004
� Springer-Verlag 2004

AbstractMass coral bleaching events have occurred on a
global scale throughout the world’s tropical oceans and
can result in large-scale coral mortality and degradation
of coral reef communities. Coral bleaching has often
been attributed to periods of above normal seawater
temperatures and/or calm conditions with high levels of
ultraviolet radiation. Unusually high shallow-water
temperature (>29�C) in Kaneohe Bay, Hawaii, USA, in
late summer (20 August–9 September) and fall (1–7
October) of 1996 produced visible bleaching of two
dominant corals, Porites compressa Dana, 1864 and
Montipora verrucosa Dana, 1864. The present study
examined chlorophyll a (chl a), total lipid concentra-
tions, and lipid class composition in corals of both
species in which the entire colony was non-bleached,
moderately bleached, or bleached. Skeletal, host tissue,
and algal symbiont d13C values were also measured in
non-bleached and bleached colonies. In additional un-
evenly bleached colonies, paired samples were collected
from bleached upper surfaces and non-bleached sides.
Samples were collected on 20 November 1996 during the
coral recovery phase, a time when seawater temperatures
had been back to normal for over a month. Chl a levels
were significantly lower in bleached colonies of both
species compared with non-bleached specimens, and in
bleached areas of unevenly bleached single colonies.
Total lipid concentrations were significantly lower in
bleached P. compressa compared with non-bleached
colonies, whereas total lipid concentrations were the
same in bleached and non-bleached M. verrucosa colo-
nies. The proportion of triacylglycerols and wax esters
was lower in bleached colonies of both species. Both

bleached and non-bleached M. verrucosa had from
�17% to 35% of their lipids in the form of diacylglyc-
erol, while this class was absent in P. compressa. d13C
was not significantly different in the host tissue and algal
symbiont fractions in non-bleached and bleached sam-
ples of either species. This suggests that the ratio of
carbon acquired heterotrophically versus photosynthet-
ically was the same regardless of condition. Skeletal d13C
was significantly lower in bleached than in non-bleached
corals. This is consistent with previous findings that
lower rates of photosynthesis during bleaching results in
lower skeletal d13C values. The two species in this study
displayed different lipid class compositions and total
lipid depletions following bleaching, suggesting that
there is a difference in their metabolism of lipid reserves
and/or in their temporal responses to bleaching and
recovery.

Introduction

Under sustained physiologically stressful conditions,
corals lose their algal symbionts and/or their photo-
synthetic pigments, causing the colony to appear pale
or white. This is referred to as bleaching. The primary
environmental factors that cause mass bleaching are
sustained elevated seawater temperatures (Glynn 1996;
Brown 1997; Wilkinson 2000) and/or increased ultra-
violet radiation (Gleason and Wellington 1993; Glynn
1996; Brown 1997; Wilkinson 2000). For any given
event, bleaching severity and mortality vary among
individual corals, coral species, depths, and geographic
locations (e.g. Fisk and Done 1985; Harriott 1985;
Oliver 1985; Ghiold and Smith 1990; Edmunds 1994;
Hoegh-Guldberg and Salvat 1995; Baird and Marshall
1998; Marshall and Baird 2000; Wilkinson 2000; Loya
et al. 2001; Obura 2001; Stimson et al. 2002). However,
the physiological mechanisms underlying this bleaching
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variability are poorly understood. Research has con-
centrated on the variation in the algal symbiotic
dinoflagellate Symbiodinium type (e.g. Rowan et al.
1997; Baker 2001; LaJeunesse 2001; Toller et al. 2001),
density (Stimson et al. 2002), and physiology (e.g.
Warner et al. 1996; Lesser 1997), to explore this vari-
ation in bleaching. However, less research has been
oriented towards examining the effect of bleaching on
the animal-host fraction. This paper examines the
changes in total lipids, lipid classes, and stable carbon
isotopic composition of the coral skeleton, host tissue,
and algal symbionts in two species of Hawaiian corals
44 days after a bleaching event.

On an annual cycle, corals experience a natural var-
iation in tissue biomass, lipid, and photosynthetic pig-
ment concentrations. Tissue biomass in some Caribbean
corals has been observed to be highest during winter and
spring and lowest during the late summer and fall (Fitt
et al. 2000), while the opposite pattern has been ob-
served in the total lipids in several Hawaiian coral spe-
cies (Stimson 1987) and in the total lipids and wax esters
in Japanese Goniastrea aspera (Oku et al. 2003). For four
Indo-Pacific coral species, tissue thickness is greatest
during the cooler wet season and thinnest during the
warmer dry season (Brown et al. 1999). In several
Caribbean coral species (Fitt et al. 2000; Warner et al.
2002), the Hawaiian coral Pocillopora damicornis
(Stimson 1997), Acropora formosa in Mauritius (Fa-
goonee et al. 1999), and four Indo-Pacific corals (Brown
et al. 1999), the algal symbiont and chlorophyll a (chl a)
concentrations tend to be highest during the cooler
season (winter/spring or wet) and lowest during the
warmest season (summer/fall or dry), when solar irra-
diance levels are also at their highest. In non-mass
bleaching years, such natural variation in pigmentation
typically is not apparent (Stimson 1997; Fagoonee et al.
1999; Fitt et al. 2000; Warner et al. 2002). However, if
stressful conditions such as sustained elevated seawater
temperatures occur, large decreases in pigmentation re-
sult in visible bleaching (Brown et al. 1999; Fitt et al.
2000; Warner et al. 2002).

In healthy corals, the bulk of photosynthetically fixed
carbon is translocated from the endosymbiotic algae
(Symbiodinium spp.) to the coral host, providing it with
up to 100% of its daily metabolic energy requirements
(e.g. Muscatine and Cernichiari 1969; Muscatine et al.
1981, 1984; Patton and Burris 1983; Falkowski et al.
1984, 1993; Spencer Davies 1984; Harland et al. 1991).
Excess fixed carbon is stored in the host tissue as lipids
(Patton et al. 1977; Patton and Burris 1983; Battey and
Patton 1984), representing significant energy reserves
(Edmunds and Spencer Davies 1986; Stimson 1987;
Harland et al. 1993). Up to 90% of total lipids is in the
host tissue (Patton et al. 1977), and total lipid concen-
trations of 10–40% of dry biomass have been reported
for a number of Caribbean, Red Sea, Japanese, and
Hawaiian corals (Stimson 1987; Porter et al. 1989;
Harland et al. 1993; Grottoli-Everett 1995; Yamashiro
et al. 1999).

In bleached corals, decreases in algal symbiont den-
sities and/or chl a levels are accompanied by a net de-
crease in photosynthesis (Porter et al. 1989; Fitt and
Warner 1995; Lesser 1997; Lombardi et al. 2000; Warner
et al. 2002). Under these circumstances, corals may rely
heavily on their energy stores to support their metabolic
energy needs. Proteins can serve as an energy source
under some circumstances, while carbohydrates repre-
sent a small portion of a coral’s energy reserves (Porter
et al. 1989; Anthony et al. 2002), which are generally
best used short term. However, the primary role of lipids
is to serve as long-term energy reserves. When bleaching
stress and subsequent recovery are prolonged, corals
may have to rely on energy reserves for several weeks or
months while chl a levels and photosynthesis rates re-
main low. Representing up to 40% of the dry weight of
corals, lipids should be the primary energy reserve. It is
estimated that Pocillopora damicornis, Montipora verru-
cosa, and Porites lobata maintained under cloudy con-
ditions contain enough lipid to sustain their normal
caloric demand for 28, 114, and 71 days, respectively
(Spencer Davies 1991). Several studies on bleached
Caribbean corals showed that without the usual nutri-
tional input from their algal symbionts, energy reserves
and/or tissue biomass decreased (Porter et al. 1989; Fitt
et al. 1993, 2000). However, this pattern is not observed
in all coral species when bleached (Grottoli-Everett
1995; Fitt et al. 2000; Edmunds et al. 2003) (see ‘‘Dis-
cussion’’ for details). [Note that the HawaiianMontipora
verrucosa has more recently also been referred to as
Montipora capitata. The species is referred to as
M. verrucosa throughout this text for clarity.]

Of the total lipids, triacylglycerol and wax esters are
the main storage lipids in corals, and can account for
40–73% of total lipids (Harland et al. 1993; Yamashiro
et al. 1999; Oku et al. 2002). Examination of the changes
in total lipids and in lipid class composition should
provide insight into how corals are consuming their lipid
reserves.

Changes in photosynthesis and lipid content in
bleached corals should impact the stable carbon isotopic
composition (d13C=13C:12C relative to Vienna Peedee
Belemnite Limestone Standard) of the coral skeleton,
host tissue, and algal symbionts. Coral skeletal d13C is
primarily influenced by metabolic fractionation, due to
changes in symbiont photosynthesis and host respiration
(Swart 1983; McConnaughey 1989; McConnaughey
et al. 1997; Grottoli 1999, 2002; Grottoli and Wellington
1999). As solar irradiance decreases, the rate of photo-
synthesis decreases and coral skeletal d13C values de-
crease (Cole and Fairbanks 1990; Klein et al. 1992;
Carriquiry et al. 1994; Grottoli and Wellington 1999;
Heikoop et al. 2000; Reynaud-Vaganay et al. 2001;
Grottoli 2002). Heterotrophy also influences skeletal
d13C through coral host respiration (Felis et al. 1998;
Grottoli and Wellington 1999; Grottoli 2002; Reynaud
et al. 2002), but the impact of heterotrophy on the
skeletal d13C is usually small relative to the effect of light
(Grottoli and Wellington 1999; Grottoli 2002). During
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coral bleaching, decreases in photosynthesis appear to
result in decreases in skeletal d13C (Porter et al. 1989;
Carriquiry et al. 1994; Allison et al. 1996; Suzuki et al.
2000, 2004). In addition, coral tissue and algal symbiont
d13C values are usually within 2& of each other (Mus-
catine et al. 1989; Risk et al. 1994; Reynaud et al. 2002)
and very depleted relative to the skeleton (Reynaud et al.
2002). The difference in d13C values between the host
tissue and algal symbiont fractions is diagnostic of the
relative contribution of heterotrophically acquired fixed
carbon and photosynthetically fixed carbon to the coral
(Muscatine et al. 1989; Risk et al. 1994; Reynaud et al.
2002). For example, in Caribbean corals, host tissue
d13C tends to decrease more with depth than does algal
symbiont d13C (Muscatine et al. 1989), suggesting that
the ratio of heterotrophy to photosynthesis increases
with depth. Changes in host tissue and algal symbiont
d13C values during bleaching or recovery could be
diagnostic of the relative contribution of photosynthesis
and heterotrophy to the coral during that time. For
example, an increase in the difference between host tis-
sue and algal symbiont d13C values during bleaching or
recovery would indicate that the ratio of heterotrophy to
photosynthesis has also increased, and vice versa. No
change in the difference between coral host and algal
symbiont d13C values during bleaching or recovery
would indicate that the ratio of heterotrophic to pho-
tosynthetic sources of fixed carbon was unchanged
during that time.

To address the relationship between lipids and
bleaching in Hawaiian corals, we measured chl a, total
lipid concentration, and lipid class composition in non-
bleached, moderately bleached, and completely bleached
Porites compressa and Montipora verrucosa as well as
partially bleached colonies of both species. Samples were
collected 3 months after the onset of a warm seawater
temperature event (44 days after seawater temperatures
had returned to normal) that caused bleaching in many
coral colonies of both species. To detect changes in the
sources and utilization of carbon due to coral bleaching,
the d13C of the skeleton, host tissue, and algal symbiont
fractions were measured in non-bleached and bleached
corals. This snapshot of two species of Hawaiian corals
exposed to the same environmental conditions allows for
the comparison of lipids, chl a, and d13C in bleached and
non-bleached corals of the same species and for a pre-
liminary assessment of possible species-specific differ-
ences in their physiological and biogeochemical
responses to bleaching.

Materials and methods

Study site

Kaneohe Bay is on the windward side of Oahu, Hawaii. It is a
eutrophic bay, 12.7 km long·4.3 km wide, with diurnal tidal fluc-
tuations of 0.5–2 m (Bathen 1968). Mean summer/fall temperatures
(June–October) average 27±1�C and winter/spring temperatures
(November–May) average 24.5±1.5�C (data from Hawaii Institute

of Marine Biology weather station). Corals in this study were
collected at 2 m depth from the Point Reef (Coconut Island),
Kaneohe Bay, Hawaii (21�26.18¢N; 157�47.56¢W). Coral cover on
the reef slope approaches 100%, extending from the surface to
8.5 m depth and consisting primarily ofMontipora verrucosaDana,
1864 and Porites compressa Dana, 1864, with some Pocillopora
damicornis, and a few solitary Fungia scutaria corals at shallower
depths. Both P. compressa and M. verrucosa contain Symbiodinium
spp. algal symbionts from the C clade (LaJeunesse, personal
communication). P. compressa contains type C15 and M. verrucosa
contains C31 at 2 m depth (LaJeunesse, personal communication).
P. compressa is a finger-like coral, ranging in color from yellow-
brown to dark brown. M. verrucosa is a dark to medium brown
coral, with beige to white tips. Its form ranges from plating (pre-
dominantly on deeper reefs) to branching (predominantly on
shallower reefs), and more than one form can be expressed within a
single colony. All fragments of M. verrucosa used in this study were
collected from the branching form.

Bleaching event and coral sampling

On average, seawater temperatures in Kaneohe Bay are lowest
from November through March, and warmest from June through
September, with sea surface temperature (SST) excursions above
28�C for a couple of weeks in late summer. The SSTs for 1995
represent a typical year (Fig. 1). However, summer and early fall
SSTs for 1996 were above average. From May to October seawater
temperature was >28�C for 80 days. During 27 of those days (20
August–9 September and 1–7 October) SSTs were 2–3�C above
normal (>29�C) (Fig. 1). At the same time, winds were low and the
water column was clearer than usual (Jokiel and Brown, submit-
ted). M. verrucosa was visibly bleached by 31 August 1996, and
P. compressa, by 5 October 1996. This was the first temperature-
induced bleaching event to be observed in Kaneohe Bay (Jokiel,
personal communication). By March 1997, there was no sign of
bleaching on the reef, all of the corals were brown, and there was
no significant mortality (Grottoli, personal observation).

Fig. 1 Hourly seawater temperature at 2 m depth on Point Reef,
Hawaii Institute of Marine Biology (HIMB), Kaneohe Bay,
Hawaii, during a normal year (1995) and a year with unusually
warm sea surface temperatures (SST; 1996). Dashed lines indicate
28�C and 29�C (arrow 1 onset of major warming event; arrow 2 all
coral fragments in this study were collected at 2 m depth on Point
Reef). Data from HIMB weather station
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On 20 November 1996, 3 months after the onset of elevated
seawater temperatures, some corals were uniformly dark brown
(non-bleached), some were medium to light brown (moderately
bleached), while others were very pale or white (bleached) over the
entire colony surface (top and sides). This was 45 and 80 days since
P. compressa and M. verrucosa were first observed to bleach,
respectively, and 44 days since seawater temperatures had returned
to normal for that time of year. The non-bleached colonies may
have already recovered their chl a or never bleached initially, while
the completely bleached colonies may or may not have started to
recover their chl a. All of the corals, including the completely
bleached colonies, displayed normal tentacle extension and were
alive. At least four branch tips from 32 P. compressa colonies and
at least four branch tips from 32 M. verrucosa colonies were col-
lected at 2 m depth and frozen. Based on color, approximately one-
third of the colonies of each species were uniformly non-bleached,
one-third were moderately bleached, and one-third were bleached.
Coral color is correlated with chl a concentration (Edmunds et al.
2003) and is commonly used to identify non-bleached and bleached
corals (e.g. Jokiel and Coles 1974; Lombardi et al. 2000; Edmunds
et al. 2003). Some coral colonies were not uniformly affected, but
were bleached white on the top, while their sides were a healthy,
non-bleached dark brown. Pairs of samples were collected from 16
such P. compressa and 4 M. verrucosa colonies on the same date:
one sample from the bleached top and one from the non-bleached
side of each colony.

Chl a, total lipids, lipid classes, and d13C analyses

Chl a and total lipid concentrations, lipid class composition, and
d13C (of the skeleton, host tissue, and algal symbionts) were mea-
sured on four separate branch tips (�1 cm long) from each coral
colony. Chl a was extracted from ground samples in 100% acetone
(Jeffrey and Humphrey 1975) and was used as a measure of
bleaching, irrespective of algal symbiont density. Endolithic algae
were not visible in the samples and assumed not to contribute any
significant amount of chl a to the samples. Total lipids were ex-
tracted from ground samples in a 2:1 chloroform/methanol solu-
tion, washed in 0.88% KCl followed by 1:1 methanol/water
solution. The extract was dried to a constant weight (Harland et al.
1991; Grottoli-Everett and Kuffner 1995). Chl a and total lipids
were measured on ground coral samples (skeleton+coral host tis-
sue+algal symbionts) and normalized to total ash-free dry weight
of the organic fraction of the coral (host tissue+algal symbionts).
This normalization is important, because the polyp structure and
the penetration thickness of the coral tissue into the skeleton of
each species are different, and normalization to tissue biomass is
more robust (Edmunds and Gates 2002). Grinding and extracting
whole coral samples allowed for the lipid and chl a content to be
compared between species and between colonies with different de-
grees of bleaching.

Total lipids were separated into lipid classes by applying the
lipid extract to Chroma Rods, and separating them into phos-
pholipids, diacylglycerol, cholesterol, free fatty acids, triacylglyc-
erol, and wax esters (or hydrocarbons) by thin layer
chromatography in 90:10:1 (v/v/v) hexane/ether/acetic acid
(Wakeham et al. 1993; Yamashiro et al. 1999; Oku et al. 2002). The
amount of each lipid class relative to its internal standard was
determined by flame ionization detection with an Iatroscan Mar-
k III analyzer by R. Harvey.

d13C of the skeleton, host tissue, and algal symbiont was mea-
sured on completely non-bleached and bleached colonies of
M. verrucosa and non-bleached colonies of P. compressa. Due to
sample loss, bleached P. compressa host tissue and algal symbiont
d13C was measured from the bleached tops of unevenly bleached
colonies. For d13C analyses, the host tissue and algal symbionts
were removed with a Water-pik (Johannes and Wiebe 1970) and
separated by centrifugation. The host tissue fraction was isolated
onto pre-burned glass fiber filters under vacuum and rinsed with
deionized water. The algal symbiont fraction was acidified to re-
move any skeletal fragments then isolated onto a glass fiber filter in

the same way as the host tissue. Filters containing the organic
fraction were combusted in a Carlo Erba NA 1500 Elemental
Analyzer via a Finnigan ConFlow open split interface. The d13C
values of the resulting CO2 were measured in a Delta Plus mass
spectrometer at Stanford University. The top 100–200 lm of the
skeletal material was gently scraped from the very tip of the coral
branch with a diamond-tipped Dremmel tool, yielding �300 lg of
skeletal sample, ground to a fine powder to homogenize it, and then
80 lg was subsampled for stable isotope analysis. The subsample
was acidified with 100% ortho-phosphoric acid in an automated
Kiel carbonate device, and the d13C values of the resulting CO2

were measured in a Finnigan MAT 252 triple-collecting mass
spectrometer at the University of Pennsylvania. All d13C values
were reported as the per mil deviation relative to the Vienna Peedee
Belemnite Limestone Standard (v-PDB). Host tissue and algal
symbiont d13C values have a measurement error of ±0.15& or less,
and skeletal d13C values have a measurement error of ±0.05& or
less. At least 20% of all measurements were made in duplicate.

Statistical analyses

A one-way non-parametric Kruskal–Wallis test was used to test for
significant differences in mean chl a and total lipid concentrations
between uniformly non-bleached, moderately bleached, and com-
pletely bleached P. compressa and M. verrucosa. If the model was
significant, an a posteriori non-parametric multiple comparisons
test (Zar 1984) was used to determine which means significantly
differed from each other. The non-parametric tests were used be-
cause chl a and total lipid data were not normally distributed. A
completely different set of corals was used to determine if there
were significant differences in the total lipid and chl a concentra-
tions in the tops versus sides of unevenly bleached corals. These
data were normally distributed as determined by Shapiro–Wilk
tests. Pairwise Student’s t-tests were used to test for significant
differences in mean chl a and total lipid concentrations between
bleached tops and non-bleached sides of each species. A one-way
ANOVA was performed on the mean skeletal, host tissue, and algal
symbiont d13C values in non-bleached and bleached corals of both
species. Normality for the d13C data groups was confirmed with
Shapiro–Wilk tests. SAS statistical software was used for all sta-
tistical analyses, and P<0.05 was considered significant. Since all
of the coral fragments were collected on the same date, seasonal
changes in chl a, algal symbiont concentration, tissue biomass, and
total lipids (Stimson 1987; Fitt et al. 2000) do not confound the
results of this study within each species. Differences in chl a, total
lipids, lipid classes, and d13C between non-bleached, moderately
bleached, and bleached colonies within P. compressa and within
M. verrucosa are probably due to bleaching alone. However, the
natural seasonal variation in the measured variables may differ
between these two species in Hawaii and must be taken into con-
sideration when comparing them.

Results

Uniformly bleached coral colonies had significantly
lower chl a concentrations than non-bleached corals for
both Porites compressa (Table 1; Fig. 2A) and Monti-
pora verrucosa (Table 1; Fig. 2B). Chl a levels were 85%
and 80% lower in uniformly bleached P. compressa and
M. verrucosa compared to non-bleached colonies,
respectively. In moderately bleached colonies, chl a levels
were 38% and 35% lower than in non-bleached
P. compressa andM. verrucosa, respectively. In unevenly
bleached colonies, chl a concentrations were significantly
lower on the bleached top than on the non-bleached side
of colonies in both species (Table 2; Fig. 3).
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Mean total lipid concentrations were 56% lower in
uniformly bleached than in non-bleached P. compressa
colonies, while moderately bleached colonies had lipid
concentrations that were 31% lower than those of

non-bleached corals (Table 1; Fig. 2C). In unevenly
bleached P. compressa colonies, total lipid concentra-
tions were 50% lower on the bleached tops compared to
on non-bleached sides (Table 2; Fig. 3). In M. verrucosa,
mean lipid concentrations did not significantly differ
between bleached, moderately bleached, and non-
bleached colonies (Table 1; Fig. 2D), nor between the
bleached tops and non-bleached sides of unevenly
bleached colonies (Table 2; Fig. 3). Interestingly, total
lipid concentrations in all corals in this study were lower
than during non-bleaching years for both species. Non-
bleached P. compressa and M. verrucosa had total lipid
concentrations that were on average �16% and �24%
lower, respectively, than summer/fall lipid levels during
previous non-bleaching years, despite their appearance
and high chl a content (Stimson 1987; Grottoli-Everett
1995; Grottoli-Everett and Kuffner 1995).

Within the total lipids, differences in lipid class
composition between non-bleached and bleached corals
were detected. For both species, visibly bleached corals
had lower levels of the storage lipids triacylglycerol and
wax esters, higher levels of phospholipids, and no
detectable difference in free fatty acids and cholesterol
compared to non-bleached corals (Table 3). However,
most noticeable was the distinct lack of diacylglycerol in
P. compressa regardless of bleaching status, whereas the
percentage of diacylglycerol was higher in bleached than
non-bleached M. verrucosa.

Table 1 Porites compressa, Montipora verrucosa. Statistical evalu-
ation of mean chlorophyll a and total lipid concentrations in non-
bleached, moderately bleached, and completely bleached corals.

Results of one-way non-parametric Kruskal–Wallis test (since data
were not normally distributed) using SAS statistical software (df
degrees of freedom)

Fig. 2A–D Porites compressa, Montipora verrucosa. Mean con-
centration of chlorophyll a and total lipid (±1 SE) in non-
bleached, moderately bleached, and bleached coral colonies.
Significant decreases in chlorophyll a in: bleached P. compressa
(A) and M. verrucosa (B) corals parallel significant decreases in
total lipids in P. compressa (C); there was no significant difference
in total lipids in M. verrucosa (D). Symbols (*, �, �) indicate
significant differences between means by a posteriori non-paramet-
ric multiple comparisons according to Zar (1984). Sample size for
each mean in parentheses [gdw grams dry weight of whole coral
tissue (host tissue+algal symbionts+lipid); mod. moderately]. Sta-
tistical analyses in Table 1

Table 2 Porites compressa, Montipora verrucosa. Statistical paired
comparison of the chlorophyll a and total lipid concentrations in
the bleached tops and non-bleached sides of unevenly bleached
corals. Data were normally distributed according to a Shapiro–
Wilk test for normality. P. compressa: chl a W=0.93, P<W 0.05;
total lipids W=0.96, P<W 0.20; M. verrucosa: chl a W=0.90,
P<W 0.31; total lipids W=0.89, P<W 0.22. The Wilk’s statistic
(W) ranges from 0 (non-normal distribution) to 1 (normal distri-
bution) and a P<W of ‡0.05 indicates data are normally distrib-
uted (df degrees of freedom)

P. compressa M. verrucosa

t df P t df P

Chl a 7.34 15 <0.0001 5.72 3 <0.01
Total lipid 6.39 15 <0.0001 0.01 3 <0.99

Fig. 3 Porites compressa, Montipora verrucosa. Mean concentra-
tion of chlorophyll a and total lipids (±1 SE) in unevenly bleached
corals. P. compressa (circles), M. verrucosa (triangles); bleached
tops (open symbols), non-bleached sides (solid symbols). Sample size
for each mean is in parentheses. Statistical analyses in Table 2

P. compressa M. verrucosa

C2 df n P C2 df n P

Chl a 27.56 2 32 <0.0001 27.20 2 32 <0.0001
Total lipid 14.14 2 32 <0.0009 0.90 2 32 <0.640
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Skeletal d13C was significantly lower in bleached than
in non-bleached P. compressa corals and lower (though
the decrease was marginally significant) in M. verrucosa
colonies (Table 4; Fig. 4A, B). This decrease in skeletal
d13C with bleaching was similar in both species, with a
�2& offset. Coral host tissue and algal symbiont d13C
values did not significantly differ between bleached and
non-bleached corals of either species (Table 4; Fig. 4C,
D). Overall, an a posteriori Tukey test revealed that
skeletal d13C was significantly heavier than either or-
ganic fraction, while the d13C of the host and algal
symbiont fractions did not significantly differ from each
other (one-way ANOVA: F=453, df=61, P<0.0001:
data were normally distributed according to a Shapiro–
Wilk test for normality: W=0.99, P<0.84).

Discussion

To investigate the relationship between lipids and
bleaching in Hawaiian corals, we measured the chl a
concentration, total lipid concentration, and lipid class
composition in non-bleached, moderately bleached, and
completely bleached Hawaiian Porites compressa and
Montipora verrucosa. Chl a concentrations decreased in

moderately bleached and in bleached corals of both
species, consistent with observations of lower chl a levels
in many other studies (e.g. Coles and Jokiel 1978; Porter
et al. 1989; Fitt et al. 1993, 2000; Warner et al. 1996;
Ambarsari et al. 1997; D’Croz et al. 2001; Hueerkamp
et al. 2001).

Completely bleached P. compressa colonies had sig-
nificantly lower lipid concentrations than non-bleached
colonies. A decrease in lipid biomass in P. compressa is
consistent with findings for Caribbean Montastraea
annularis and Agaricia lamarcki showing that tissue
biomass, total carbon, total lipid, protein, carbohy-
drates, and total nitrogen decreased when these corals
were bleached (Porter et al. 1989; Szmant and Gassman
1990; Fitt et al. 1993, 2000) and with decreases in tissue
biomass in bleached Montastraea faveolata (Fitt et al.
2000). We found no significant difference in total lipid
concentrations between non-bleached and bleached
colonies of M. verrucosa. No change in lipid concen-
trations was also found by Grottoli-Everett (1995)

Table 3 Porites compressa, Montipora verrucosa. Percent compo-
sition of lipid classes in the categories bleached and non-bleached
corals. Two colonies (e.g. PC22 and PC44) of each category were
analyzed (measurements made by R. Harvey, Chesapeake Biolog-

ical Lab, UMCES) (TG triacylglycerol; WE wax esters; HC
hydrocarbons; DAG diacylglycerol; CS cholesterol; FFA free fatty
acids; PL phospholipids; ND below detection limit)

Table 4 Porites compressa, Montipora verrucosa. Results of one-
way model III ANOVA of skeletal, host tissue, and algal symbiont
d13C levels in non-bleached and bleached corals. Data were nor-
mally distributed according to a Shapiro–Wilk test for normality.
P. compressa: skeleton W=0.96, P<W 0.70; host tissue W=0.93,
P<W 0.35; algal symbionts W=0.99, P<W 1.00; M. verrucosa:
skeleton W=0.86, P<W 0.13; host tissue W=0.92, P<W 0.40;
algal symbionts W=0.87; P<W 0.16. The Wilk’s statistic (W)
ranges from 0 (non-normal distribution) to 1 (normal distribution)
and a P<W of ‡0.05 indicates data are normally distributed (df
degrees of freedom)

P. compressa M. verrucosa

F df P F df P

d13 Skeleton 5.29 14 <0.039 4.46 7 <0.079
d13 Host tissue 1.88 11 <0.202 0.09 7 <0.770
d13 Algal
symbionts

1.81 10 <0.211 0.49 7 <0.509

Fig. 4A–D Porites compressa, Montipora verrucosa. Mean skeletal
d13C (±1 SE) in non-bleached and bleached: A P. compressa
(circles) and B M. verrucosa (triangles). Mean host tissue (open
symbols) and algal symbiont (gray symbols) d13C (±1 SE) in:
C P. compressa and D M. verrucosa. Sample size for each mean in
parentheses. Statistical analyses in Table 4. Asterisk indicates
significant differences between means

Lipid class P. compressa M. verrucosa

Non-bleached Bleached Non-bleached Bleached

PC22 PC44 PC07 PC30 MC68 MC79 MC74 MC80

TG 21.92 23.76 10.95 9.07 14.75 8.93 ND ND
WE (or HC) 11.63 21.94 ND ND 8.99 4.48 ND ND
PL 39.58 27.55 54.36 52.94 38.81 45.30 56.52 61.46
FFA 19.53 21.88 23.39 25.50 16.72 8.53 4.86 5.05
CS 7.33 4.87 11.03 9.07 3.32 2.25 3.91 4.01
DAG ND ND ND ND 17.41 30.52 34.72 29.48
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when Hawaiian M. verrucosa corals were experimen-
tally bleached by elevating light and ultraviolet radia-
tion levels. These M. verrucosa results are also
consistent with findings for Caribbean Montastraea
franksi, showing that protein, glycerol, and tissue bio-
mass do not decrease when bleached (Fitt et al. 2000;
Edmunds et al. 2003). Interestingly, in non-mass-
bleaching years, unstressed P. compressa (Stimson 1987)
and M. verrucosa (Stimson 1987; Grottoli-Everett 1995;
Grottoli-Everett and Kuffner 1995) are �32% and 37%
lipid in the summer/fall, respectively, whereas the non-
bleached corals of both species in this study ranged
from 13% to 16% at the same time of year. Photo-
synthesis to respiration (P/R) ratios decrease as sea-
water temperature increases (Coles and Jokiel 1977;
Jokiel and Coles 1990; Fitt and Warner 1995). Thus at
above normal temperatures and lower P/R values even
the non-bleached corals in the present study had lower
lipid reserves in 1996 compared to corals during non-
bleaching years.

Our results from the unevenly bleached corals re-
vealed that P. compressa had lower lipid levels locally in
bleached tops compared to the non-bleached sides,
suggesting that there was no re-allocation of lipid re-
sources from the healthy sides to the bleached tops of
the colony. Increases in susceptibility to disease or
mortality in bleached areas of a coral colony (Meesters
and Bak 1993; Mascarrelli and Bunkley-Williams 1999)
may be due to the local depletion of energy reserves.
However, in M. verrucosa, lipid concentrations did not
significantly differ between the bleached tops and the
healthy sides of colonies. Lipid levels within M. verru-
cosa colonies also did not change when coral colonies
were unevenly bleached by exposing parts of the colonies
to elevated light and ultraviolet radiation levels for
9 days (Grottoli-Everett and Kuffner 1995). This sug-
gests that M. verrucosa may either re-allocate lipid re-
sources from the non-bleached to the bleached portions
of the colony and/or have a lower metabolic rate, which
allows for the conservation of lipids irrespective of
bleaching condition. For coral such as P. compressa,
with lowered total lipid levels in bleached portions of the
colony, decline of health or partial death of bleached
portions of the colony may, in part, be due to the local
depletion of energy reserves.

Possible mechanisms for the lack of lipid consump-
tion in visibly bleachedM. verrucosa compared to visibly
bleached P. compressa in our study were explored. First,
the P/R ratio in M. verrucosa was 25–30% higher than
that in P. compressa, both at normal (25�C) and elevated
(30�C) seawater temperatures, because M. verrucosa has
a proportionately lower respiration rate (Coles and Jo-
kiel 1977). A lower respiration rate would have allowed
M. verrucosa to conserve its energy reserves, including
lipids, compared to P. compressa. Coles and Jokiel
(1977) have shown that coral species that maintain
higher P/R ratios at elevated temperatures appear to be
more resistant to bleaching and may be more likely to
survive bleaching.

Second, perhaps bleached M. verrucosa colonies used
their carbohydrate and protein stores preferentially to
support metabolic demand while maintaining their lipid
reserves. This is difficult to assess since specific energy
reserve levels have only been measured in bleached and
non-bleached Montastraea annularis, Agaricia lamarcki
(Porter et al. 1989), and Montastraea franksi (Edmunds
et al. 2003). For M. annularis and A. lamarcki, total
lipids, protein, and carbohydrates were depleted by 39–
73% after 5 months of recovery, suggesting that in
bleached corals all three energy reserves are drawn upon
during recovery. For M. franski, glycerol, free fatty
acids, and protein were not depleted after 3 weeks of
recovery from bleaching. Additional study of the lipid,
protein, and carbohydrate reserves in bleached
M. verrucosa and other species is needed to evaluate the
proportion of each energy reserve used during bleaching
and recovery.

Third, while the timing of the seasonal variation in
chl a, algal symbiont, total lipid, and storage lipid con-
centration, as well as total biomass can vary among
species (Stimson 1987, 1997; Brown et al. 1999; Fagoo-
nee et al. 1999; Fitt et al. 2000; Warner et al. 2002; Oku
et al. 2003), both M. verrucosa and P. compressa have
similar annual total lipid cycles, with higher lipid levels
in the summer than in the winter/spring (Stimson 1987).
Thus, the species-specific differences in lipid content
observed in our study are probably not due to differ-
ences in the timing of their natural cycle in total lipid
concentration.

Finally, bleached M. verrucosa may have begun to
recover at the time the samples were collected and had
started rebuilding their lipid reserves. Indications are
that chl a levels and algal symbiont concentrations re-
cover within a couple of months to a year after bleaching
(Jokiel and Coles 1990; Fitt et al. 1993, 2000) and that
tissue biomass and energy reserve levels take longer,
usually more than a year, to return to pre-bleaching
levels even if chl a and algal symbiont concentrations are
normal (Fitt et al. 1993, 2000). It seems unlikely that the
completely bleached M. verrucosa colonies (or com-
pletely bleached P. compressa colonies for that matter)
had begun to recover their lipid reserves, because
44 days after temperatures had returned to normal they
were still visibly bleached. Their low chl a levels reflect a
limited ability to photosynthetically fix large amounts of
carbon for lipogenesis and storage. In addition,
M. verrucosa bleached for more than a month longer
than P. compressa, further limiting its ability to photo-
synthesize excess fixed carbon for lipogenesis and stor-
age. Thus, the higher levels of total lipids in bleached
M. verrucosa relative to bleached P. compressa are not
likely due to enhanced recovery in M. verrucosa.

Other factors that could influence total lipid con-
centrations in corals are mucus secretions and gameto-
genesis or spawning. Lipid-based mucus is secreted by
corals for protection (Crossland et al. 1980), and eggs
and larvae contain measurable amounts of lipids (Arai
1993; Ward 1995). In the corals in this present study,
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major spawning had already occurred prior to the onset
of bleaching for both species (Grottoli, personal obser-
vations). Mucus secretion measurements were not made,
and their contribution to changes in total lipids cannot
be evaluated here.

Overall, a lower respiration rate in M. verrucosa is
consistent with the conservation of lipid reserves in
bleached relative to non-bleached colonies. However,
the complexity of the effect of bleaching superimposed
on the natural variation in photosynthetic pigmentation,
energy reserves, and metabolic rates needs to be more
closely studied in order to confirm these findings. Per-
haps the mechanism for conserving total lipids in
bleached M. verrucosa is similar to the mechanism for
conserving protein, tissue biomass, and glycerol in
bleached Montastraea franksi (Fitt et al. 2000; Edmunds
et al. 2003).

For a small number of samples, the relative lipid class
composition was analyzed. The proportion of triacyl-
glycerol and wax esters in non-bleached P. compressa
and M. verrucosa were similar to non-bleached Carib-
bean (Porites porites, Montastraea annularis), Japanese
(Pocillopora damicornis, Pocillopora verrucosa, Styllo-
phora pistillata, Montipora aequituberculata, Acropora
microphthalma, Porites lutea, Porites cylindrical, Fungia
fungites, Galaxea fascicularis, Galaxea aspera, Oulastrea
crispate) and Red Sea (Montipora digitata, P. verrucosa,
S. pistillata, Goniastrea retiformis) corals (Harland et al.
1993; Yamashiro et al. 1999; Oku et al. 2002). In
bleached P. compressa, decreases in total lipids were due
mostly to decreases in storage lipids such as triacyl-
glycerol and wax esters. Although both bleached and
non-bleached M. verrucosa had the same total lipid
levels, the relative composition of the lipid classes was
different: triacylglycerol and wax esters were lower,
while diacylglycerol was higher. Caribbean M. annularis
and Montastraea faveolata corals also consume their
storage lipids following short, 24-h stress events (either
24 h with sediment stress or 35 h with heat stress)
(Niebuhr 1999). Interestingly, P. compressa did not
contain any diacylglycerol irrespective of its bleaching
status. The complete lack of diacylglycerol in P. com-
pressa at that time of year may be responsible for the
overall decrease in total lipids following bleaching stress
and may be diagnostic of corals that consume their lipid
stores when bleached. Despite the small sample size, this
preliminary assessment of changes in the proportion of
lipid classes reveals two strategies for lipid use during
bleaching: (1) to use easily available lipid stores, or (2) to
shift the lipid class composition. The implications of
both strategies for coral recovery bear further investi-
gation.

To detect changes in the sources and utilization of
carbon during bleaching, the d13C of the coral skeleton,
host tissue, and algal symbiont fractions in non-bleached
and bleached M. verrucosa and P. compressa was mea-
sured. Both species showed a consistent decrease in
skeletal d13C of 1.4& in bleached compared to non-
bleached colonies, with a species-specific offset. Our

findings are consistent with several previous studies that
also found a decrease in skeletal d13C with bleaching
(Porter et al. 1989; Carriquiry et al. 1994; Allison et al.
1996; Suzuki et al. 2000, 2004). In only one study were
there no systematic changes in skeletal d13C when two
bleached Montastraea annularis colonies from 13.7 m
depth were compared with two non-bleached M. annu-
laris colonies from 8.5 and 13.7 m depth and two
recovered colonies from 9.8 m depth (Leder et al. 1991).
Skeletal d13C is known to change with depth (Land et al.
1975; Weber et al. 1976; Grottoli 1999) and may have
confounded any patterns in isotope response to bleach-
ing in the Leder et al. (1991) study. A decrease in skeletal
d13C in coral paleoclimate proxy records could help
identify past bleaching events. Any offset in skeletal
d13C, as seen between P. compressa and M. verrucosa,
needs to be taken into account when comparing skeletal
d13C paleo-records from different species.

Host tissue and algal symbiont d13C values of both
species were not significantly different between non-
bleached and bleached corals, suggesting that, overall,
the ratio of heterotrophically acquired carbon to pho-
tosynthetically acquired carbon was the same under
both conditions. However, a trend towards higher d13C
in the host tissue of bleached P. compressa (0.84&
higher) and M. verrucosa (0.34& higher) compared to
non-bleached colonies is worth discussing. For any
chemical reaction, the lighter isotope is preferentially
incorporated into the reaction over the heavier isotope.
In the case of carbon, 12C is preferentially respired over
13C. Therefore, as lipid reserves are consumed, the 12C-
rich lipid molecules would be respired first, leaving be-
hind lipids and tissues more enriched in 13C. When
bleached corals consume their energy reserves, we would
expect the d13C of the remaining tissue to increase as the
isotopically lighter lipids (those with higher 12C content)
are respired. This trend was observed in the data. Al-
though the increase was not statistically significant, the
results suggest that the hosts consume their isotopically
lighter tissues/lipids, leaving isotopically heavier tissues/
lipids behind. The measured decrease in skeletal d13C
indicates that photosynthesis decreased, while the trend
towards an increase in host tissue d13C values suggests
that bleached corals respired their stored energy re-
serves.

Overall, the present study provides evidence that
bleached P. compressa and M. verrucosa consumed their
own lipid reserves following bleaching, when nutritional
input from their algal symbionts was reduced or missing.
Differences in their lipid class composition indicate that
the two species may differ in their use of specific lipid
reserves. Differences in their P/R values appear to
influence whether or not corals consume energy reserves,
and may identify corals more likely to survive a
bleaching event. d13C measurements of the host tissue
and algal symbionts are consistent with findings that
corals consume their lipid stores when bleached. How-
ever, additional study is needed to measure the changes
in lipids and other physiological parameters during
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bleaching and over a long period of recovery in order to
follow species-specific differences in energy-reserve con-
sumption and/or restoration due to bleaching. In addi-
tion, lower skeletal d13C in bleached corals may also be
useful for identifying past bleaching events in coral pa-
leoclimate proxy records.
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