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INTRODUCTION

Reports of increasing sediment and nutrient delivery
from terrestrial run-off to coral reefs in coastal environ-
ments have caused growing concern world-wide
(Brown 1997, Bryant et al. 1998, Wilkinson 2002). On
Australia’s Great Barrier Reef, in particular, sediment
delivery to coastal waters has increased 5- to 10-fold
during the past century (McCulloch et al. 2003). Under
predicted climate-change scenarios, where flooding
and consequent land run-off become more frequent
and severe (IPCC 2001), sediment stresses on coral
reefs are expected to increase globally (Hughes et al.
2003). This concern is based partly on the common
belief that clear oceanic water provides optimal
growth conditions for reef corals. Sediment and other
particles suspended in the water (turbidity) may
smother coral tissues (Rogers 1990) and reduce the
penetration of light, which is a key resource for reef-

building corals (Muscatine 1990). However, corals
occur naturally in a wide range of habitats, including
coastal environments characterised by extreme turbid-
ity levels and high rates of sedimentation (Anthony et
al. 2004), lower flow rates (Done 1982) and higher tem-
peratures (Berkelmans 2002). Importantly, in addition
to photosynthesis, corals also acquire energy and
nutrients by feeding on a wide range of particle types,
including sediment (Anthony 1999, Rosenfeld et al.
1999). Coastal waters are often rich in organic nutri-
ents, bound up in the planktonic organisms (Furnas et
al. 2005) and suspended particulate matter (Roman et
al. 1990, Anthony 1999), potentially providing a rich
heterotrophic environment for corals. In contrast, coral
growth rates in clear oceanic conditions may be limited
by the availability of nutrients in dissolved or particu-
late form (e.g. Dubinsky & Jokiel 1994, Anthony et al.
2002, Houlbrèque et al. 2005). The physical and
trophic environment of coastal reefs, therefore, differs
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from that of offshore reefs, but may not be less
favourable for the physiology of some coral species.
Here, I test this hypothesis by comparing the size of
energy stores between corals of 2 common species
(Turbinaria mesenterina and Acropora valida) at 4
inshore and 4 offshore sites in Australia’s Great Barrier
Reef lagoon. Energy storage, here approximated by
total lipid stores, is an important indicator of physiolog-
ical condition (e.g. Maltby 1999, Nisbet et al. 2000).
Although protein and carbohydrates also vary with
environmental conditions (Anthony & Fabricius 2000),
they contain only half the energy content per unit
weight (Gnaiger & Bitterlich 1984). As lipid stores can
be allocated to both growth and reproduction, their
size provides a physiological proxy for fitness.

MATERIALS AND METHODS

Study species. To represent coral species that occur
commonly in coastal and offshore environments in the

Great Barrier Reef (GBR) lagoon, Acropora valida and
Turbinaria mesenterina were used as study species.
The genus Acropora is wide-spread and represents
nearly 70% of the coral diversity in the Indo-Pacific,
and is the dominant taxon on offshore reefs of the GBR
(Done 1982). The genus Turbinaria is also wide-
spread, but often dominates on reefs in turbid water
(Veron 1986). A. valida releases its gametes in a single
broadcast-spawning event, which enables estimates of
reproductive output. T. mesenterina does not have a
distinct spawning period, but reaches maximum fecun-
dity in the Austral summer and releases gametes
throughout the season.

Study sites. Four coastal sites were selected on 2
fringing reefs (Cockle and Geoffrey Bays), 10 to 20 km
from the coast of north Queensland (Townsville, Aus-
tralia), and 4 sites on midshelf reefs (Britomart and
Trunk Reefs), in the central GBR lagoon, >50 km off-
shore (Fig. 1). Long-term (2 to 4 mo) records of down-
welling underwater and surface irradiance were
obtained at 2 coastal and 2 offshore logger stations
with cosine-corrected PAR (photosynthetically active
radiation) sensors (Dataflow Systems), positioned at
the surface and on the bottom (Table 1). All sensors
were fitted with custom-made automatic wipers to pre-
vent biofouling. Turbidity was estimated based on the
attenuation of irradiance between the surface and bot-
tom sensors (parameter kD) using a modified version of
Lambert–Beers law (Anthony & Fabricius 2000), and
assuming a homogenous distribution of particles in the
water column (Anthony et al. 2004). Water tempera-
tures averaged 26°C at the inshore and 25°C at the
midshelf sites during the second half of 2001, reaching
maximum temperatures inshore of 29.3°C prior to
spawning in November and midshelf of 28°C. No
corals were observed to undergo bleaching during this
period.

Coral sampling and analysis. Collection of coral
samples for total lipids was conducted during the
period from October to December 2001, 1 to 2 wk
before and after the spawning time for most corals on
the GBR (Harrison et al. 1984). Pre-spawning lipid con-
tents represent the annual maximum of both species,
and the difference in lipid content between sampling
occasions provides an estimate of reproductive output
(Leuzinger et al. 2003) for the synchronous spawner
Acropora valida. At each site and on each sampling
occasion, duplicate fragments (5 cm long) were sam-
pled from the central sections of 6 to 20 coral colonies,
frozen at –70°C and later analysed for lipids. At a given
site, a similar number of fragments were collected on
each sampling occasion. Only large (20 to 110 cm
diameter) coral colonies were used to minimise effects
of repetitive sampling (Babcock 1991). The latter was
validated by linear regression analyses, showing a
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Fig. 1. Central section of the Great Barrier Reef, showing the
locations of the 4 coastal and 4 offshore (midshelf) sites; 10 to
15 colonies of 2 coral species (Turbinaria mesenterina and
Acropora valida) were sampled at each site for lipid contents 

(as a proxy for physiological condition)
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non-significant relationship between lipid content and
colony size for both species and environments. Each
frozen sample was ground to a paste, and total lipid
was extracted using a standard procedure (Leuzinger
et al. 2003). Briefly, the lipid was extracted in chloro-
form–methanol (2:1 v/v), filtered and washed in 0.88%
KCl and methanol–H2O (1:1 v/v), and the liquid was
evaporated. To facilitate comparison between species,
lipid data should ideally be normalised to surface area
as well as biomass (Edmunds & Gates 2002). However,
because the focus of this study was to compare lipid
stores among environments and sites within each spe-
cies, data were standardised to skeletal surface area
only (Marsh 1970).

Data analysis. The effect of environment on lipid
content before spawning was analysed separately for
each species, using a 2-way nested analysis of variance
(ANOVA), in which sites were nested within environ-
ment. A multiple comparisons test (Tukey’s) was used
to distinguish groups that differed significantly. Data
for Turbinaria mesenterina were square-root trans-
formed to meet the assumptions of ANOVA. The effect
of environment on the absolute and relative losses of
total lipids during spawning in Acropora valida was
tested using similar analyses.

RESULTS

Turbidity levels as estimated by light attenuation (kD)
were 6 to 20 times higher at the coastal sites (0.284 to
0.452 m–1) compared to at the offshore sites (0.024 to
0.048 m–1; Table 1). Consequently, average daily irradi-
ances for corals at the coastal sites (170 to 280 µmol pho-
tons m–2 s–1) were only 15 to 30% of those at the offshore
sites (1000 to 1100 µmol photons m–2 s–1) at similar
depths (2 to 5 m; Table 1). Irradiances were highly vari-

able at the coastal sites, mainly due to periodic
sediment resuspension by waves (Anthony et al.
2004). During extended periods (weeks), light lev-
els fell below 5% of those at the offshore sites.

Contents of total lipids within tissues of
Turbinaria mesenterina and Acropora valida
were 4- and 2-fold larger at the coastal sites
compared to the offshore sites, respectively. This
pattern was consistent across the 4 sites in each
environment for both species (Fig. 2, Table 2).
There was no effect of site for T. mesenterina,
but 1 inshore site (Geoffrey Bay, Site 2) showed
significantly higher lipid levels for A. valida.
This was potentially due to the fact that corals
here were sampled in slightly shallower water
(i.e. higher light and/or flow regime). Variation
in lipid content within and among sites within
environments was surprisingly low. Specifically,

coefficients of variation within sites ranged from only 4
to 17% in T. mesenterina and 4 to 13% in A. valida.

Absolute loss of lipids during spawning (represent-
ing reproductive output) in Acropora valida did not dif-
fer significantly between the coastal and offshore sites
(Table 3, Fig. 3A). However, lipid losses relative to
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Environ- Site Mean irradiance Light attenuation N
ment at sampling depth (kD, m–1) (d)

(µmol photons m–2 s–1)

Coastal 1 279 (92) 0.452 (0.140) 164
3 172 (67) 0.284 (0.088) 119

Offshore 1 1040 (249) 0.048 (0.024) 60
3 1117 (152) 0.024 (0.020) 50

Table 1. Summary data for downwelling benthic photosynthetic
irradiance (PAR) and light attenuation coefficients (kD, proxy for tur-
bidity) at 2 coastal and 2 offshore coral sampling sites in the Great
Barrier Reef lagoon. Irradiances are means of hourly integrated
readings from sunrise to dawn. Light attenuation was estimated
based on the difference in irradiance between surface and bottom
loggers (2 to 5 m water depth, see ‘Materials and methods; Study
sites’ for details). Numbers in parentheses: standard deviations; N: 

number of days that the loggers were deployed

0

2

4

6

8

10

12

14

1 2 3 4 1 2 3 4
0

1

2

3

4
Acropora valida

Turbinaria mesenterina

OffshoreCoastal

To
ta

l l
ip

id
 c

on
te

nt
 (m

g 
cm

-2
)

a

b b
b

b

a

a
ab a

b

a

c c
cc

a

Fig. 2. Turbinaria mesenterina, Acropora valida. Total lipid
content of coral samples collected 1 wk prior to the spawning
event on the Great Barrier Reef lagoon in 2001 (October on
inshore and November/December on offshore reefs). Data are
means ± standard errors of N = 10 to 15 colonies per site.
Results of a 2-factor nested ANOVA for effects of environ-
ment (inshore vs. offshore) and site on total lipid content for
each species indicated strong effects (p < 0.001) of environ-
ment in both species, and some variation among the coastal
sites (p = 0.013) in Acropora valida. Groups that share the
same letters are not significantly different by the multiple

comparisons test
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lipid stores prior to spawning (representing relative
reproductive output) were 50 to 100% greater at the
offshore sites (Fig. 3B). The difference in relative lipid
loss between environments was mainly driven by the
2-fold greater losses at 1 offshore site (Britomart Reef,
Site 1). The non-significant difference in lipid loss be-
tween environments suggests 2 points. Firstly, larger
lipid stores of A. valida at coastal sites prior to spawn-
ing (Fig. 2) were likely to be made up of predominantly
structural lipids, representing somatic energy re-
serves. Secondly, a relatively larger proportion of the
smaller lipid stores in corals on offshore sites may be
invested into reproduction. Lipid losses of A. valida
during spawning were associated with 2- to 3-fold
greater error than pre-spawning lipid stores (Fig. 3),
which was, in part, explained by a small fraction of the
sample population at each site (10 to 20%) maintaining
constant lipid levels (i.e. not undergoing spawning).

DISCUSSION

The 4-fold higher lipid contents of Turbinaria mesen-
terina and 2-fold higher lipid contents of Acropora val-
ida at the 4 inshore sites demonstrate that conditions
on coastal reefs do not incur greater physiological
stress in corals than on offshore reefs. Also, the low
variation in reproductive investment, which is a key
indicator of fitness and physiological condition (e.g.
Harrison & Wallace 1990, Maltby 1999, Nisbet et al.
2000) across turbidity regimes in A. valida, suggests
that the coral physiology is more robust to high turbid-
ity than previously assumed. In addition to high
turbidities (light attenuations), inshore reefs are also
subject to higher temperatures (Berkelmans 2002) and
lower flow regimes (e.g. Done 1982), factors that may
both contribute to reduced coral energy states. For
example, low flow velocities limit rates of photo-
synthesis (Patterson et al. 1991) and food delivery
(Sebens et al. 1998). The role of temperature on ener-
getics is complex, in that high temperature may pro-
mote anabolic processes (growth), but may also induce
bleaching, which leads to reduced energy status (e.g.
Grottoli et al. 2004).

The most plausible explanation for the higher lipid
stores in both coral species at the coastal sites is higher
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Source of variation df MS F p

A. valida
Environment 1 15.03 13.3 <0.001
Site (Environment) 6 1.37 2.8 0.013
Error 102 0.48

T. mesenterina
Environment 1 38.67 136.16 <0.001
Site (Environment) 6 0.52 1.8 0.142
Error 150 0.28

Table 2. Acropora valida, Turbinaria mesenterina. Summary
results of 2-way nested ANOVA for effects of environment
(inshore vs. offshore position) and site on tissue lipid content
in 2 coral species prior to the spawning event in October to
November 2001. To meet ANOVA assumptions (normality
and variance homogeneity), data for T. mesenterina were 

square-root transformed. Significant values in bold

Source of variation df MS F p

Absolute loss
Environment 1 0.188 0.63 0.429
Site (Environment) 6 0.293 0.99 0.439
Error 70 0.296

Relative loss
Environment 1 6447 16.85 <0.001
Site (Environment) 6 431 1.603 0.356
Error 70 382

Table 3. Acropora valida. Results of 2-way nested ANOVA for
effects of environment (inshore vs. offshore position) and site
on lipid loss during the spawning event in October/November
(inshore) and November/December (offshore) in 2001.
Untransformed data met ANOVA assumptions of normality
(Kolmogorov-Smirnov test, p > 0.20) and variance homogene-
ity (Levene’s test, absolute loss: F[7, 72] = 0.390, p = 0.905; rela-
tive loss: F[7, 72] = 1.15, p = 0.341). Significant values

in bold

Li
p

id
 lo

ss
 (m

g 
cm

–2
)

1 2 3 4
0.0

0.5

1.0

1.5

1 2 3 4

Coastal

1 2 3 4
0

20

40

60

Offshore

1 2 3 4

a

a

b

a a

a b a ba b

a

a
aa

a
a

aa

A

B

Li
p

id
 lo

ss
 (%

)

Fig. 3. Acropora valida. (A) Absolute and (B) relative (per-
centage) loss of total lipids (representing reproductive output)
in A. valida during a 2 wk period encompassing its spawning
event. Data are means ± standard errors of N = 6 to 12 sam-
ples per site. The 2-factor nested ANOVA for effects of envi-
ronment and site on lipid loss showed strong effects (p <
0.001) for relative losses of lipid only. The same letters above
bars indicate groups that are not significantly different by the 

multiple comparisons test
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rates of particle feeding, leading to reduced nutrient
limitation on tissue growth. Numerous coral species,
including members of Acropora, feed on suspended
particles in near-proportion to availability (Anthony
1999), leading to at least an order of magnitude higher
rates of particle (and nutrient) intake on coastal reefs
(Anthony 2000). Under more oligotrophic conditions
such as those characteristic of many offshore reefs,
rates of tissue growth may be nutrient limited, because
carbon fixation greatly exceeds the supply of macro-
nutrients (e.g. N and P) needed for the synthesis of pro-
tein and structural lipids (Crossland 1987).

Alternatively, lower rates of linear extension (skele-
tal growth) on inshore reefs could lead to a greater
build-up of lipid per unit tissue surface area. However,
this would require much higher rates of extension in
offshore corals, which is contrary to reported observa-
tions (Barnes & Lough 1999, Anthony et al. 2002). For
example, Barnes & Lough (1999) found that linear
extension rates in Porites were unaffected across a
wide range of sediment regimes. Similarly, Anthony &
Fabricius (2000) found that tissue growth rates in
Porites cylindrica and Goniastrea retiformis nearly
doubled under turbidity loads of 4 to 8 and 16 mg l–1,
respectively, whereas rates of calcification showed
minor variation across turbidity regimes. Also, because
the energy cost of skeletal growth in plating and
branching morphologies is only a tenth of the cost of
tissue growth (Anthony et al. 2002), reduced rates of
calcification would represent only a small amount of
energy available for lipid storage.

A functional and adaptive significance of large lipid
stores in corals on coastal reefs is that they reduce the
risk of starvation during periods of extremely high tur-
bidity and, hence, low light. During such periods, the
coral energy budgets may become negative due to low
rates of photosynthesis, despite rapid photoacclimation
(Anthony et al. 2004). Although rates of heterotrophy
increase with particle abundance (Ferrier-Pages et al.
1998), heterotrophy cannot compensate for the decline
in photosynthesis in turbid-water habitats deeper than
a few metres (Anthony & Fabricius 2000).

The key finding of this study is that inshore corals
have 2- to 4-fold larger lipid stores than offshore con-
specifics, despite 2-fold higher turbidity levels, sug-
gesting that high turbidity is not a universal indicator
of poor coral health. Implications are that reported
adverse effects of sedimentation and turbidity on reefs
may be due to processes operating at the population or
community level rather than at the physiological level.
For example, high loads of particulate nutrients may
stimulate growth of macroalgae (Schaffelke 1999),
which compete strongly for space with some corals
(e.g. Hughes 1994), and sedimentation may prevent
larval recruitment (Gilmour 1999). Likely conse-

quences of larger energy stores in certain coral species
on coastal reefs is a shift in the fitness hierarchy among
species. This may, in part, explain the dominance of
Turbinaria mesenterina on inshore reefs in this study,
and the generally lower coral species diversity often
observed on coastal turbid-water reefs (Done 1982,
McClanahan & Obura 1997).
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