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ABSTRACT: We studied scleractinian corals from the central region of the Great Barrier Reef, Aus-
tralia, to determine the degree to which they utilize terrigenous carbon as an ultimate food source. §'3C
was analyzed in both the tissue and zooxanthellae of Porites lobata and Acropora formosa. Both tissue
and zooxanthellae of P. lobata have 8C values which increase linearly with distance from shore from
—-16 to —=11%.. A similar relationship was found for tissue and zooxanthellae from A. formosa, although
the variance was higher. Most of the variance observed (72 to 76 %) was explained by cross-shelf dif-
ferences. The correlation between values for tissue and zooxanthellae in both species was highly sig-
nificant and strongly linear, e.qg. 0.926 in P. lobata. The slopes of all relationships observed were found
to be not significantly different for the 2 species, but the 8'*C values for A. formosa were consistently
less than for P. Jobata, by 1 to 2%.. When coral tissue and zooxanthellae were analyzed as homogenates
together, the same general cross-shelf trend was found, although the variance was higher, indicating
that a crude extract may still be used to indicate general trends. This study implies that inshore corals
derive much of their nutrients from terrigenous sources, and that a terrigenous influence on diet is mea-
surable out to the edge of the continental shelf, ca 110 km offshore. Previous data derived from POC
(particulate organic carbon) in sediments have implied that the limit of the terrigenous influence was
10 to 20 km. Judging from differences between the 2 species examined, P. Jobata is less dependent
upon autotrophy and more dependent on exogenous carbon sources than A. formosa.
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INTRODUCTION

Natural trophic links between land and the sea have
been the subject of scientific investigation for over 100
yr (e.g. Darwin 1842, 1933, El-Sabh & Silverberg 1990,
Elliott & Ducrotoy 1991). The influence of terrigenous
sources of nutrients on coastal and oceanic biota has
served as a point of controversy in this area for some
time. For example, terrigenous nutrients have been
linked to phytoplankton production in inshore waters
(Subrahmanyan 1959, Revelante & Gilmartin 1982,
Revelante et al. 1982), concomitant zooplankton com-
munity changes (Calef & Grice 1967, Grahame 1976,
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Kidd & Sander 1979, Youngbluth 1980, Sammarco &
Crenshaw 1984), and nutrient charging of coastal estu-
aries, salt marshes and wetlands (see Livingston 1985).
Terrestrial runoff has also been linked to increased
bioerosion of scleractinian corals (Risk & Sammarco
1991), and eutrophication and hypoxia in inshore
waters (Birkeland 1987, Turner & Rabalais 1991,
Rabalais & Harper 1992, Rabalais et al. 1992).

Coral reefs are known generally to flourish in olig-
otrophic, nutrient-poor tropical waters; yet Darwin’s
paradox involves the observation that reefs flourish
better closer to shore. Birkeland (1987) has noted that
increased nutrient input has a strong influence on the
community structure and trophic structure of coral
reefs. This may be seen when comparing the reefs of
high islands or continental margins with those associ-
ated with atolls or low islands. One of the major rea-
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sons that scleractinian corals are successful in oligo-
trophic waters stems from the symbiotic relationship
between the coral tissue and endosymbiotic zooxan-
thellae. This association has been well studied from a
physiological perspective (Muscatine 1986), but it is
not known whether there is any relationship between
zooxanthellar function, nutrients in the water column,
and the source of those nutrients.

The role of terrigenous nutrients in coastal waters is
still not completely understood. For example, to what
distance from the shoreline can these nutrients be
traced as an ultimate food source for benthic organ-
isms? The Great Barrier Reef, Australia, occurs on a
continental shelf which is between 20 and 250 km in
breadth, depending upon latitude, generally occupy-
ing the outer half of the shelf. A number of characteris-
tics have been found to vary significantly across the
shelf with distance from shore. Physical attributes
which exhibit cross-shelf variation include tempera-
ture and salinity (Kenny 1974, Archibald & Kenny
1980, Walker 1981a, b, Wolanski 1981), wind and cur-
rents (e.g. Andrews 1983, Andrews & Furnas 1986,
Pickard et al. in press), turbidity (Walker & O'Donnell
1981), nature of sediment (Gagan et al. 1987), influ-
ence of deeper offshore waters (Andrews & Gentien
1982), and types and concentrations of nutrients (Ikeda
et al. 1980). Ecological characteristics also vary signifi-
cantly with distance from shore, including the commu-
nity structure of phytoplankton (Revelante & Gilmartin
1982, Revelante et al. 1982), zooplankton (Sammarco &
Crenshaw 1984), corals (Done 1982, Sammarco 1983,
1991), algae (Drew 1983), fish (Williams 1982), and
other taxa.

Stable isotope ratios of biologically important, lighter
elements such as H, C, N, O, and S have been used
extensively to decipher metabolic pathways in living
and fossil organisms (DeNiro & Epstein 1978) and to
elucidate trophic linkages in a varnety of ecosystems,
ranging from subarctic to tropical in climate (LeBlanc
et al. 1989, Muscatine et al. 1989, Risk et al. 1989).
Ratios of stable isotopes derived from different types of
primary producers differ and therefore make it possi-
ble to trace the diets of target organisms. The underly-
ing principle in stable isotope research is the isotopic
fractionation which is produced by the slightly varying
rates of reaction of the different isotopes based upon
the very slight differences in their mass.

Most of the research using stable isotopes to trace
trophic pathways has been performed in temperate,
cooler waters (Chisolm et al. 1982, 1983). There have,
however, been several recent studies centered on trop-
ical ecosystems, such as Fry et al. (1983}, Rodelli et al.
(1984), and Cooper & DeNiro (1989). Muscatine et al.
(1989) reported the results of an elegant study of
resource partitioning in reef corals based on trends in

stable isotopes. A great deal of research has also been
devoted to the study of the relationship between scler-
actinian coral tissue and the zooxanthellae.

Here we have attempted to make use of contrasts in
isotopic composition of terrigenous vs marine-derived
organic matter in order to test whether terrigenous
nutrient usage by corals could be identified and traced
across the continental shelf. In addition, we use the iso-
topic composition of coral tissue to estimate the relative
contribution of terrigenous and marine-derived carbon
as a function of position on the shelf, i.e. distance from
shore.

The study is based on the observation that terrige-
nous organic carbon, delivered to the shelf in the form
of particulate organic matter (POM), has a §°C value
of about —-27%., typical of C3 plants which dominate
the eastern Australian flora (Gagan et al. 1987).
Marine-derived organic matter 1s considerably
enriched in 83C with respect to terrigenous POM
(TPOM), with a 8'3C value of >-18%. (Gagan et al.
1987). The "*C-enrichment of marine organic matter is
partly due to the fact that primary photosynthetic pro-
duction in the sea makes use of dissolved HCO;™ which
is about 7%, enriched with respect to atmospheric CO,,
the carbon source for land plants. In addition, kinetic
isotopic fractionation during photosynthesis in the ter-
restrial C3 plants is greater than fractionation between
HCOj™ and marine organic matter. Besides POM, we
presume that significant amounts of dissolved organic
matter (DOM) are also delivered by rivers (see
Herczeg et al. 1989) to the waters of the shelf and could
serve as nutrients for bacteria and other heterotrophic
microorganisms, thus contributing to the trophic
systermn.

We can make use of these isotopically contrasting
nutrients, because it has been shown in various studies
(e.g. DeNiro & Epstein 1978) that the weighted aver-
age 8'°C of the tissues of heterotrophic animals is very
close to that of their diet. Therefore, we can use the
813C of animals close to shore to estimate the relative
contribution of marine and terrestrial sources to their
heterotrophic intake. For corals, this approach is com-
plicated by the fact that they are partly autotrophic, as
a result of the presence in their tissues of endosym-
biotic algae (zooxanthellae). We shall show, however,
that at least for these coral populations, §"*C values of
the zooxanthellae track those of the tissues, and there-
fore can be considered as a passive compartment of the
total coral tissue. We should therefore be able to use
8'3C of total tissue to estimate the percent terrigenous
nutrient.

Here we have focused on the variation in 8°C of
corals with distance from the shore, measured as the
perpendicular distance to the nearest coastline. In
doing so, we assume that, at distances of more than
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10 to 20 km away from the coast, discharges by indi-
vidual rivers or swampy regions are thoroughly dis-
persed into the seawater of the shelf, although samples
collected closer to shore may indicate differential
responses, depending on their distance from the mouth
of the nearest river or adjacent mangrove swamp.

The objectives of this study were to: (1) attempt to
trace the general origin of the diet of 2 scleractinian
corals — Porites lobata and Acropora formosa — across
the continental shelf of the central region of the Great
Barrier Reef via §'°C in the coral tissue; (2} identify how
that portion of the diet which is terrestrially derived
changes with distance from shore; (3) determine the
relationship between 8°C in the tissue and zooxan-
thellae, respectively, in these 2 coral species; and
(4) determine how much variation there is in 8°C in
corals across the continental shelf of the Great Barrier
Reef, and how much of the total variance observed is
accounted for by inter- vs intra-reef differences
between coral colonies.

MATERIALS AND METHODS

All field work was performed in the central region of
the Great Barrier Reef, Australia, between 1986 and
1988. Samples of the scleractinian corals Porites lobata
and Acropora formosa were collected from a number of
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reefs in this region, varying in their distance from
shore (Fig. 1): Pandora Reef; Picnic Bay, Magnetic
Island; Pioneer Bay, Orpheus Island; Davies Reef; Brit-
omart Reef; Myrmidon Reef; Salamander Reef; Grub
Reef; Bray Island; Morinda Shoals; and Little Broad-
hurst Reef. Samples were collected with hammers and
chisels from the apices of A. formosa and the tops of P
lobata colonies from a water depth of 5 to 8 m. Approx-
imately 150 to 200 cm? of material was collected from
each head. Each sample yielded at least 2 g (dry wt) of
carbon.

All replicates from a given reef were collected
within several meters of each other. All samples were
taken during austral winter; 2 sets of samples were
taken, one in 1986, the other in 1987; in each set,
samples were taken within 1 wk of each other. Not
all reefs were sampled during the same sampling
period.

The experiment followed a 3-level nested ANOVA
design (Sokal & Rohlf 1981). Three heads of each spe-
cies of coral were sampled from each reef in a prelimi-
nary experiment (1986), six for the later study. Excess
skeleton was removed from the corals, and the remain-
ing portions, including their tissue, were frozen on
shipboard. Frozen samples were returned to the labo-
ratory and stored for processing later. Some samples
were lost during tissue processing, yielding a lower
number of replicates than planned.
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The coral samples taken in 1986 were used in a pre-
liminary study, designed to yield information on the
degree of isotopic fractionation between the algal tis-
sue and the coral host. This information was later used
to help design the larger, cross-shelf study. The 1986
samples were processed in the Department of Chem-
istry and Biochemistry, James Cook University of
North Queensland. Separate coral tissue and zooxan-
thellar extracts were prepared through repeated cen-
trifugations and then lyophilized. Microscopic exami-
nation of the separated materials confirmed clean
zooxanthellar samples, free of coral tissue, and vice
versa. The samples were then shipped to the Depart-
ment of Geology at McMaster University for process-
ing. Corals taken on later field trips were freeze-dried,
heat-sealed in labeled plastic bags to avoid contamina-
tion, and shipped to the Department of Geology,
McMaster University, for stable isotope analysis.

Samples in the latter set were subdivided into <3
sections; sections were further subdivided into <5
replicates. Each replicate was decalcified in dilute
HCI. Each sample of decalcified bulk coral tissue
(including endosymbiotic algae) was then centrifuged
and rinsed in distilled water several times in succes-
sion. The resulting pellets were freeze-dried.

All subsamples were loaded into precombusted
Pyrex tubes, along with CuO. Tubes were combusted
at 550°C for 2 h. The resulting CO, gas was analyzed
on an isotope-ratio mass spectrometer (VG Micromass
602D). All data are presented in the standard 8°C
notation 83C = [("¥C/12C)/(13C/2C)qq - 1] x 1000 (%),
with respect to the PDB standard. The precision of
analysis was + 0.1 %..

Resulting 8'*C data were analysed using standard
parametric and non-parametric statistical methods.
Details of statistical results are presented in figure and
table legends. Only significant trends will be dis-
cussed. With respect to figures, regression lines are
shown only for Model I regressions, not for correla-
tions. In cases where Model II regression analyses
have been performed, results are presented in the fig-
ure legends, but regression lines are not shown (see
Sokal & Rohlf 1981).

RESULTS
Trends in coral tissue and zooxanthellae

In this section, we will refer to the analyses taken
during the 1986 cruise, from which separate coral tis-
sue and zooxanthellar extracts were prepared. With
respect to Porites lobata, '*C in both the isolated coral
tissue (Fig. 2) and the isolated zooxanthellae (Fig. 3)
show highly significant correlations with distance from
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Fig. 2. Porites lobata. Scattergram showing 8C in isolated

coral tissue (zooxanthellae-free) as a function of distance from

shore. 8°C increases in significant linear fashion with dis-
tance from shore (p < 0.05, Y =0.0462 X - 15.977)
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Fig. 3. Scattergram depicting 8"°C in isolated zooxanthellae
(free of coral tissue) from Porites lobata as a function of dis-
tance from shore. Significant positive correlation between
§'*C and distance from shore (p < 0.05, Pearson's product-
moment correlation coefficient = 0.713). §"*C increases signif-
icantly in linear fashion with distance from shore (p < 0.05,
linear regression analysis; Y = 0.035 X - 14.525). Significant
difference between reefs (p < 0.001, 1-way ANOVA)

shore, ranging in both cases from near-shore values of
ca -16%o to offshore values of ca -10 to —-11%.. There
was no significant difference between the slopes of the
linear regressions for the tissue and the zooxanthellae.

The 8°C values for the coral tissue and zooxanthellae
from the same individuals are also linearly correlated in
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Fig. 4. Scattergram depicting positive correlation between
8C in coral tissue extracts and zooxanthellae extracts iso-
lated from the same colonies of Porites lobata across the
continental shelf of the central region of the Great Barrier
Reef. Significant positive correlation (Pearson’s product-
moment correlation = 0.926, p < 0.001j. Significant positive
linear regression (p < 0.001, Model II linear regression analy-
sis, Y=1.04 X+ 1.72)

a highly significant manner (Fig. 4). Pearson’s product-
moment correlation coefficient was 0.926 (p < 0.001).

A nested analysis of variance revealed that of the
total variance observed in the 8'°C of coral tissue col-
lected in this initial study, 76.6 % was accounted for by
differences between reefs across the continental shelf,
and 23.4 % was accounted for by differences between
coral colonies within reefs (Table 1). With respect to
zooxanthellae in Porites lobata, 99.9% of the total vari-
ance observed was accounted for by differences
between reefs (Table 1). The remainder was explained
by variance between coral colonies within reefs.

With respect to Acropora formosa, a similar relation-
ship was found in the correlation between 3°C in the
coral tissue and distance from shore (r = 0.398, Fig. 5).

Acropora formosa, tissue

-10 1 o
-11 4 D B
—12 4 o
g—m— o g
O @]
S 141
e
51 B o
16 4
-17 T T T T T —
0 20 40 60 80 100 120

Distance from shore (km)

Fig. 5. Acropora formosa. Scattergram depicting 8'°C in iso-

lated coral tissue (zooxanthellae-free) as a function of dis-

tance from shore. Significant positive correlation (r = 0.398,

p < 0.05) and significant differences between reefs (p < 0.05,
nested 1-way ANOVA)

The cross-shelf pattern, however, exhibited a higher
degree of variance and a less pronounced cross-shelf
trend than that observed for Porites lobata.

Zooxanthellar 8'°C values also exhibited a strong
correlation with distance from shore (Fig. 6). This rela-
tionship was linear, and virtually identical to the rela-
tionship found to occur in the zooxanthellae of Porites
Iobata.

A highly significant linear relationship was found
between the §°C values for isolated coral tissue and
zooxanthellae in Acropora formosa, just as was found
in Porites lobata.

Of the total amount of variance observed in the §'*C
values of Acropora formosa tissue, 71.6% was ac-
counted for by differences between reefs across the

Table 1. Porites lobata and Acropora formosa. Proportion of total observed variance (%) in 8'*C accounted for by inter-reef/cross-

shelf and inter-coral/within-reef differences. Results shown for P. lobata and A. formosa where coral tissue and zooxanthellar

extracts were separated; results also shown for P lobata for combined extracts. Variance components attributable to inter-
replicate/within-coral differences also shown for P, lobata

Species Source of variance Extract type
Coral tissue Zooxanthellae Combined coral tissue
and zooxanthellae
P lobata Between reefs 76.6 99.9 452
Between corals/within reefs 23.4 0.1 23.0
Between replicates/within corals -4 -2 31.8
A. formosa Between reefs 71.6 75.8 -0
Between corals/within reefs 28.4 24.2 -0
#Preliminary samples did not include replicates within corals. ®A. formosa was not sampled during the 1987 cruise
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Fig. 6. Scattergram depicting 83C in isolated zooxanthellae
extracts (free of coral tissue) from Acropora formosa as a func-
tion of distance from shore. Significant positive correlation
(p <0.05, 1r=0.573, Pearson’'s product moment correlation co-
efficient). Significant positive linear regression (p < 0.05, lin-
ear regression analysis). Significant difference between reefs
(p < 0.01, 1-way ANOVA). No significant difference between
slopes of regressions in coral tissue or zooxanthellae in either
species of coral (p > 0.05 in all cases; all possible pairwise
comparisons of regression coefficients shown in Figs. 2, 3,
5 & 6)

continental shelf, whereas 28.4 % was accounted for by
differences between coral colonies within reefs
(Table 1). Similar values were observed in the zooxan-
thellae, with inter-reef differences explaining 75.8 % of
the total observed variance and inter-colony differ-
ences explaining 24.2 % of the variance (Table 1).

Comparison between species

When all 4 cross-shelf relationships are compared,
i.e. tissue and zooxanthellae in either species vs dis-
tance from shore, they were all found to exhibit linear
slopes of about 0.03 to 0.04%. per km. These slopes
were not significantly different from each other (p >
0.05, multiple comparison of regression coefficients).
[ntercepts of both of the zooxanthellar/distance-from-
shore relationships (-14.5%.) were also not signifi-
cantly different (p > 0.05, ANCOVA). The same was
the case for the intercepts of the tissue/distance-from-
shore relationships, i.e. they were not significantly dif-
ferent for the 2 species. The intercepts for tissues of
both species were identical. When comparing the
intercepts for the tissue vs zooxanthellae relationships,
however, they were found to differ significantly from
each other by 1 to 2%. (Fig. 4 vs Fig. 7} (p < 0.001,
ANCOVA). That is, for a given distance from shore, the

Porites lobata zooxanthellae value was, on the aver-
age, about 1 to 2%, higher than that for Acropora for-
mosa zooxanthellae. This is important and will be dis-
cussed below.

The cross-sheli survey: Porites lobata

Having demonstrated in the above study (Figs. 4 & 7)
that coral tissue and zooxanthellae values were highly
correlated, a more extensive cross-shelf study was pur-
sued, using whole-coral tissue homogenates of Porites
lobata containing both coral tissue and zooxanthellae.
The study was expanded to encompass a greater num-
ber of samples collected from a larger number of reefs,
over the same region as the earlier study.

There was a significant difference between reefs as a
whole with respect to §!3C in the Porites lobata extracts
(p < 0.01, nested ANOVA). In addition, the §'°C values
increased in a highly significant linear manner with
distance from shore (Fig. 8; p < 0.001, linear regression
analysis).

In this part of the study, differences between reefs
accounted for 45.2 % of the total variance observed in
the Porites lobata 8'3C values (p < 0.01, 2-level nested
ANOVA). There were significant differences between
coral colonies within a reef (p < 0.05), and this source of
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Fig. 7. Scattergram depicting relationship between §"*C in the
coral tissue and zooxanthellae isolated from colonies of Acro-
pora formosa sampled from reefs across the continental shelf
of the Great Barrier Reef. Highly significant positive correla-
tion {r = 0.960, Pearson’s product-moment correlation coeffi-
cient, p < 0.001). Significant positive linear relationship (p <
0.001, Model 1l linear regression analysis, ¥ =1.14 X + 1.73).
No significant difference between slopes of this linear rela-
tionship and that for Porites lobata (p > 0.05, comparison of
regression coefficients); see Fig. 4. Significant difference,
however, between intercepts of Model Il regression lines in
this figure vs Fig. 4 (p < 0.001, ANCOVA); A. formosa signifi-
cantly lower than P lobata
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Fig. 8. Porites lobata . 8'*C values of tissue extracts in an exten-
sive cross-shelf survey. (Extracts represent a combination of
both coral tissue and zooxanthellae.) Means and 95% confi-
dence intervals presented (individual values presented in one
case). Significant positive correlation between 8'°C and dis-
tance from shore (r = 0.576, p < 0.05, Pearson’s product-moment
correlation coefficient). Significant difference in 8'°C between
reefs (p < 0.01, 2-level nested ANOVA) and between corals
within reefs (p < 0.05). Significant positive linear relationship
{p <0.001, linear regression analysis, ¥Y=0.041 X -15.6)

variance accounted for 23.0% of the total observed
variance. The variance between subsamples within
coral heads was relatively high, accounting for 31.8 %
of the total observed variance.

The 8'3C values exhibited a strong linear increase
with distance from shore (Fig. 8). The slope of the line
(0.041 %, per km) is close to that obtained in the pre-
liminary 1986 study (0.036%. per km; Risk et al. 1989).
The 83C value at the intercept (shoreline value) was
—16%o, identical to that for the 1986 study. Most signif-
icantly, there was no indication of the curve becoming
asymptotic with distance offshore using the available
data, even though the outermost reef (Myrmidon) is
110 km from land.

DISCUSSION
Terrigenous carbon as a food source for corals
All the data presented here show highly significant
trends of increasing 8'C in coral tissue and zooxan-

thellae with distance from the coast. This is true of both
coral species examined here as well as for their respec-

tive zooxanthellar symbionts. These trends are consis-
tent with a model of utilization by the corals of terrige-
nous, isotopically light carbon, in decreasing amounts
with distance from the coast. The linear trends con-
tinue to distances of more than 100 km offshore, indi-
cating that terrigenous matter is a significant source of
carbon for corals out to the edge of the reef.

We can place some limits on the nature of the ter-
rigenous component by comparison with the study of
Gagan et al. (1987), who found that 8°C of POM in
marine sediments increased linearly with distance
from shore, from -25%. near the coast to —18%. at
10 km from shore; the latter value persisted to the outer
limits of their survey, at 50 km from shore. No such
steep rise in §'3C is observed in our data (although our
spatial resolution is less than that of Gagan et al. 1987).
On the other hand, we observe a continued rise in §*C
across the shelf, where 8°C of POM remains constant.
We suppose therefore that POM of the shelf sediment
does not represent the organic matter which is avail-
able to the corals, but rather is dominated by the non-
biodegradable component of plant detritus. The corals
must be consuming, in a heterotrophic manner,
organic matter which does not survive in particulate
form within the shelf sediments; this organic matter
would appear to contain a mixture of land- and sea-
derived carbon. The former may consist principally of
TDOM which enters the food web via assimilation by
marine micro-organisms (e.g. bacteria). This compo-
nent also enters the shelf via rivers and disperses
across the shelf, being progressively diluted by
marine-derived nutrients with increasing distance
from shore.

We can estimate the proportion of the terrigenous
nutrient in coral tissue as follows. The seaward limit in
813C of tissue is about —11%. for both species. This is
identical to the value observed by Allison et al. (1991)
for corals from the Maldive Islands, which are remote
from any source of terrigenous nutrient, and where ter-
restrial vegetation could not be a significant carbon
source. We can therefore assume that such totally
marine corals are consuming a diet whose §'*C value is
close to —11%.. We shall take this to represent the pure
marine end-member of the carbon supply. The purely
terrigenous component can be assumed to have a
value close to —27 %o, the value of C3 vegetation which
dominates the near-shore and interior regions of the
adjacent Australian land mass. A major contributor to
TDOM and TPOM would be mangroves which provide
detritus with a §'*C of -27%. (Gagan et al. 1987).

As noted earlier, the autotrophic component of the
coral diet must also be included in any isotopic mass bal-
ance. We have shown, however, that the §'3C values of
zooxanthellae follow those of the host coral tissue, dis-
placed by about +2 %o.. There would appear to be some
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fractionation occurring between the zooxanthellae and
the coral tissue. Contrary to expectation, they do not ap-
pear to be strongly controlled by the §'3C of dissolved
HCO;™ of seawater, which is assumed to remain approx-
imately constant across the shelf. We can therefore con-
sider the zooxanthellae as simply another compartment
of the coral tissue, which is too small in mass to displace
the total §'*C of the tissue. This is also indicated by the
similarity of the intercepts of 8'3C-distance regressions
for bulk Porites lobata tissue of Fig. 8 with that for zoo-
xanthellae-free tissue in Fig. 2.

The reasons for the extremely low intra-reef vari-
ance of zooxanthellar §°C values are not yet under-
stood, but the zooxanthellae are clearly receiving their
carbon from more ‘predictable’ and less variable
sources than their associated host coral tissue.

In modeling this system, the coral can be treated as if
it were predominantly heterotrophic, and a linear mix-
ing model, as discussed for example by Schwarcz
(1991), can be used. The proportion of terrigenous
nutrient, X7, is given by the relation:

8mar - 6IISSU€

6mar - 8ter

where 8, = §'°C of the terrestrial food source (—27 %o)
and 8., = 8!3C of the marine food source (—11%o); Syepe
= 8YC of the coral tissue. From these estimates, we
conclude that the most landward Porites lobata obtains
one-third of its carbon from terrestrial sources, while
more seaward corals utilize linearly decreasing
amounts of this nutrient.

This model assumes that the 'marine’ component on
the shelf is isotopically identical to that in the open sea.
In effect, this represents that part of the trophic system
which is derived by photosynthesis utilizing ‘'normal’
marine HCO,". To the extent that §'3C of this compo-
nent changes on the shelf, the marine end-member
(Omar) Will also change. Rau et al. (1992) have shown
that the 813C of phytoplankton increases as dissolved
CO, of seawater decreases from spring to sumimer. In
the present study, we have not monitored such
changes and cannot estimate the extent to which these
contribute to the shift in 8'3C of coral tissue. If, how-
ever, the mechanism discussed by Rau et al. (1992)
were the principal control on 8'°C of coral tissue, then
we would also expect that change in §°C of POM
across the shelf would follow approximately the same
gradient as that observed in the corals. To the contrary,
the data of Gagan et al. (1987) show that, beyond
10 km from shore, 8"*C of POM in sediment is isotopi-
cally uniform. Therefore, we do not believe that
[CO,(aq)] depletion caused an increase in offshore
813C values in the corals. Rather, this appears to have
been caused by seaward decrease in the availability of
a terrigenous nutrient capable of being consumed by

XT:

corals. The precise nature of this nutrient and the route
of its transfer through the food web is unclear at this
time, but may include bacteria and other micro-organ-
isms which consume DOM and are in turn consumed
by the coral.

Comparison of trends noted in Porites lobata vs
Acropora formosa 8°C values across the shelf permits
some deductions to be made regarding balance
between autotrophy and heterotrophy in these corals.
The resultant regression lines exhibit the same slope
with distance from shore; therefore, the metabolic shift
from onshore heterotrophic augmentation of diet
towards a greater degree of autotrophy offshore is
comparable. The difference in intercepts, however,
suggests that A. formosa is ‘'more autotrophic’' than P.
lobata. The shoreline value of 8'3C for A. formosa is
—14%o; that for P. lobata is —-15.6%.. P. lobata appears to
be more dependent upon or at least consume more ter-
restrial carbon than A. formosa.

Examination of the nested ANOVA results also
reveals an interesting pattern in the case of Porites
lobata. Within-reef variance of 8'°C in the zooxanthel-
lae is negligible. It would appear that, on any given
reef, the populations of zooxanthellae in P. lobata have
near-identical mixing values, and that these values
may be different from those on neighboring reefs. P
lobata broods its larvae, and zooxanthellar transmis-
sion occurs directly from the egg, possibly helping to
explain this low variance.

It has been suggested (L. Muscatine pers. comm.)
that the observed trends in 8'*C in coral and zooxan-
thellar tissue across the continental shelf of the Great
Barrier Reef are due to differences in the level of pho-
tosynthesis across the shelf, due in turn to differences
in turbidity across the shelf. We believe that the
observed trends are due to the source of the corals’
food, not changes in photosynthesis, particularly since
the trend we have noted is not closely related to that
known for turbidity in this region. If, however, photo-
synthesis does vary across the shelf and has affected
the changes we have observed in 8°C ratios, we
believe its contribution has been small in comparison
to that derived from trophic sources.

Risk & Sammarco (1991) showed that the density of
Porites lobata skeletons showed a pronounced offshore
trend of density increasing with distance from shore.
They suggested that this may reflect a trend to in-
creased autotrophy offshore. When we compare the
data of Risk & Sammarco (1991) with Fig. 8 here, we
find the linear relationships between §'°C and distance
from shore, and that between skeletal density and dis-
tance from shore, to be very similar. Perhaps skeletal
density is at least a partial indicator of the trophic sta-
tus of a coral, as well as being an indicator of other en-
vironmental factors (e.g. wave energy, turbidity, etc.).
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CONCLUSIONS

On the basis of the §'3C data analyzed here, we con-
clude that:

(1) There are strong cross-shelf trends in the §"°C
values of coral tissue and zooxanthellae in Porites
lobata in the central region of the Great Barrier Reef.
813C values average approximately —18%. inshore to
—11%o. offshore.

(2) As much as one-third of the diet of inshore corals
may be derived ultimately from terrestrial sources,
indicating a substantial heterotrophic orientation in
their feeding biology. It is possible that the process
responsible for yielding the 8'*C values observed in
these corals involves direct uptake by the coral of dis-
solved organic matter of terrestrial origin, although
this remains to be confirmed.

(3) 83C values of zooxanthellae closely followed
those of host coral tissue. Zooxanthellar values were,
however, 1 to 2%. higher in Porites lobata than in Acro-
pora formosa; thus, A. formosa may be more
autotrophic than P. lobata.

(4) The cross-shelf trend appears to be driven by
changes in the isotopic ratios of the coral tissue. Zoo-
xanthellar carbon may be derived from the coral tissue
as opposed to the dissolved carbonate in the seawater.

Acknowledgements. We thank the many people who assisted
us in this study. Y. MacNeil provided both field and lab assis-
tance, particularly in separating and preparing coral tissue
and zooxanthellae extracts. Many thanks to N. Bury and C.
Morsbach for assisting with data analyses. P. Alino, M. Maida,
J. Carriquiry and G. French assisted in the field. G. French
and M. Knyf assisted in preparation, processing, and analysis
of samples for 8'3C. This study was supported by an Aus-
tralian Commonwealth Department of Industry, Technology,
and Commerce (DITAC) Scientific Exchange Grant and a
Canadian Natural Science and Engineering Research Council
(NSERC) Scientific Exchange Grant to PW.S. and M.J.R. It
was also supported by the Australian Institute of Marine Sci-
ence; the Department of Geology, McMaster University; and
NSERC Operating Grants to M.J.R. and H.P.S. To all we are
indebted.

LITERATURE CITED

Allison, W. R., Risk, M. J., Zahir, H., Shakeel, H. (1991). Reef
monitoring in the Maldives: a combination of high-tech
and low-tech science. Program plus Abstracts, Annual
Meeting, International Society for Reef Studies, Berkeley,
CA, p. 13

Andrews, J. C. (1983). Water masses, nutrient levels, and sea-
sonal drift on the outer central Queensland Shelf (Great
Barrier Reef). Aust. J. mar. Freshwat. Res. 34: 821-834

Andrews, J. C., Furnas, M. J. (1986). Subsurface intrusions of
Coral Sea water into the central Great Barrier Reef. 1.
Structure and shelf-scale dynamics. Cont. Shelf Res. 6:
491-514

Andrews, J. C., Gentien, P. (1982). Upwelling as a source of
nutrients for the Great Barrier Reef ecosystems: a solution

to Darwin's question? Mar. Ecol. Prog. Ser, 8: 257-269

Archibald, S., Kenny, R. (1980). A compilation of hydrological
data for the Cleveland Bay area (Qld.). James Cook Uni-
versity of North Queensland Press, Townsville

Birkeland, C. E. (1987). Nutrient availability as a major deter-
minant of differences among coastal hard-substratum
communities in different regions of the tropics. In: Birke-
land, C. E. (ed.) Comparison between Atlantic and Pacific
tropical marine coastal ecosystems: community structure,
ecological processes, and productivity. UNESCO Rep.
mar. Sci. 46: 45-98

Calef, G. W,, Grice, G. D. (1967). Influence of the Amazon
River outflow on the ecology of the western tropical At-
lantic. II. Zooplankton abundance, copepod distribution,
with remarks on the fauna of low-salinity areas. J. mar.
Res. 25: 84-94

Chisholm, B. S., Nelson, D. E., Schwarcz, H. P. (1982). Stable-
carbon isotope ratios as a measure of marine versus ter-
restrial protein in ancient diets. Science 216: 1131-1132

Chisholm, B. S., Nelson, D. E., Schwarcz, H. P. (1983). Marine
and terrestrial protein in prehistoric diets on the British
Columbia coast. Curr. Anthropol. 24: 396-398

Cooper, L. C., DeNiro, M. J. (1989). Stable carbon isotope
variability in the seagrass Posidonia oceanica: evidence
for light intensity effects. Mar. Ecol. Prog. Ser. 50: 225-229

Darwin, C. R. (1842). The structure and distribution of coral
reefs. University of California Press, Berkeley

Darwin, C. R. (1933). Charles Darwin'’s diary of the voyage of
HMS Beagle. Edited from the manuscript of N. Barlow.
Cambridge University Press, London

DeNiro, M. J., Epstein, S. (1978). Influence of the diet on, the
distribution of carbon isotopes in animals. Geochim. Cos-
mochim. Acta 42: 485-506

Done, T. J. {1982). Patterns in the distribution of coral commu-
nities across the central Great Barrier Reef. Coral Reefs 1:
95-108

Drew, E. A. (1983). Halimeda biomass, growth rates, and sed-
iment generation on reefs in the central Great Barrier Reef
province. Coral Reefs 2: 101-110

Elliott, M., Ducrotoy, J.-P. (eds.) (1991). Estuaries and coasts:
spatial and temporal intercomparisons. Olsen and Olsen,
Fredensborg

El-Sabh, M. I, Silverberg, N. (eds.) (1990). Oceanography of a
large-scale estuarine system: the St. Lawrence. Coastal
and estuarine studies, Vol. 39. Springer-Verlag, Heidel-
berg

Fry, B., Scalan, R. S., Parker, P. L. {1983). '3C/'*C ratios in
marine food webs of the Torres Strait, Queensland. Aust.
J. mar. Freshwat. Res. 24: 707-715

Gagan, M. K., Sandstrom, M. W., Chivas, A. R. (1987). Re-
stricted terrestrial carbon input to the continental shelf
during Cyclone Winifred: implications for terrestrial runoff
in the Great Barrier Reef Province. Coral Reefs 6: 113-119

Grahame, J. (1976). Zooplankton of a tropical harbour: the
numbers, composition, and response to physical factors of
zooplankton in Kingston Harbour, Jamaica. J. exp. mar.
Biol. Ecol. 25: 219-237

Herczeg, A. L., Torgersen, T., Chivas, A. R., Habermehl, M. A.
(1989). Geochemistry of ground waters from the Great
Artesian Basin, Australia. J. Hydrol. 126: 225-245

Ikeda, T., Gilmartin, M., Revelante, N., Mitchell, A. W., Car-
leton, J. H., Dixon, P, Hutchinson, S. M., Hing Fay, E.,
Boto, G. M., Iseki, K. (1980). Biological, chemical, and
physical observations in inshore waters of the Great Bar-
rier Reef, North Queensland 1975-1978. Tech. Bull. Austr.
Inst. Mar. Sci. {(Oceanogr. Ser. No. 1) AIMS-0S-80-1, Aus-
tralian Institute of Marine Science, Townsville



130 Mar. Ecol. Prog. Ser 106: 121-130, 1994

Kenny, R. (1974). Inshore surface sea temperatures at
Townsville. Aust. J. mar. Freshwat. Res. 25: 1-5

Kidd, R., Sander, F. (1979). Influence of Amazon River dis-
charge on the marine production off Barbados, West
Indies. J. mar. Res. 37: 669-682

LeBlanc, C. G., Bourbonniere, R. A., Schwarcz, H. P., Risk,
M. J. (1989). Carbon isotopes and fatty acids analysis of
the sediments of Negro Harbour, Nova Scotia, Canada.
Estuar. coast. Shelf Sci. 28: 261-276

Livingston, R. J. (1985). Scaling factors in estuarine systems —
a thirteen year perspective. Estuaries 8: 85A

Muscatine, L. (1986). Bioenergetics of reef-building corals. In:
Thompson, M. F.,, Sarojini, R.. Nagabhushanam, R. (eds.)
Biology of benthic marine organisms: techniques and
methods as applied to the Indian Ocean. Indian Ed. Ser.,
No. 12. Balkema, Rotterdam, p. 297-306

Muscatine, L., Porter, J. W., Kaplan, I. R. (1989). Resource par-
titioning by reef corals as determined from stable isotope
composition. I. §13C of zooxanthellae and animal tissue vs
depth. Mar. Biol. 100: 185-193

Pickard, G. L., Andrews, J. C., Wolanski, E. (in press). A
review of the physical oceanography of the Great Barrier
Reef, 1976-1986. Aust. Inst. Mar. Sci., Townsville

Rabalais, N. N., Harper, D. E. Jr (1992). Studies of benthic
biota in areas affected by moderate and severe hypoxia.
In: Proc. NECOP Synthesis Meeting. Publ. No. TAMU-SG-
92-109, Texas Sea Grant College Program, College Sta-
tion, p. 48-51

Rabalais, N. N, Turner, R. E., Wiseman, W. J. (1992). Distrib-
ution and characteristics of hypoxia on the Louisiana shelf
in 1990 and 1991. In: Nutrient enhanced coastal ocean
productivity. Proceedings of a Workshop, LUMCON,
Cocodrie, LA, Oct. 1991. Texas Sea Grant College Pro-
gram Publ. TAMU-FG-92-109, Galveston, p. 15-20

Rau, G. H., Takahashi, T., Des Marais, D. J., Repeta, D. J,,
Martin, J. H. (1992). The relationship between §°C of
organic matter and [CO2(aq)] in ocean surface water: data
from a JGOFS site in the northeast Atlantic Ocean and a
model. Geochim. Cosmochim. Acta 56: 1413-1419

Revelante, N., Gilmartin, M. (1982). Dynamics of phytoplank-
ton in the Great Barrier Reef Lagoon. J. Plankton ‘Res. 4:
47-76

Revelante, N., Willilams, W. T., Bunt, J. S. (1982). Temporal
and spatial distribution of diatoms, dinoflagellates, and
Trichodesmium in waters of the Great Barrier Reef. J. exp.
mar. Biol. Ecol. 63: 27-45

Risk, M. J., Sammarco, P. W. (1991). Cross-shelf trends in
skeletal density of the massive coral Porites lobata from
the Great Barrier Reef. Mar. Ecol. Prog. Ser. 69: 195-200

Risk, M. J., Schwarcz, H. P.,, Sammarco, P. W., MacNeil, Y
(1989). Preliminary report of a terrestrial component in the
diets of Barrier Reef corals: implications for reef destruc-
tion and reef management. In: Baldwin, C. L. (ed.) Nutri-

This article was submitted to the editor

ents in the Great Barrier Reef region. Great Barrier Reef
Marine Park Authority, Workshop Series No. 10,
Townsville, p. 142-152

Rodelli, M. R., Gearing, J. N., Gearing, P. J., Marshall, N,
Sasekumar, A. (1984). Stable isotope ratio as a tracer of
mangrove carbon in Malaysian ecosystems. Oecologia 61:
326-333

Sammarco, P. W. (1983). Coral recruitment across the central
Great Barrier Reef: A preliminary report. In: Baker, J. T.,
Carter, R., Sammarco, P. W., Starck, K. (eds.) Proc. Great
Barrier Reef Conf. James Cook University Press,
Townsville, p. 245-251

Sammarco, P. W. (1991). Geographically specific recruitment
and postsettlement mortality as influences on coral com-
munities: the cross-continental shelf transplant experi-
ment. Limnol. Oceanogr. 36: 496-514

Sammarco, P. W., Crenshaw, H. (1984). Plankton community
dynamics of the central Great Barrier Reef Lagoon: analy-
sis of data from Ikeda et al. Mar. Biol. 82: 167-180

Schwarcz, H. P. (1991). Some theoretical aspects of isotope
paleodiet studies. J. archaeol. Sci. 18: 261-275

Sokal, R. R, Rohlf, F. J. (1981). Biometry. The principles and
practice of statistics in biological research, 2nd edn. W. H.
Freeman & Co., San Francisco

Subrahmanyan, R. {1959). Studies on the phytoplankton of
the west coast of India. [. Quantitative and qualitative fluc-
tuation of the total phytoplankton crop, the zooplankton
crop, and their interrelationship, with remarks on the
magnitude of the standing crop and production of matter
and their relationship to fish landings. Proc. Indian Acad.
Sci. 50: 113-187

Turner, R. E., Rabalais, N. N. (1991). Changes in Mississippi
River water quality this century: implications for coastal
food webs. BioSci. 41. 140-147

Walker, T. A. (1981a). Seasonal salinity variations in Cleve-
land Bay, northern Queensland. Aust. J. mar. Freshwat.
Res. 32: 143-149

Walker, T. A. (1981b). Annual temperature cycle in Cleveland
Bay, Great Barrier Reef province. Aust. J. mar. Freshwat.
Res. 32: 987-991

Walker, T A., O'Donnell, G. (1981). Observations on nitrate,
phosphate and silicate in Cleveland Bay, northern
Queensland. Aust. J. mar. Freshwat. Res. 32: 877-887

Williams, D. M. (1982). Patterns in the distribution of fish com-
munities across the central Great Barrier Reef. Coral Reefs
1:35-43

Wolanski, E. (1981). Physical oceanography of the Great Bar-
rier Reef lagoon. In: Conference on Environmental Engi-
neering, Institution of Engineers of Australia, Townsville,
p.1-5

Youngbluth, M. J. (1980). Daily, seasonal, and annual fluctua-
tions among zooplankton populations in an unpolluted
tropical embayment. Estuar. coast. mar. Sci. 10: 265-287

Manuscnpt first received: December 22, 1992
Revised version accepted: November 22, 1993






