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Density, �18O and �13C were measured along two tracks, one close to the central growth axis and the
other, �20� off the axis, in a coral (Porites lutea) collected from the Stanley Reef, Central Great Barrier
Reef, Australia. The �18O variations in the coral are well correlated with sea surface temperature changes.
The common variances between the two tracks were about 60% in the �18O, �13C, and the skeletal density
variations. Part of the noise (40%) could be due to the difficulty of sampling exactly time
contemporaneous parts of each band along the two tracks and part of it could be due to genuine
intraband variability. In spite of the intraband variability, the time series obtained from the two tracks
are similar, indicating that the dominant causative factor for the isotopic variations is external, i.e., the
environmental conditions that prevail during the growth of the coral; density band formation does not
appear to be directly controlled by the sea surface temperature.

1. Introduction

One of the aims of the PAst Global ChangES
(PAGES) project under the International Geosphere
Biosphere Programme (IGBP) is the reconstruction of
the climatic history of the earth during the last 2000
years with a high resolution of one year or less (Eddy
1992). Such high resolution proxy climatic records are
provided by ring width, ring density and stable
isotope ratios of carbon, hydrogen and oxygen of tree
rings on land (Fritts 1976; Hughes et al 1982; Yapp
and Epstein 1982; Ramesh et al 1985; 1986) and by
band density and stable oxygen isotope ratios of
massive corals in the sea (Fairbanks and Dodge 1979;
Patzold 1984; Druffel 1985; McConnaughey 1989; Cole
and Fairbanks 1990; Lough and Barnes 1990; Aharon
1991; Chakraborty and Ramesh 1993; 1997; 1999;
Charles et al 1997). If the time series of these proxy
climatic indicators is entirely governed by the ambient
climate, then there should not be any significant varia-
tions of these parameters within a single annual ring

(tree) or band (coral). However, both in trees and
corals, there exist significant intra-ring and intra-
band variability in isotope ratios and other climate
indices. This shows that at least part of the variance
in a time series obtained from trees and corals is due
to internal, growth related effects. Therefore it is
important to assess how much ``noise'' is introduced
into the ``signal'' because of this intra-ring and intra-
band variability. Such an exercise has already been
carried out for tree rings (Ramesh et al 1985). Here we
repeat this exercise for corals, because a systematic
study of the effect of the intraband variability for
corals does not exist except for the oxygen isotope
measurements of McConnaughey (1989) in a single
band of a coral showing significant intraband �18O
variability of 1.2% (cf. experimental precision of
�0.05%). Our exercise would lead to an estimate of
the signal/noise ratio which will enable evaluation of
how much of the variance in the coral based time series
is controlled by external (climatic) influence and how
much is controlled by internal (growth-related) effects.
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In addition, we also address the question of the cause
of the density band formation in corals. Highsmith
(1979) and Weber et al (1975) concluded that the sea
surface temperature (SST) controls the density band
formation in corals, while Buddemeier (1974) and
Wellington and Glynn (1983) have attributed the
seasonally varying growth rate to be the cause of the
annual banding. One might probably argue that the
variation in SST controls the growth rate and thereby
affects the band formation. However, it has been seen
that the same species of corals form high or low density
bands in summer/winter in different geographical
locations (Chivas et al 1983; Barnes and Lough 1989).
Therefore it appears that the availability of sunlight
and nutrients rather than SST controls the growth
rate. It is possible to distinguish between the High-
smith-Weber hypothesis and Buddemier-Wellington-
Glynn hypothesis by measuring the stable carbon and
oxygen isotope ratios in the same points of the coral
band where density has been measured; if the density
variation correlates with �18O, which depends mostly
on SST (and to a small extent on the salinity or �18O
of sea water), then the former hypothesis is valid. On
the other hand, if density variation correlates with
�13C, which depends on growth rate (McConnaughey
1989) the latter hypothesis is valid.

Thus in this paper, we address the following two
questions:

� effect of intra-band variability on the coral time
series and

� the causal mechanism for density band formation in
corals.

We have chosen the genus Porites for this study
because:

� they produce fairly well defined annual density
bands clearly identifiable in an X-ray picture;

� their growth rate is relatively higher (1 to 2 cm/yr),
and their polyp size is smaller (�1 mm) than most
massive corals;

� they have a wide geographical distribution and thus
offer a good spatial coverage and

� their oxygen isotope ratios have been shown to be
related to SST (Weber and Woodhead 1972; Druffel
1985 and McConnaughey 1989).

We have made density, �18O and �13C measure-
ments along two tracks of a Porites lutea collected
from shallow water (few metres at low tide) depth in
the Stanley Reef (19�150S, 148�070E), Australia in
December, 1986. To our knowledge there is no earlier
study in which stable isotopes have been measured in
the same coral subsamples where density measure-
ments were made.

In general the �18O of coralline CaCO3 depends on
the SST and the �18O of sea water. As the latter is not
a routinely measured oceanographic parameter, one
uses the linear relationship between �18O of the sea

water and its salinity to calculate its effect on the �18O
of the coralline CaCO3. For south Pacific, where our
coral comes from the coefficient for �18O-salinity
variation is 0.65% per % (Craig and Gordon 1965).
Figure 1 shows the annual cycle in the SST and
salinity of the coral site (data from Pickard et al 1977).
SST ranges from a minimum of 22.5� 0.5� in winter
(July) to a maximum of 27.0� 1.2�C in summer
(January). Salinity varies from 34.9 to 35.3%, with a
range that corresponds to 0.26% in �18O of the sea
water, using the above slope. Thus the salinity
induced �18O variation in the coral (0.26%) is smaller
than that induced by SST change (1.1� 0.27%,
assuming a temperature coefficient of ÿ0.2% �Cÿ1).
Therefore, for the purpose of this paper, we neglect
the salinity influence on the coralline �18O, even
though it is quite significant.

2. Experimental methods

A 1 cm thick slice of the coral was prepared and an X-
ray picture was taken (figure 2). Dates were assigned
to the bands by counting from the top, which was
assigned the year of collection. Density was measured
along three tracks shown in figure 2 using gamma
densitometry. The procedure is described in detail by
Barnes and Lough (1989) and Lough and Barnes
(1990). For stable isotope analysis we choose two
tracks one close to the central growth axis (track-1)
and the other �20� off the axis (track-2). We chose
not to analyze stable isotope ratios in the third track
as it caused sampling problems due to reduced band
width. The mean growth rates for track-1 and track-2
are 0.97 and 0.91 mm/month respectively. The word
``growth rate'' in coral literature has been replaced

Figure 1. Annual cycle of sea surface temperature (filled
circle) and salinity (open circle) in the Stanley Reef, Australia.
(Data from Pickard et al 1977).
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by appropriate terms like ``extension rate'' or
``calcification rate'' since they show a strong positive
correlation (correlation coefficients of 0.98 and 0.93
for track-1 and 2 respectively, figure 3). Such a
positive correlation between the calcification and
extension rates was also shown by Scoffin et al
(1992) in a P. lutea coral at Kotti, South Thailand.
Stable isotope measurements were made on 3 to 5

samples in a year, including the highest and lowest
density points along the two tracks following standard
techniques (for details see Chakraborty and Ramesh
1992; 1997). The X-ray positive was used as a guide to
select these subsamples for isotopic measurements.

3. Results and discussion

3:1 Oxygen isotopes and SST

Before proceeding to answer the two questions
addressed earlier, we first show that the �18O of this
coral is indeed correlated with SST. The monthly
averaged SST data were available from the Compre-
hensive Ocean Atmospheric Data Set (COADS). The
maxima and minima in the �18O time series corre-
spond to July and January respectively. Assuming a
linear growth rate for summer and a different (linear)
growth rate for winter, the �18O values other than the
maxima and minima were approximately assigned
a month. A linear regression was then carried out
between �18O and SST.

For track-1

� 18O � �ÿ0:116� 0:024�SSTÿ �1:96� 0:06�
�n � 46; r � ÿ0:885� �1�

For track-2

� 18O � �ÿ0:154� 0:013�SSTÿ �1:14� 0:03�
�n � 46; r � ÿ0:64� �2�

both correlation coefficients (r) are significant at 0.01
level (Student's t test). These equations are similar to

Figure 2. X ray positive of the Porites coral used for this study. Tracks 1 and 2 along which measurements have been carried out
are marked (bottom strip: track 1; middle strip: track 2).

Figure 3. Linear correlation between calcification rate and
skeletal extension rate along the two tracks, (a) track 1;
(b) track 2.
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the one reported for the same species from a nearby
reef (Matsumoto 1993), using data from a single track.

�18O � �ÿ0:131�SSTÿ 1:35�r � ÿ0:907�: �3�
The coral Porites lobata from Galapagos (1�S,

90�200W) showed a temperature coefficient of
ÿ0:21% �Cÿ1 (McConnaughey 1989). Therefore it
appears that there may be significant differences in
the temperature coefficients of different species of the
same genus, growing in different geographical regions.
Nevertheless, our result shows that �18O of the coral
analyzed by us is indeed related to SST (and may be
to a smaller extent to salinity, as discussed earlier) and
as we move away from the central axis, the correlation
coefficient decreases significantly, probably indicating
the effect of intra-band �18O variability. As the
sampling clearly captures the maxima and minima in
�18O, we get a reasonably good correlation for track-1.
This also ensures that we have not grossly missed the
maxima/minima by sampling 3 to 5 points in a band.
Had we not used the density curve for sub-sampling
the bands, we could have missed the seasonal cycles
by sampling only 3 to 5 points in a band.

3:2 Oxygen, carbon isotopes and density

The density, �18O and �13C variations along track-1
are shown in figure 4 and those for track-2 are shown

in figure 5. Smooth curves in these figures indicate
trends (obtained by fitting a fourth order polynomial).
Though the density was measured at much closer
intervals (0.0254 cm) those values corresponding to the
points sampled for isotopic analysis alone are shown in
these figures. In neither of the tracks the �18O shows
any significant trend, whereas the �13C shows a
decreasing trend in both the tracks. The most likely
reason for this decreasing trend is the growth-rate-
related carbon isotopic fractionation. This coral shows
a progressive increase in growth rate (�7 to 15 mm/yr
in track-1 and �8 to 15 mm/yr in track-2) during its
life span, which results in a decreasing trend in �13C
(McConnaughey 1989). The other possible reason,
viz., the changes in surface water �13C due to the
uptake of fossil fuel CO2, which is about ÿ0.4% in the
Pacific (Quay et al 1992) cannot completely account
such a large change (ÿ1%).

The mean �18O of track-1 is ÿ5.07� 0.35%, and
that of track-2 is ÿ4.97� 0.36%. These values are not
significantly different at the 5% significance level
(Student's t-test for the difference between two
means). Similarly, the mean �13C values are
ÿ0:95� 0.38% for track-1 and ÿ0.83� 0.39%, again
in good agreement. The mean densities for the two
tracks are respectively 1.47� 0.11 and 1.42� 0.21, not
significantly different. The variances in both the

Figure 4. �18O, �13C and density variations along track 1.
Smooth lines indicate trends (4th order polynomial fit).

Figure 5. �18O, �13C and density variations along track 2.
Smooth lines indicate trends (4th order polynomial fit).
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isotope ratios in both the tracks are remarkably
similar. It is clear that the effect of intra band isotopic
variability on the proxy-SST time series is small when
the sampling is done within � 20� of the central
growth axis.

Figure 6 shows that the long term trends in �18O,
�13C and the density are similar along the two tracks,
even though the absolute values do not always coin-
cide. The annual range of temperature in this region is
4.5� 1.3�C (Pickard et al 1977). This corresponds to a
range of �18O about 0.9� 0.27% (neglecting the effect
of salinity). This is in agreement with the observed
amplitude of �0.7� 0.2%, within uncertainties.
While this confirms that we have not missed the
seasonal maxima and minima during sampling, some
effect of reduced sampling size per band could result in
a lesser range than expected (for details see Chakra-
borty and Ramesh 1998). As high density points in
general show minima in �18O (and low density,
maxima in �18O ) we infer that in this region Porites
lutea generally accretes high density bands in summer
and low density bands in winter. This is in agreement
with Lough and Barnes (1992), who made a detailed
investigation on this aspect using fluorescent bands
produced in Porites due to flood discharge and con-
cluded that in this region, high density bands form
during summer.

To find the common variance between the time
series of density, �18O and �13C between the two tracks
we performed the analysis of variance as outlined by

Fritts (1976) for tree rings. In this procedure the total
variance in the data set (including data from both the
tracks) is expressed as a sum of variances in tracks
and among tracks. The variance which is common to
both the tracks is then calculated (for details see
Fritts 1976). This is approximately similar to calcu-
lating the correlation coefficients between the data of
the two tracks, but is statistically a more robust
measure of the common signal. These common
variances between the two tracks are 67%, 54% and
68% respectively for �18O, �13C and density. This
suggests that the intra-band variability introduces
about 33%, 46% and 32% noise in the �18O, �13C and
density signals. Understandably, �13C is controlled by
varying growth rates (to be discussed later) and more
prone to intra-band variability due to minor varia-
tions in the growth rates along different tracks.

Part of the noise could be an experimental artifact.
That is, we have assumed that the pair of samples in
the same annual bands, along the two tracks, were
precipitated during the same time. In practice, it is
difficult to confirm this assumption, and errors could
be introduced if the samples precipitated a few weeks
apart. Each sample taken for analysis will average
about 3--4 weeks of growth. This problem will be
accentuated when samples are taken from narrow
bands (0.5 cm) and when the samples represent sea-
sonal transition zones like winter to summer.
Secondly, there could be genuine differences in the
isotopic ratios as demonstrated by McConnaughey
(1989), who showed a progressive enrichment in �13C
of the portion of a Porites coral growing at a lower rate
due to the deficiency of sunlight. Our results indicate
that the coral isotope ratio time series is not signifi-
cantly affected by the intra-band isotope variability,
as long as the sampling track is not more than 20� off
the central growth axis.

Table 1 shows the linear correlation coefficients
between �18O and density, �13C and density, �18O and
�13C for the two tracks, calculated from the measured
time series without any detrending. There are long

Figure 6. �18O, �13C and density of the two tracks plotted by
choosing the data from both tracks that formed approximately
at the same time (solid line, track 1 and dashed line, track 2).

Table 1. Linear correlation coefficients between �18O, �13C
and density.

Linear correlation coefficient

Actual data Detrended data

�18O and Density

Track 1 0.23 0.29
Track 2 0.36 0.18

�3C and Density

Track 1 0.56 0.20
Track 2 0.54 0.17

�18O and �13C

Track 1 0.02 0.04
Track 2 0.28 0.31

To be significant at 0.5% level the correlation coefficient should
be greater than 0.36
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term trends in the records as shown by smooth lines in
figures 4 and 5. As correlations between any two time
series could be either due to seasonal variations or due
to long term trend, or both, it is necessary to check the
correlations after detrending the data. Therefore, the
linear correlation coefficients are shown for the
detrended data as well (the detrending was done by
subtracting calculated values from the fourth order
polynomial fit, from the observed data). There is no
significant correlation between �18O and density in
either track, before or after detrending (table 1), sug-
gesting that the density band variations are probably
not directly controlled by SST variations. However,
there is a significant correlation between �13C and
density in each track before the data are detrended.
This implies that the density band formation takes
place due to the changes in the growth rate rather
than SST. This correlation becomes insignificant when
the data are detrended, probably implying that long
term density variations are influenced by endogenic
rather than exogenic factors (e.g. long term changes in
light and hence growth rates).

The coral density decreases with time in both the
tracks (figures 4 and 5). The magnitude of decrease is
about 0.25 g/cm3 for track-1 and 0.5 g/cm3 for track-2
between 1968 and 1984 A.D. The reduction in density
is more pronounced in the track which is farther away
from the central growth axis. The �13C also decreases
by 0.5% in both the tracks during this period. The
positive correlation between �13C and density in each
of these tracks, therefore, arises due to the long term
trend in the data. Slower growth rate corresponds to
higher density during 1968--74, the early part of the
record, as seen in figures 4 and 5. The later part of the
record shows higher growth rates and lower densities
in general. As shown by McConnaughey (1989), the
�13C values in years of slow growth are isotopically
enriched compared to those of years of higher growth
rate. Therefore we infer that the density banding is
more likely to be determined by variation in growth
rate rather than by variation in SST. This is to some
extent corroborated by the fact that �18O and �13C
are not correlated. If the kinetic effects were dominant
during the incorporation of the isotopes from the sea
water to the coral skeleton, one would observe a
strong positive correlation between the �18O and �13C
(McConnaughey 1989). The absence of such a correla-
tion also indicates that metabolic (growth related)
fractionation is dominant in the case of �13C.

4. Conclusions

Density, �18O and �13C time series obtained from two
tracks of a Porites coral, one close to the central
growth axis and another 20� off the axis indicate that
there is a small but systematic intraband variability
across the central growth axis. Oxygen isotope ratio

shows significant correlation with SST in both the
tracks. The carbon isotopic composition seems to be
largely controlled by intrinsic factors like metabolism
and the variable growth rate. The correlation between
density and �13C implies that the density band forma-
tion is controlled possibly by variable growth rate
rather than SST.
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