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Abstract This study investigates the effect of water depth
on stable isotope composition and density-band forma-
tion in the skeletal material of the zooxanthellate coral
Porites lutea. In February 1991, several colonies were
stained with Alizarin red-S and then transferred from 6
to 40 m. Ten years later, in February 2001, one colony
was retrieved and analyzed. This provided us with the
unique opportunity to maintain the coral’s genetic
integrity and hence to isolate environmental factors
affecting skeletal isotopic composition and density pat-
terns. Despite extreme environmental changes experi-
enced by the corals, the downward transplants showed
no mortality after 10 years. Acclimatization of the coral
to the deep-water environment involved changes in
mean annual extension rates and colony morphology.
The growth rate at 6 m was 5.66±0.47 mm/year, almost
twice the growth rate following transplantation to 40 m,
which was 3.00±0.37 mm/year. A significant difference
in mean annual d18O between the shallow and deep
growth phases ()3.10±0.10 and )2.80±0.14&,
respectively) and amplitude (1.14±0.15 and 1.49±
0.20&, respectively) was detected. Mean annual d13C in
the shallow growth phase was )1.58±0.12&, signifi-
cantly heavier than that of the deep growth phase which
was )1.92±0.14&. The phase relation between d18O
and d13C was also depth dependent. These results sug-
gest that the role of the kinetic effect in determining
skeletal isotopic composition of deep-water herma-
typic corals in the study site is greater than in that of

shallow-water colonies. The timing of density-band
formation was found to be depth independent. At both
depths, low-density skeleton is produced during sum-
mer, and high-density skeleton is produced during win-
ter, implying that it is intrinsically controlled rather than
environmentally governed. The implications of these
results on paleoclimate and sea level reconstruction are
discussed.

Introduction

The sensitivity of scleractinian corals to their environ-
ment has long been recognized (Darwin 1842). The
environmental setting in which an individual colony is
growing has a major impact on the coral-algae symbiotic
system and determines the characteristics of the colony.
Massive coral colonies usually maintain the layered
structure of the skeleton and can thus archive a con-
tinuous environmental record. Hence, time series of a
variety of isotopes, geochemical tracers, and skeletal
density have been developed as tools to reconstruct past
climate and environmental variability (e.g. Klein et al.
1992; Swart et al. 1998).

Skeletal d18O is a well-established proxy, tracking
both water temperature and the d18O of the surrounding
seawater (d18Osw). In hermatypic corals, skeletal d18O is
lighter than the expected d18O value of calcium car-
bonate accreted in isotopic equilibrium with seawater
(McConnaughey 1989a). Thus, the efficacy of corals as
temperature and precipitation proxies depends on the
assumption that the departure from equilibrium is con-
stant within a certain species. In addition to temperature
and d18Osw, the rate of skeletal accretion also affects the
skeletal d18O. Low accretion rates produce 18O-enriched
aragonite at the population, colony, and calyx levels
(Land et al. 1975; McConnaughey 1989a, 1989b; de
Villiers et al. 1995; Allison et al. 1996).

The environmental significance of skeletal d13C in
scleractinian corals is controversial and results have led
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to contradictory conclusions. Metabolic fractionation
predominantly influences skeletal d13C (Swart 1983;
McConnaughey 1989a, 1989b; Muscatine et al. 1989;
Allison et al. 1996; McConnaughey et al. 1997; Grottoli
and Wellington 1999; Grottoli 1999, 2002). Because
sources and sinks of carbon within the coral and zoo-
xanthellae are numerous, and its pathways are not fully
understood, skeletal d13C is an intricate proxy reflecting
numerous physiological and environmental variables,
such as respiration and photosynthesis by the coral and
zooxanthellae (Weber 1974; Goreau 1977a, 1977b; Erez
1977, 1978; Grottoli and Wellington 1999), light avail-
ability to the zooxanthellae (e.g. Weber and Woodhead
1970; Fairbanks and Dodge 1979; Guzman and Tud-
hope 1998; Grottoli 2002), the reproduction cycle of the
colony (Gagan et al. 1994, 1995), and coral growth rate
(Land et al. 1975; McConnaughey 1989a), although in
some cases no correlation was recorded between growth
rate and d13C (Grottoli 1999).

Several models have been suggested in an attempt to
explain the carbon fractionation mechanism in which
corals precipitate their skeleton (Weber and Woodhead
1970; Goreau 1977a, 1977b; Erez 1978; Swart 1983;
McConnaughey 1989a, 1989b). The original model was
described by Weber and Woodhead (1970). They pro-
posed that photosynthesis preferably fixes 12C relative to
13C; therefore as photosynthesis increases, fractionation
decreases and the ratio of skeletal 13C to 12C (d13C)
would increase. Erez (1978) proposed an opposite model
that suggested that increased photosynthesis was linked
to increased isotopic fractionation, resulting in an iso-
topically light skeleton.

All of the above variables are directly influenced by
the depth at which the coral is growing and consequently
are bound to affect skeletal d13C composition. The
photosynthetic light requirements of the symbiotic
zooxanthellae restrict reef corals to the euphotic zone.
Light intensity and light spectrum are the major envi-
ronmental factors that change along this depth gradient.
Coral colonies living in the upper 10–20 m of the
euphotic zone experience higher light intensity with a
broader light spectrum available for photosynthesis than
deep-water colonies living at depth greater than 30 m.
Consequently, deep-water hermatypic corals differ from
shallow-water corals in energy-requiring physiological
functions, such as growth rate (Hubbard and Scaturo
1985), fecundity (Kojis and Quinn 1984), respiration
(Davies 1977), and colony morphology (Riegl and Piller
1999). Water temperature, physical stress, abundance of
sediment, and water chemistry may also change along a
depth profile. It appears that light is the dominant factor
controlling coral abundance and all other parameters
have a secondary influence (Achituv and Dubinsky
1990). Ecological parameters such as competition, pre-
dation, and symbiosis are also depth dependent and
consequently water depth strongly influences the habi-
tats of zooxanthellate corals.

For an improved coral-based paleoclimate recon-
struction it is important to determine the effect of water

depth on isotopic and density banding patterns. Overall,
skeletal d13C values gradually decrease with depth
(Weber et al. 1976; Fairbanks and Dodge 1979; Swart
and Coleman 1980; McConnaughey 1989a; Muscatine
et al. 1989; Aharon 1991; Leder et al. 1991; Juillet-
Leclerc et al. 1997; Grottoli 1999; Grottoli and Wel-
lington 1999), whereas in some cases a maximum d13C
was recorded at intermediate depths (Land et al. 1975;
Erez 1977, 1978; Swart et al. 1996; Guzman and Tud-
hope 1998; Grottoli 1999). Depth profiles of coral d18O
are rare. In Hawaii and Panama, across an 8.3-m depth
gradient, d18O values were not significantly different
(Grottoli 1999; Grottoli and Wellington 1999), whereas
in the Great Barrier Reef a 0.4& difference was reported
across a 12-m depth gradient (Juillet-Leclerc et al. 1997).
The timing of density-band formation was found to be
depth dependent, with opposite patterns in shallow
(3 m) and deep (51 m) water (Klein et al. 1993). A
Porites sp. colony living in shallow water (3 m) in the
Gulf of Eilat, Red-Sea, deposited high-density bands
during winter and low-density bands during summer,
while a Porites sp. colony living in deep water (51 m)
deposited high-density bands during summer and low-
density bands during winter (Klein et al. 1993).

Studies of the effect of water depth on stable isotope
composition and density-band formation have always
used distinct colonies sampled along a depth gradient.
Two major factors may contribute to the patterns ob-
served along the depth gradient. The first is the actual
change in environmental and physiological conditions
with depth, and the second is the genetic variation
among the sampled colonies. Here, we present results of
a long-term transplantation experiment in which an
individual coral colony experienced two depth environ-
ments for several years at each depth. This provided us
with the unique opportunity to maintain the coral’s ge-
netic integrity and hence to isolate environmental factors
affecting skeletal isotopic composition and density pat-
terns.

Methods

In order to understand the effect of water depth on the patterns
of density banding, d18O and d13C composition of a coral skel-
eton, we transplanted several Porites lutea colonies from a depth
of 6 to 40 m (downward transplantation). An upward transplant
was also conducted, but these corals did not survive the trans-
plantation procedure. The study site was located at the northern
tip of the Gulf of Aqaba (Eilat), in front of the H. Steinitz
Marine Biology Laboratory. The Gulf of Aqaba is surrounded
by desert, with negligible precipitation and runoff. The mean net
evaporation (�350 cm/year) greatly exceeds precipitation (�3 cm/
year) (Genin et al. 1995) and is the main driving force of the
Gulf circulation. The excess evaporation over precipitation causes
a northward surface inflow from the Red Sea through the shal-
low Straits of Tiran and a southward deep outflow back to the
Red Sea. Two seasons characterize the Gulf of Aqaba, winter
(December–April) and summer (May–November). The mean
seasonal SST amplitude is 6 �C at the study site, with a minimal
value during February (21 �C) and a maximal value in August
(27 �C) (Paldor and Anati 1979). The vertical stratification is
weak and is driven mainly by temperature rather than salinity
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variations (Wolf-Vecht 1992; Berman 2000). The heating of sur-
face water mass during summer causes stratification of the water
column with the main thermocline at a depth of about 200 m.
Winter cooling of surface water mass results in deep water
mixing that can reach up to 800 m (Genin et al. 1995). Data-
loggers were placed next to the transplanted corals at depths of 6
and 40 m in order to accurately record local temperature vari-
ability during a full annual cycle.

In February 1991, five P. lutea colonies were dislodged from
their natural substrate at a depth of 6 m and prepared for trans-
plantation. The colonies were glued onto pre-labeled ceramic tiles.
The outermost skeleton layer was stained underwater in the origi-
nal habitat by placing the colonies in a plastic bag containing a 20-
ppm solution of the vital calcification indicator Alizarin red-S, for
24 h. The shallow colonies were then transferred to the deep-water
habitat and vice versa. To follow acclimatization processes of the
colonies to their new environment, observations were made annu-
ally. Ten years after the transplantation procedure, in February
2001, one downward transplanted colony was retrieved. The living
tissue was thoroughly removed using a Water-Pik system, and the
skeleton was dried at 60 �C for 24 h. A 5-mm thick skeleton slice
was cut along the coral’s major axis of growth with a circular,
diamond-tipped masonry blade and was x-rayed to reveal the an-
nual growth bands. The x-radiograph was optically scanned and
the skeleton’s optical density was measured along a profile parallel
to the axis of growth using image analysis software (Scion Image
for Windows, Beta 4.0.2, Scion Corporation). Skeletal optical
density within the core is reported in arbitrary units. Skeletal
optical density was measured along exactly the same path and in
the same resolution as the stable isotope composition of the skel-
eton, thus enabling alignment of isotopic and skeletal density val-
ues for correlation analyses.

Two sampling techniques were employed in order to accom-
plish the same sampling resolutions in the two growth phases
within the coral core. In the shallow-water growth phase, where
skeletal extension rate is relatively high, the skeleton was drilled
along the growth axis using a 0.5-mm diameter dental drill at 0.6-
mm increments. In the deep-water growth phase, where skeletal
extension rate is relatively low, the skeleton was milled along the
growth axis using a Silesium-Carbide sanding disc (Proxxon
GmbH) at 300-lm increments. Consequently, between 10 and 12
samples per annual band were collected and measured from both
shallow and deep growth phases of the coral. About 100 lg of
CaCO3 were reacted in 100% orthophosphoric acid to produce
CO2 for mass spectrometric analyses on a GasBench II connected
on-line to a Finigan MAT 252. All d13C and d18O measurements
are the ratio of 13C/12C and 18O/16O, respectively, reported in per
mil units relative to the international Vienna-Peedee Belemnite
Limestone Standard (V-PDB). Calibration was maintained by
routine analyses of internal and international standards. The
long-term precision of replicated analysis of our internal labora-
tory standard is 0.06 and 0.10& for carbon and oxygen, respec-
tively.

Results

Measured temperature

Mean monthly temperatures measured at 6- and 40-m
depth by data loggers exhibit the full annual cycle, which
is almost identical to the long-term average surface
temperatures at the northern part of the Gulf (Fig. 1).
At 6-m depth, temperature reaches a maximum of
27.0 �C during August and a minimum of 21.0 �C dur-
ing February. At 40-m depth, maximal summer tem-
perature during August is 1.5 �C lower than at 6 m and
is only 25.5 �C. However, winter temperatures are the
same at both depths.

Acclimatization

Observations made 3 months after the coral transplan-
tation (in May 1991) and a year later (in May 1992),
revealed that the corals at 40 m, were in poor condition,
exhibiting acute stress signs (tissue retraction and partial
mortality). Further observations of the transplanted
colonies were made annually. These observations re-
vealed that the downward transplanted colonies gradu-
ally recovered and regained their natural appearance
2 years after transplantation. In February 2001, all five
downward transplanted colonies were alive. Here we
present results based on the first downward transplanted
colony, which was retrieved, sliced, and analyzed
(Fig. 2). The remaining four downward transplanted
colonies still remain in the field. The Alizarin red-S
staining line is visible in the coral slice, dividing the
skeleton into two parts: (A) the inner skeleton, deposited
during the time the coral lived at 6 m (shallow growth
phase), and (B) the outer skeleton, deposited during the
time the coral lived at 40 m (deep growth phase). Part of
the skeleton formed during the shallow growth phase
that was studied consists of five distinct pairs of high and
low density bands. Younger density bands were not
analyzed, due to indistinct banding patterns. The skel-
eton formed during the 10 years (Feb. 1991 to Feb.
2001) following transplantation to 40 m, exhibits only
eight pairs of distinct density bands. d18O annual cycles
confirmed the number of density band pairs observed
(Figs. 2 and 3).

Morphology and growth rate

The colony height-to-width ratio was 1.0 for the shallow
growth phase and 1.1 for the deep growth phase. The
change in height-to-width ratio of the transplanted col-
ony indicates that the coral grew in a massive form at
6 m and slightly changed its morphology toward a

Fig. 1 Long-term (1988–2001) mean monthly SST (±SD) at the
study site (Genin, personal communication) and mean monthly
seawater temperature during 2000 as recorded by two data loggers
placed next to the studied corals at 6- and 40-m depth
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columnar growth at 40 m by adding more skeletal
material to the top of the colony in comparison to the
amount of skeleton added to it’s side (Fig. 2). Annual
growth rates were determined from the seasonal cycle of
the d18O (Fig. 3). The growth rate at 6 m was
5.66±0.47 mm/year, almost twice the growth rate fol-
lowing transplantation to 40 m, which was
3.00±0.37 mm/year (Table 1).

Stable isotopes

d18O and d13C show a clear pattern of annual periodicity
in both shallow and deep growth phases (Fig. 3). The
mean annual d18O of the shallow growth phase skeleton
is significantly lighter by 0.30& (Fig. 4A; Table 1). The
mean annual d13C demonstrates an opposite trend; the
shallow growth phase skeleton is significantly heavier by
0.34 & than the deep growth phase skeleton (Fig. 4B;
Table 1).

The mean seasonal d18O amplitude (i.e., the differ-
ence between minima and maxima in each annual cycle)
in the shallow growth phase skeleton is significantly
lower than in the deep growth phase by 0.35& (Fig. 4A;
Table 1). An opposite trend is detected in the mean d13C
where the deep growth phase skeleton has a significantly

smaller seasonal amplitude than the shallow growth
phase by 0.33& (Fig. 4B; Table 1).

No significant linear correlation was found between
d18O and d13C during the time the coral grew in shallow
water (Fig. 5A; y=)0.15x)2.02; r=)0.2; p=0.2). The
skeleton became depleted in 18O and enriched in 13C
during the season of high water temperatures and high
light intensity (summer), and vice versa during winter-
time. A cross-correlation analysis reveals that the max-
imal correlation between d18O and d13C during the
shallow growth phase (r=)0.71; p<0.05) is achieved
when d18O time series lag d13C series by 3 months.
However, this phase shift is not observed in the deep
skeleton. d13C and d18O are positively correlated with a
maximum correlation at a time lag of zero months
(Fig. 5B; y=0.50x)0.55; r2=0.65; p<0.05).

Density bands

Two definite time markers are evident in this record
(Fig. 2). The first is the Alizarin red-S stain line
marking the transplantation date (February 1991) and
the second is the outermost skeleton layer representing
the retrieval date (February 2001). Both time markers
correspond to high-density bands, although one was
formed during the shallow phase and the other during
the deep phase of the coral growth. A cross-correlation
between skeleton optical density and d18O shows that
maximum correlation occurs at a time lag of zero for
the two growth phases. Low-density skeleton is pro-
duced during summer and high-density skeleton is
produced during winter, in both shallow and deep
growth phases of the coral (r=0.52; p<0.05 for shal-
low growth phase and r=0.54; p<0.05 for deep growth
phase).

Discussion

Measured temperature and acclimatization

The two data loggers show that the mean annual tem-
perature difference between 6 and 40 m is less than
0.25 �C, with a maximum of 1.5 �C difference in summer
and no difference during winter. This temperature de-
cline along the 40-m depth gradient is negligible in
comparison to the annual mean temperature amplitude
of 5.5 �C. On the other hand, light spectrum and light
intensity change rapidly along this depth gradient and
largely dictate the coral abundance (Achituv and
Dubinsky 1990). In addition to the general light
attenuation, colonies living in shallow water receive
proportionally more red and ultraviolet radiation
(UVR) and less blue and green radiation than
deep-water corals. This results in the presence of high-
light- and low-light-adapted ecotypes of corals and
zooxanthellae along a depth gradient (Rowan et al.
1997; Jokiel et al. 1997; Lesser 2000).

Fig. 2 A colony of P. lutea stained with Alizarin red-S was
transferred from 6- to 40-m depth on February 1991 and retrieved
on February 2001. A Photo of a slab cut out along the maximal
growth axis of the colony. The pink Alizarin red-S stain line
separates between the shallow and deep growth phases of the
colony. B X-radiographic positive illustrating skeletal high- and
low-density banding pattern. C Composite image of the coral slab
(right) and the x-radiograph (left), indicating the position of the
Alizarin red-S stain line in relation to the x-radiograph. The two
definite time markers (i.e., transplantation and retrieval dates) are
indicated in red. Note the marked differences in growth rates
between the shallow and deep growth phases and the growth hiatus
following transplantation
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In the current study, the environmental changes
experienced by the coral were extreme and did not allow
for any acclimatization period. The uninterrupted skel-
eton accretion observed in the x-ray image of the coral
(Fig. 2) rules out the possibility that a new Porites spp.
planula settled upon the shallow-water coral following
transplantation. The two missing density band pairs
(Fig. 2), as confirmed by the number of d18O cycles
(Fig. 3), and observations made after the transplanta-
tion procedure suggest that the colony did not produce
skeleton for 2 years following transplantation. It seems
that although the downward transplantation was
stressful, the light reduction and spectrum change were
not lethal and the colonies were able to adapt to the new
environment.

Morphology and growth rate

Acclimatization of the coral to a deep-water environ-
ment involved changes in colony growth form, which are
consistent with the overall morphological change from a
massive growth form in shallow water to columnar
growth form in deep water (Riegl and Piller 1990). In
addition, a decrease in mean annual extension rates was

also observed. Mean annual extension rates for Porites
spp. colonies sampled from different water depths at the
same General area (Klein et al. 1992, 1993; Heiss et al.
1993, 1996, 1999; Felis et al. 1998) are in good agree-
ment with the values we recorded in the two growth
phases of this colony. It appears therefore that the
transplanted coral had shifted from a massive, fast-
growing, shallow-water, and high-light ecotype to
columnar, slow-growing, deep-water, and low-light
ecotype.

Stable isotopes

The measured differences in mean monthly temperature
between deep and shallow habitats are large enough to
induce variations in skeletal d18O between corals living
at these habitats. The seasonal temperature amplitude in
surface water in Eilat is 5.5 �C (Fig. 1). This translates
to an annual d18O variability of 1.15&, assuming a
negligible d18Osw variation throughout the year (Felis
et al. 1998) and using d18O=0.594–0.21 SST as the
relationship between Porites spp. skeletal d18O to SST
(McConnaughey 1989a). The measured average annual
range in d18O in the ‘‘shallow skeleton’’ is 1.14&,

Fig. 3 P. lutea skeletal d18O
and d13C composition recorded
in the deep and shallow growth
phases of the transplanted
colony. Vertical gray lines
indicate January of each year.
The two time markers are the
collection date in February
2001 (top of the record) and the
transplantation date in
February 1991 (Alizarin red
line). The gray bar represents
the growth hiatus inferred from
the missing 2 years in the deep
growth phase and from
observations made after the
transplantation

Table 1 Results of a
Kolmogorov-Smirnov test
comparing growth rate and
isotopic variables as calculated
in the shallow (n=5 years) and
deep (n=8 years) growth
phases of the colony

Variable Shallow Deep

n Avg. STDV n Avg. STDEV P value

Growth rate (mm/year) 5 5.66 0.47 8 3.00 0.37 <0.05
Mean annual d18O (&) 5 )3.10 0.10 8 )2.80 0.14 <0.05
Mean annual d13C (&) 5 )1.58 0.12 8 )1.92 0.14 <0.05
Mean seasonal d18O amplitude (&) 5 1.14 0.15 8 1.49 0.20 <0.05
Mean seasonal d13C amplitude (&) 5 1.13 0.21 8 0.80 0.19 <0.05
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suggesting that in shallow water the annual temperature
change accounts for all the skeletal d18O variance. On
the other hand, the annual temperature amplitude in
deep water is only 4.5 �C (Fig. 1). Thus, we expected
that the d18O amplitude of the deep skeletal phase would
be smaller than that of the shallow skeletal phase. Sur-
prisingly, we measured annual range in d18O of 1.49&,
significantly higher than in the ‘‘shallow skeleton’’
(Fig. 4A; Table 1). It appears that d18O of the ‘‘deep
skeleton’’ is 0.30 and 0.60& enriched relative to the
‘‘shallow skeleton’’ d18O in summer and winter, respec-
tively (Fig. 4A).

During the summer months when the water column is
stratified, the temperature at 40 m is 1.5 �C cooler than
at 6 m (Fig. 1). This difference corresponds to the 0.3&
enrichment measured in the skeleton deposited in sum-
mer during the deep growth phase of the colony versus
that deposited in summer during the shallow growth
phase (Fig. 4A). During winter months, on the other
hand, the water column is well mixed (Genin et al. 1995)
and we did not detect any water temperature difference
between the two depths (Fig. 1). Hence, temperature
does not account for the 0.6& enrichment observed in
the corresponding skeletal portion. The contribution of
salinity to the vertical variations in water density at the

study site is negligible (Wolf-Vecht 1992; Berman 2000)
and rules out the possibility that difference in d18Osw

compositions at the two depths caused the measured
difference in skeletal d18O. Therefore, an alternative
explanation must be invoked to account for the unusual
winter enrichment in d18O of the skeleton during the
deep growth phase of the colony.

During winter in Eilat, the water column is well mixed
andmixing can reach down to 800 m. This seasonal deep-
water mixing results in an increased supply of nutrients to
the surfacewaters, leading tomassive algal blooms (Genin
et al. 1995). As a result, during winter only 5% of the
surface light is available for photosynthesis at 40 m water
depth as opposed to 30% that is available during summer
at the same depth (Titlyanov et al. 2000). Generally,
photosynthesis stimulates calcification in scleractinian
corals and calcification rates in the lightwere calculated to
be three-fold higher than in the dark (Gattuso et al. 1999).
The extreme light attenuation along the murky water
column during winter may decrease photosynthesis
activity and calcification rate in corals inhabiting deep-
water environments. Variations in calcification rates were
found to generate a considerable impact on carbon and
oxygen fractionation processes and were associated di-
rectly to rates of photosynthesis by the zooxanthellae and

Fig. 4 A Average minimum (summer), maximum (winter), and
annual coral skeletal d18O composition (±SD) in the shallow
and deep growth phases of the coral. Each mean comprises five and
eight samples for shallow and deep growth phases, respectively.
Values in brackets are the difference between the corresponding
points. B Average minimum, maximum, and annual d13C compo-
sition (±SD) in the shallow and deep growth phases of the coral.
Each mean comprises five and eight samples for shallow and deep
growth phases, respectively. Values in brackets are the difference
between the corresponding points

Fig. 5 d13C vs. d18O plot of the shallow (A) and deep (B) growth
phases of the transplanted colony. Open symbols represent maximal
summer and winter values
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calcification by the coral host (Land et al. 1975;
McConnaughey 1989a, 1989b; de Villiers et al. 1995; Al-
lison et al. 1996). This kinetic effect causes a significant
isotopic enrichment when accretion rates are low.
Therefore, it is reasonable to assume that a decline in
growth rate during the winter months in the deep growth
phase of the coral explains the observed enrichment in
skeletal d18O due to kinetic effects.

The change in phase relation between d18O and d13C,
from a negative correlation with a 3-month time lag in
the shallow growth phase to an in-phase positive cor-
relation in the deep growth phase, reflects the change in
the environment in which the colony grew. In Eilat, light
intensity is maximal during May while water tempera-
ture is maximal only 3 months later, during August
(Klein et al. 1992; Israel meteorological service, Eilat
station). This phase shift is detected in the shallow
growth phase of the coral. The skeletal d13C, governed
mainly by light intensity through the photosynthetic
activity of the zooxanthellae, reaches a maximum in
May, while d18O that is mainly temperature dependent,
reaches its minimal value 3 months later, during August,
when water temperature is maximal.

During the time period that the colony grew in deep
water, this phase shift was absent. The measured
depletion of mean annual d13C, as well as the lower
seasonal d13C amplitude in the deep growth phase of the
colony are in agreement with findings that skeletal d13C
values gradually decrease with depth (Weber et al. 1976;
Fairbanks and Dodge 1979; Swart and Coleman 1980;
McConnaughey 1989a; Muscatine et al. 1989; Aharon
1991; Leder et al. 1991; Juillet-Leclerc et al. 1997;
Grottoli and Wellington 1999) and may suggest that
photosynthesis by the zooxanthellae was reduced be-
cause of the poor light conditions in deep water. This
conclusion is in accordance with indications that
deep-water corals may not have the potential to be
autotrophic with respect to carbon, and must therefore
obtain some carbon heterotrophically (Davies 1977;
Muscatine et al. 1984, 1989; Grottoli 1999; Grottoli and
Wellington 1999). In addition to the change in the
absolute d13C values, a positive correlation between
d18O and d13C without a phase shift was observed
(Fig. 5). Such positive correlations are common to car-
bonates showing mainly kinetic patterns (McConnaug-
hey 1989a). The relationship between d18O and d13C in
the shallow and deep growth phases of the colony, as
demonstrated in Fig. 5, is strikingly comparable to that
in the Galapagos corals discussed by McConnaughey
et al. (1997) (see Fig. 6 therein). The shallow growth
phase is analogous to the Galapagos hermatypic corals,
while the deep growth phase is analogous to the ah-
ermatypic Galapagos corals. It appears that the impor-
tance of light intensities in the forcing of skeletal d13C in
deep-water corals is lower than in shallow water corals.
Instead, the control of the kinetic effect over the skeletal
d13C in deep-water corals is predominant.

Low photosynthetic rate due to light saturation
(photoinhibition) may also explain the negative

correlation observed between d18O and d13C in the
shallow growth phase of the coral. The idea that pho-
toinhibition may control the isotopic composition of
shallow corals was suggested by Erez (1977, 1978). In
contrast to previous models (Weber and Woodhead
1970; Goreau 1977a, 1977b), Erez (1977, 1978) con-
cluded that the isotopic composition of the skeletal d13C
becomes lighter as photosynthetic rate increases. More
recent studies (Swart 1983; McConnaughey 1989a) con-
firmed and support the model of Weber and Woodhead
(1970) and Goreau (1977a, 1977b) that skeletal d13C
becomes heavier as photosynthesis rates increase.

Density bands

Since skeletal density banding provides the foundation
for most coral-based environmental reconstruction
studies, it is of great importance to determine whether
the timing of density-band formation is genetically and/
or environmentally controlled. A cross-correlation
analysis between skeletal optical density and d18O
composition in the two growth phases of the coral re-
vealed that the timing of density-band formation re-
mained the same regardless of depth. In contrast, in
previous work at the same study site with the same coral
genus, the timing of density-band formation was found
to be depth dependent, with opposite patterns in shallow
(3 m) and deep (51 m) water (Klein et al. 1993). In the
current study, the timing of density banding produced
by the same colony (i.e., the same genotype) at the two
depth environments (6 and 40 m) was similar, while in
Klein et al. (1993), different colonies (i.e., different
genotypes) produced opposite banding at the two depth
environments (3 and 51 m). This disagreement between
the results may imply that the timing of density band
formation is intrinsically controlled rather than envi-
ronmentally governed. Findings of other investigators
who reported differences in timing of density band for-
mation between closely situated colonies of the same
species on the same reef support this hypothesis (Lough
and Barns 1990).

Summary

The present study investigated the effect of water depth
on stable isotope composition and density band forma-
tion in a coral colony that experienced two distinct depth
environments (6 and 40 m) for several years at each
depth. The significant differences in isotopic composi-
tion, as well as the lack of difference in the timing of
density-band formation between the shallow and deep
growth phases of this colony, suggest that reconstruc-
tion of seasonal environmental variations must be
achieved differently for shallow and deep water corals.
While shallow corals at this site may faithfully record the
full seasonal temperature variability, deep-water corals
might be more influenced by kinetic effects. However, we
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need to replicate this study in more colonies, in order to
test this hypothesis. In the study site, the difference be-
tween periods of maximum temperature and light
intensities enables the conclusion that a lack of phase
shift between d18O and d13C was indicative of deep-
water corals, while such a phase shift was consistent with
our expectations for shallow-water corals. In view of the
fact that diagenesis (e.g., recrystallization and secondary
aragonite precipitation) may alter the original isotopic
ratios in fossil corals, and since it is unlikely that these
processes will mask the phase shift, this finding may
serve as a novel indicator revealing the environmental
setting in which such corals grew.

Acknowledgements We wish to thank A. Genin for the SST data.
We also thank M. Ravid of the Chaim Shebe Medical Center for
helping with x-radiography work and Y. Levy for image process-
ing. A special thanks to R. Klein who initiated the translocation
experiment, and to the Marine Laboratory at Eilat for the warm
hospitality. We would also like to thank A.G. Grottoli, A. Juillet-
Leclerc, and T.A. McConnaughey for their constructive comments
on the manuscript. This work was supported by Raynor Chair for
Environmental Conservation Research to Y.L.

References

Achituv Y, Dubinsky Z (1990) Evolution and zoogeography of
coral reefs. In: Dubinsky (ed) Ecosystems of the world: coral
reefs. Elsevier, New York

Aharon P (1991) Recorders of reef environment histories—stable
isotopes in corals, giant clams, and calcareous algae. Coral
Reefs 10:71–90

Allison N, Tudhope AW, Fallick AE (1996) Factors influencing the
stable carbon and oxygen isotopic composition of Porites lutea
coral skeletons from Phuket, South Thailand. Coral Reefs
15:43–57

Anthony KRN, Fabricius KE (2000) Shifting roles of heterotrophy
and autotrophy in coral energetics under varying turbidity. J
Exp Mar Biol Ecol 252:221–253

Berman T, Paldor N, Brenner S (2000) Simulation of wind-driven
circulation in the Gulf of Elat (Aqaba). J Mar Syst 26:349–365

Buddemeier RW, Fautin DG (1993) Coral bleaching as an adaptive
mechanism. Biol Sci 43:320-325

de Villiers S, Nelson BK, Chivas AR (1995) Biological-controls on
coral sr/ca and d18O reconstructions of sea-surface tempera-
tures. Science 269:1247–1249

Darwin CR (1842) The structure and distribution of coral reefs. D.
Appleton and Company, New York

Davies PS (1977) Carbon budgets and vertical zonation of Atlantic
reef corals. Proc 3rd Int Coral Reef Symp 1:391–396

Erez J (1977) Influence of symbiotic algae on the stable isotope
composition of hermatypic corals: a radioactive tracer ap-
proach. Proc 3rd Int Coral Reef Symp 2:563–569

Erez J (1978) Vital effect on stable-isotope composition seen in
foraminifera and coral skeletons. Nature 273:199–202

Fairbanks RG, Dodge RE (1979) Annual periodicity of the
18O/16O and 13C/12C ratios in the coral Montastrea annularis.
Geochim Cosmochim Acta 43:1009–1020

Felis T, Patzold J, Loya Y, Wefer G (1998) Vertical water mass
mixing and plankton blooms recorded in skeletal stable carbon
isotopes of a Red Sea coral. J Geophys Res 103:30731–30739

Gagan MK, Chivas AR, Isdale PJ (1994) High-resolution isotopic
records from corals using ocean temperature and mass-spawn-
ing chronometers. Earth Planet Sci Lett 121:549–558

Gagan MK, Chivas AR (1995) Oxygen isotopes in western-Aus-
tralian coral reveal Pinatubo aerosol-induced cooling in the
western pacific warm pool. Geophys Res Lett 22:1069–1072

Gattuso JP, Allemand D, Frankignoulle M (1999) Photosynthesis
and calcification at cellular, organismal and community levels
in coral reefs: a review on interactions and control by carbonate
chemistry. Am Zool 39:160–183

Genin A, Lazar B, Brenner S (1995) Vertical mixing and coral
death in the Red-Sea following the eruption of mount-Pina-
tubo. Nature 377:507–510

Goreau TJ (1977a) Carbon metabolism in calcifying and photo-
synthetic organisms: theoretical models based on stable isotope
data. Proc 3rd Int Coral Reef Symp 2:395–401

Goreau TJ (1977b) Coral skeletal chemistry: physiological and
environmental regulation of stable isotopes and trace metals in
Montastrea annularis. Proc R Soc Lond B 196:291–315

Grottoli AG, Wellington GM (1999) Effect of light and zoo-
plankton on skeletal d13C values in the eastern Pacific corals
Pavona gigantea. Coral Reefs 18:29–41

Grottoli AG (1999) Variability of stable isotopes and maximum
linear extension in reef-coral skeletons at Kaneohe Bay, Hawaii.
Mar Biol 135:437–449

Grottoli AG (2002) Effect of light and brine shrimp on skeletal
d13C in the Hawaiian coral Porites compressa: A tank experi-
ment. Geochim Cosmochim Acta 66:1955–1967

Guzman HM, Tudhope AW (1998) Seasonal variation in skeletal
extension rate and stable isotopic (C-13/C-12 and O-18/O-16)
composition in response to several environmental variables in
the Caribbean reef coral Siderastrea siderea. Mar Ecol Prog Ser
166:109–118

Heiss GA (1996) Annual band width variation in Porites sp. from
Aqaba, Gulf of Aqaba, Red Sea. Bull Mar Sci 59:393–403

Heiss GA, Dullo WC, Reijmer JJG (1993) Short and long term
growth history of massive Porites sp. from Aqaba (Red-Sea).
Senckenbergiana Maritima 23:135–141

Heiss GA, Dullo WC, Joachimski MM, Reijmer JJG, Schumacher
H (1999) Increased seasonality in the Gulf of Aqaba, Red Sea,
recorded in the oxygen isotope record of Porites lutea coral.
Senckenbergiana Maritima 30:17–26

Hubbard D, Scaturo D (1985) Growth rates of seven species of
scleractinean corals from Cane Bay and Salt River St. Croix
USVI. Bull Mar Sci 36:325–338

Jokiel PL, Lesser MP, Ondrusek ME (1997) UV-absorbing com-
pounds in the coral Pocillopora damicornis: Interactive effects of
UV radiation, photosynthetically active radiation, and water
flow. Limnol Oceanogr 42:1468–1473

Juillet-Leclerc A, Gattuso JP, Montaggioni LF, Pichon M (1997)
Seasonal variation of primary productivity and skeletal d13C
and d18O in the zooxanthellate scleractinean coral Acropora
formosa. Mar Ecol Prog Ser 157:109–117

Klein R, Patzold J, Wefer G, Loya Y (1992) Seasonal-variations in
the stable isotopic composition and the skeletal density pattern
of the coral Porites lobata (gulf of Eilat, Red-Sea). Mar Biol
112:259–263

Klein R, Patzold J, Wefer G, Loya Y (1993) Depth-related timing
of density band formation in Porites spp. corals from the Red-
Sea inferred from x-ray chronology and stable-isotope compo-
sition. Mar Ecol Prog Ser 97:99–104

Kojis BL, Quinn NJ (1984) Seasonal and depth variation in
fecundity of Acropora palifera at two reefs in Papua New
Guinea. Coral Reefs 3(3):165–172

Land LS, Lang JC, Barnes DJ (1975) Extension rate: a
primary control on the isotopic composition of West Indian
(Jamaican) scleractinean reef coral skeletons. Mar Biol 33:221–
233

Leder JJ, Szmant AM, Swart PK (1991) The effect of prolonged
bleaching on skeletal banding and stable isotopic composition
in Montastrea annularis preliminary observations. Coral Reefs
10:19–27

Lesser MP (2000) Depth-dependent photo acclimatization to solar
ultraviolet radiation in the Caribbean coral Montastrea faveo-
lata. Mar Ecol Prog Ser 192:137–151

Lough JM, Barnes DJ (1990) Intra-annual timing of density band
formation of Porites coral from the central Great Barrier Reef.
J Exp Mar Biol Ecol 135(1):35–57

344



McConnaughey TA (1989a) 13C and 18O isotopic disequilibrium in
biological carbonates: I. Patterns. Geochim Cosmochim Acta
53:151–162

McConnaughey TA (1989b) 13C and 18O isotopic disequilibrium in
biological carbonates: II. In vitro simulation of kinetic isotope
effects. Geochim Cosmochim Acta 53:163–171

McConnaughey TA, Burdett J, Whelan JF, Paull CK (1997) Car-
bon isotopes in biological carbonates: respiration and photo-
synthesis. Geochim Cosmochim Acta 61:611–622

Muscatine L, Falkowski PG, Porter JW, Dubinsky Z (1984) Fate
of photosynthetic fixed carbon in light and shade-adapted col-
onies of the symbiotic coral Stylophora pistillata. Proc R Soc
Lond B 222:181–202

Muscatine L, Porter JW, Kaplan IR (1989) Resource partitioning
by reef corals as determined from stable isotope composition .1.
d13C of zooxanthellae and animal tissue Vs depth. Mar Biol
100:185–193

Paldor N, Anati DA (1979) Seasonal variations of temperature and
salinity in the Gulf of Eilat (Aqaba). Deep-Sea Res 26:661–672

Riegl B, Piller WE (1999) Coral frameworks revisited-reefs and
coral carpets in the northern Red Sea. Coral Reefs 18:241–253

Rowan R, Knowlton N, Baker A, Jara J (1997) Landscape ecology
of algal symbionts creates variation in episodes of coral
bleaching. Nature 388:265–269

Shick JM, Lesser MP, Dunlap WC, Stochaj WR, Chalker BE, Won
JW (1995) Depth-dependent responses to solar ultraviolet-
radiation and oxidative stress in the zooxanthellate coral Ac-
ropora microphthalma. Mar Biol 122:41–51

Swart PK (1983) Carbon and oxygen isotope fractionation in
scleractinean corals: a review. Earth Sci Rev 19:51–80

Swart PK, Coleman ML (1980) Isotopic data for scleractinean
corals explain their palaeotemperature uncertainties. Nature
283:557–559

Swart PK, Leder JJ, Szmant AM, Dodge RE (1996) The origin of
variations in the isotopic record of scleractinian corals .2.
Carbon. Geochim Cosmochim Acta 60:2871–2885

Swart PK, White KS, Enfield D, Dodge RE, Milne P (1998) Stable
oxygen isotopic composition of corals from the Gulf of Guinea
as indicators of periods of extreme precipitation conditions in
the sub-Sahara. J Geophys Res 103:27885–27891

Titlyanov E, Bil’ K, Fomina I, Titlyanova T, Leletkin V, Eden N,
Malkin A, Dubinsky Z (2000) Effects of dissolved ammonium
addition and host feeding with Artemia salina on photoaccli-
mation of the hermatypic coral Stylophora pistillata. Mar Biol
137:463–472

Weber JN (1974) 13C/12C ratios as natural isotopic tracers eluci-
dating calcification processes in reef-building and non-reef-
building corals. Proc 2nd Int Coral Reef Symp 2:289–298

Weber JN, Woodhead PMJ (1970) Carbon and oxygen isotope
fractionation in the skeletal carbonate of reef-building corals.
Chem Geol 6:93–117

Weber JN, Denies P, Weber PH, Baker PA (1976) Depth
related changes in 13C/12C ratio of skeletal carbonate deposited
by the Caribbean reef-frame building coral Montastrea
annularis further implications of a model for stable isotope
fractionation by scleractinian corals. Geochim Cosmochim
Acta 40:31–39

Wolf-Vecht A, Paldor N, Brenner S (1992) Hydrographic indica-
tion of advection/convection effects in the Gulf of Eilat. Deep-
Sea Res 39:1393–1410

345


