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ABSTRACT: X-radiographs of vertical sections of Porites colonies (P. lobata and P. columnaris) from
coral reefs of the northern Red Sea were examined for their linear growth rate and skeletal density
patterns. Results provide the first sclerochronological record of Red Sea corals. Corals sampled from the
same area showed marked variations in their linear growth rate. Average growth rates were 7.48 =
1.78 mm yr~! for P. lobata and 5.68 + 1.52 mm yr~! for P. columnaris. High density deposition bands
occur during winter (December to May; low light intensity and seawater temperature), and low density
deposition bands during summer (June to November; high light intensity and seawater temperature). A
model that relates exogenic factors (e.g. temperature and light) and an endogenic factor (e.g. reproduc-
tion) to the density band depositional pattern is presented. It is concluded that in the Red Sea water
temperature and light intensity are the major factors controlling the identity of band formation in Porites
corals, while reproduction is probably of lesser importance.

INTRODUCTION

Skeletal band couplets of alternating high density
(HD) and low density (LD) in massive coral species have
beenusedtointerpret their growth history (Knutson etal.
1972, Dodge & Vaisnys 1975). X-radiographs of vertical
sections along the growth axis can be used to display the
density variations (Knutson et al. 1972, Barnes & Lough
1989). [tiswidely accepted that the 2 bands, low (LD) and
high density (HD), represent 1 yr of growth (Buddemeier
etal. 1974, Dodge & Thomson 1974, Macintyre & Smith
1974, Moore & Krishnaswami 1974).

The literature contains many examples of possible
correlations between the identity of the bands (e.g. low
or high density) and environmental factors, such as
seasonal variations in seawater temperature (Dodge &
Vaisnys 1975, Weber et al. 1975, Hudson et al. 1976)
and light intensity (Buddemeier & Kinzie 1975,
Wellington & Glynn 1983). Highsmith (1979), who
examined the growth bands in relation to their time of
deposition on a global scale, proposed a model relating
the interplay of light availability and water tempera-
ture to the production of the different skeletal bands.
Turbidity and sedimentation (Dodge & Vaisnys 1980)
and the endogenic factor of reproduction (Wellington &
Glynn 1983) were also invoked in attempts to explain
the banding appearance.
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Lough & Barnes (1990) indicated the problems in
density pattern interpretation, and pointed out poten-
tial sources of error, such as subjective observation,
technique, and coral geometry. By listing the intra-
annual timing of growth bands in various corals from
different reef locations, they found few exceptions to
the general rule that LD bands are formed during the
period of lower water temperature. Most of the excep-
tions according to this list were corals of the genus
Porites.

Although skeletal band studies have been conducted
for many years in different reef sites around the world,
there is no information available on the density pat-
terns of corals from the Red Sea. Of particular interest is
the Gulf of Eilat, exhibiting one of the northern border
distributions of diverse coral communities (Loya &
Slobodkin 1971). In this paper we examine the sclero-
chronological record of 2 Red Sea massive Porites
species with regard to linear growth rates, skeletal
band depositional patterns, reproductive cycle and a
possible relationship of these factors to seasonality and
environmental conditions. The genus Porites was cho-
sen for this study as it exhibits (1} a small polyp diame-
ter which provides distinct banding in X-radiographs;
(2) a wide range of colony sizes; (3) high abundance
throughout the Red Sea; and (4) a cosmopolitan dis-
tribution, so that it is widely studied.
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MATERIALS AND METHODS

Colonies of 2 Porites species, P. columnaris (n = 10}
and P. lobata (n = 11), were collected from the northern
part of the Red Sea, Gulf of Eilat from 1986 to 1988.
Tissue was removed using a water-jet (‘water-pik’)
system and then the corals were dried in the sun. Thin
slices (5 to 6 mm thick) were cut along the maximal
growth axis with a diamond rock saw. The vertical axis
was marked in situ to avoid errors of the cutting angle.
The slices were X-rayed using a Phillips medical
radiography machine with exposure conditions of
50 kVp/200 mAs, and a distance of 100 cm onto an
Agfa Currix RP-2 non-screen film. For densitometry
scanning we used a laser beam LKB Ultroscan II
densitometer The X-ray negatives were scanned along
the maximal growth axis, and the colonies’ ages were
determined according to their X-ray images, with the
aid of densitometry scanning. Mean geometric radius
(r) was computed according to Loya (1976), for com-
paring size vs age of the coral.

The reproduction season was detected by a histology
procedure on decalcified coral samples. The samples
were collected on a monthly basis during 1986 and
1987, fixed in 4 % buffered seawater formalin, and later
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transferred to 70 % methyl alcohol. Detailed pro-
cedures are described in Rinkevich & Loya (1979). The
reproductive development was recorded and described
as the increase in oocyte diameter over time. Relevant
climatic data for the Gulf of Eilat were obtained from
the Israeli Meteorological Station at Beit-Dagan. Light
intensity was measured as sun irradiance (sunshine
hours per month), and seawater temperatures were
measured in the shallow water of Eilat, at a depth of
about 0.5 m.

RESULTS

The wide, bright bands (Fig. 1) represent the LD
portion of the coral, while the narrower, dark bands
represent the HD portion. The width of the LD and HD
bands together represents the annual growth rate. The
average linear growth rate (LGR) for Porites columnaris
was found to be 5.68 + 1.52 mm yr™!, while that of P.
lobata was significantly higher, 7.48 + 1.78 mm yr ! (¢
test, p < 0.05; Table 1). For each species, 2-way
ANOVA was conducted to determine possible differ-
ences in linear growth rates among various colonies, or
between years of growth (1972 to 1986) within each

LD

Fig. 1 Porites lobata. Distinct an-
nual growth bands of coral re-
vealed from X-radiograph (posi-
tive) of a vertical cross section
through the colony. Wide light
bands represent the LD (low den-
sity) portion of the coral, while
the narrower dark bands repre-
sent the HD (high density) portion.
The densitometer scanning in
O.D. (optical density) units is at-
tached to the X-radiograph and
illustrates the position of each
band type along the growth pro-
file. The dashed lines point to the
most distinct HD bands. Note that
high optical values correspond to
low values of the skeletal density
(LD) and vice versa
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Table 1. Porites spp. Averages of the linear growth rate (+SD). n: number of years; LGR: linear growth rate (mm yr™})

P. lobata P. columnaris
Coral sample LGR (mm yr™") n Coral sample LGR (mm yr™) n
S1 6.65 + 1.44 25 G2 6.20 = 1.07 15
S2 6.91 + 1.62 29 G7 472 +0.90 17
S3 6.88 = 1.29 18 Z1 483+ 1.26 21
S4 6.38 £ 0.88 23 2 582+ 1.16 22
S5 8.24 £1.94 11 Z4 4.14 +1.02 38
G1 4.82+1.26 15 TEM1 6.75 +1.35 6
G6 7.33%x245 12 TEM?2 6.44 + 0.93 17
G3 7.93 £ 1.56 15 TEM4 5.26 =038 5
ALT2 9.36 = 2.30 13 BP1 5.50 £ 1.42 22
ALT3 8.14 = 1.34 17 BP3 6.19 = 1.59 16
ALT4 8.14 = 1.69 15
colony. In both species no significant difference was 121

found for growth rates in different years (p > 0.001).
The mean annual growth rate did not show a determi-
nate trend (p < 0.001). A significant difference in
annual growth rates was observed among the various
colonies due to the anomalous growth rate of colonies
G1 and ALT2 of P. lobata, and Z4 of P. columnarns
(Table 1, a posteriori Student-Newman-Keuls test, « =
0.05). The difference in the annual growth rates
between the 2 Porites species is illustrated in Fig. 2.
The geometric mean radius (r) was used as an indi-
cator of colony size. Regression lines of the geometric
mean radius (r) of each colony vs colony age (X) were
computed for the 2 species (Fig. 3). The regression
equation for Porites lobatais T = 2.13 + 0.248X (12 =
0.73) and for P. columnaris T = 0.191 + 0.226X (r* =
0.7). Comparison of the regression slopes of the 2
species showed no significant difference (p > 0.05).
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Fig. 2. Porites spp. Averages of the annual linear extension of

P. lobata (e; n = 11 colonies) and P. columnaris {(©; n = 10

colonies) (* SD) in the years 1972 to 1986. Details on the

number of growth years measured within each colony are
given in Table 1
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Fig. 3. Porites spp. Regression lines of size (geometric mean
radius, T) versus age in P. lobata (e) and P. columnaris ()

The identity of the outermost band and the date of
collection were used as base line information to deter-
mine the seasonality of band formation. The timing of
band deposition based on 2 seasonal sampling periods
is summarized in Table 2 and further illustrated in
Table 3. The ratio x/y (Table 2) represents the percent-
age of the outermost band type compared to the total
average (LD or HD respectively), which gives an
approximate estimate of the duration of deposition of
this band. As indicated by these tables, the wide LD
bands are deposited during summer, between June
and November, while the narrow HD bands are depo-
sited during winter, between December and May.

Histological analysis of the 2 Porites species indi-
cated that the reproductive period occurs between
March and July. The oocytes reach their maximum
diameter (90 to 100 um) towards the end of June and in
both species are released to the water during July
(Fig. 4). The exact time of oocyte release for each
species is yet to be determined.
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Table 2. Porites spp. Timing of band deposition according to
type and width of the outermost band obtained in the X-ray
image. The ratio x/y represents the percentage of the outer-
most band of the total LD or HD average. The symbols * (for
LD bands) and ** (for HD bands) are given where a new thin
band type was formed. Corals S1 to S6 were collected from
4 m depth; corals G1 to G6 were collected from 8 to 12 m
depth; and coral Z4 from 20 m depth

Winter sampling, December—January 1986-87

Coral Type External band Aver. = SDof x/y
width (mm) LD width (mm) (%)
(x) (y)
G1 new HD Thin - d
G2 LD 5.0 4808 104.1
G3 LD 6.0 6.6 +14 91.0
G7 LD 3.0 3.7+£07 81.1
G6 new HD Thin — .
Z4 new HD Thin -

Summer sampling, May-June 1987

Coral Type External band Aver. = SDof x/y
width (mm) HD width (mm) (%)
(x) (¥)
S1 HD 1.5 1.3+06 1154
S2 HD 1.0 1.1 =04 91.0
S3 new LD Thin - o
S4 HD 1.0 1.2+03 83.3
S5 HD 0.8 2.0+038 40.0
S6 new LD 2.0 - .

Fig. 5 shows a suggested model for band depositional
pattern of Porites species in the Gulf of Eilat, and
illustrates the relationship between this pattern and
exogenic and endogenic factors. The values of sea-
water temperature measured at 0.5 m depth, and light
expressed in hours of sun irradiance per month, repre-
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Fig. 4. Porites spp. Oocyte development during the reproduc-
tive period (March to July) of P. lobata () and P. columnaris ()

sent averages of over 20 yr (the year 1987, in which
most of the corals were collected, showed similar pat-
terns of seawater temperature and sun irradiance). The
curves indicating seawater temperature and sun
irradiance are given over a period of 24 mo (Fig. 5),
demonstrating the transition from one type of density
band to the other. The reproductive period of the 2
Porites species is illustrated in the model with reference
to Fig. 4.

DISCUSSION

The high variability in the linear growth rate
throughout the coral life is clearly demonstrated in our
results, as also shown in similar studies (Buddemeier et
al. 1974, Buddemeier & Kinzie 1976, Isdale 1977,
Brown et al. 1986}. Measurements of the linear incre-
ments along the coral axis indicated no significant

Table 3. Porites spp. Illustration of probable transition timing from HD band deposition to LD band deposition and vice versa,
based on results in Table 2

Coral Jul Aug Sep Oct

Summer
G1 S =
G2 — — =
G3 — LD band formation
G6 — - C
G7 — =
Z4 — -
S1
S2
S3
S4
S5
S6

Nov Dec-Jan Feb Mar Apr May-Jun
- LD — HD new HD
LD — HD
LD — HD
LD — HD new HD
LD
LD — HD new HD
— —— end HD
— — - end HD
= HD band formation - -HD — LD
- end HD
- HD
- new LD

Winter
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Fig. 5. A model for the seasonal deposition pattern of skeletal
bands in Porites species in the Red Sea, in relation to exogen-
ous factors (light and temperature) and an endogenous factor
(reproduction). HD: high density bands; LD: low density
bands; (¢) surface sea water temperature; (+) sun irradiance
(h mo™); R: reproductive period. Vertical lines represent the
probable shift in band formation, i.e. from one type of band to
the other Horizontal line represents a temperature of 23 °C
(see text for explanation)

differences among the years 1972 to 1986 (Fig. 2); i.e.
within this time span the corals did not show any
tendency to decrease their linear growth rate as they
age or grow. This is consistent with other reports on the
genus Porites (e.g. Highsmith 1979). Comparison of the
regression lines of the 2 species shows that each
reaches a different size (P. lobata is larger than P.
columnaris) at the same age, due to their differences in
linear growth rates (Fig. 3). The average annual growth
rate of P. lobata varies between 4 and 13 mm yr~—*! in
different geographical reef locations (summarized in
Guzman & Cortes 1989). The maximal annual growth
rate for P. Iobata in the Gulf of Eilat did not exceed
9.5mm yr~! (mean 748 += 1.78 mm yr~'). This max-
imum value is relatively low compared to the maximum
growth extension recorded for P. lobata from the Philip-
pines (13 mm yr~!; Patzold 1984) or Eniwetok Atoll
(11.5 mm yr~!; Buddemeier et al. 1974).

Based on analysis of the outermost band characteris-
tics, we found that, in the Gulf of Eilat, the wide LD coral
bands of Porites species are deposited during the warm
season (summer), and the HD narrow bands are depo-
sited during the cold season (winter). An oxygen
isotopic composition (ratio of 80 : '°Q) study of a profile
along the growth axis of P. Jobata compared to the X-ray
image confirmed this intra-annual depositional pattern
(Klein et al. 1991). Results for the stable isotope compos-
ition of the skeletal banding indicate that the LD bands,
depleted in '80, are deposited during the warmest
seawater temperatures and vice versa for HD bands.

Although the coral colonies belong to 2 different
Porites species, they exhibited a synchronous intra-
annual banding pattern. Summer in the northern Red
Sea is characterized by high water temperatures and
sun irradiance values in comparison with winter
(Fig. 5). Thus, the deposition of the LD portion, which
exhibits a higher linear extension than the HD portion,
takes place during environmental conditions of higher
light irradiance and seawater temperature. The oppo-
site occurs for HD deposition.

Deposition of LD bands during summer was reported
in several places in the northern hemisphere, e.g. Oaho
Island, 22° N (Buddemeier & Kinzie 1975); Bermuda,
32°N (Dodge & Thomson 1974), and in the southern
hemisphere: Papua New-Guinea (9°S) and Java Sea
(6°S) (Scoffin et al. 1989). Deposition of LD bands
during winter occurs both in the northern hemisphere:
Eniwetak (11° N), Jamaica (18° N) and Panama (8° N)
(Buddemeier et al. 1974, Dodge 1978, Wellington &
Glynn 1983, respectively), and the southern hemi-
sphere: Fairy Reef, 19° S (Isdale 1977). For a detailed
account see Highsmith (1979) and Lough & Barnes
(1990). Porites corals from Eilat, Red Sea (29° N} deposit
LD bands during summer and HD bands during winter,
in a similar pattern to corals from Bermuda and Hawaili.

Several models have been suggested concerning the
major factors controlling band formation in corals.
Highsmith (1979) categorized scleractinian corals into 3
major groups according to the similarity in their band-
ing pattern relative to light availability and seawater
temperature. He employed the term ‘high latitude’ for
groups of corals exhibiting LD band formation during
periods of high light availability and high tem-
peratures, and HD band formation during periods of
low light availability and low temperatures. As light
intensity and seawater temperature in the present
study area are both high in summer and low in winter,
Red Sea Porites corals thus fit within Highsmith's
(1979) 'high latitude’ model of coral band formation.

In several places, where light and temperature
curves are in opposite phases, the LD bands are de-
posited during winter (see Highsmith 1979). However,
the banding pattern of Porites corals demonstrated in
Scoffin et al. (1989) precludes the construction of a
simple universal model, by showing deposition of LD
bands during summer.

Lough & Barnes (1990) discussed serveral exceptions,
as in our case, to the concept that HD bands corres-
pond to summer time. They state that more care is
required in judging the position of a chemical skeletal
marker relative to the density banding pattern, due to
geometric discrepancies between skeletal slices and X-
radiographs. In our study, the seasonal banding pattern
was independently determined by (1) analysis of the
outermost bands in the X-ray images (Tables 2 & 3) and
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(2) comparison of a density profile with the oxygen
isotopic composition (& '%0) of coral skeleton (Klein et al.
1991). Results from these 2 methods assure a substan-
tially reliable determination of band deposition timing
in Red Sea Porites corals. The exceptional pattern (LD =
summer and HD = winter) is probably due to environ-
mental factors, rather than coral geometry.

Fig. 5 shows a shift from LD to HD in November-
December. During these months the water temperature
begins to decline below a value of 23°C, while light
values are already at their lowest. In contrast, the shift
from HD to LD bands takes place in May-June, when
the water temperature begins to rise above 23°C, and
the light values almost reach their maxima. It is sug-
gested that this combination of average threshold-
temperature with the respective light levels (high or
low) is significant in dictating the annual density pat-
tern. We therefore support the hypothesis of Highsmith
(1979) and Schneider & Smith (1982) that a combina-
tion of light and temperature plays a major role in
controlling the nature of skeletal density banding in
corals. However, since light and temperature changes
are highly correlated in our study area, we cannot at
this time isolate the relative importance of one over the
other. A controlled experiment in which one of these
factors is held constant, while the other varies, is neces-
sary for further proof.

Reproduction took place between March and July,
with a peak of oocyte mean diameter in June (Fig. 4).
Like many other invertebrates, and especially Red Sea
corals (Shlesinger & Loya 1985), the reproduction
period in both Porites species is mainly linked to the
beginning of water temperature rise during March
(average value 21°C; Fig. 5). The increase in oocyte
diameter extends over periods when the corals produce
both HD and LD skeletal bands. In both Porites species
the oocytes first appear in March, when the coral is in
the middle of the period of deposition of narrow HD
bands (during 3 mo at least). Furthermore, a major
increase in oocyte diameter (i.e. energetic expenditure)
occurs just after the transition from HD to LD bands
(Figs. 4 & 5). We therefore suggest that skeletal density
pattern in Porites corals in the Red Sea is mainly dic-
tated by physical factors (water temperature and light),
while endogenic factors, such as reproduction, are
probably of lesser importance in this process.
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