Light Control of Growth Form in Colonial
Reef Corals: Computer Simulation

Abstract. Computer simulation with plotter output reveals the close interrelation
between ambient light and the skeletal morphogenesis of the massive Caribbean reef
coral Montastrea annularis. This technique illustrates a new quantitative approach to
evaluating ecological growth responses of colonial organisms.

Computer simulation techniques that
werée previously successful in geometric
analyses of skeletal development of mol-
luscan shells (/) have now been applied
in a quantitative study of coral skeletal
morphogenesis. Morphological altera-
tions that lead to flattening of the coral-
lum and a decrease in the skeletal accre-
tion rate that corresponds to increased
water depth have been documented
among massive reef corals (2-5). In the
Caribbean area, these alterations are
found, in varying degrees of devel-
opment, in Porites astreoides Leseur,
Meandrina meundrites (Linnaeus), Ste-
phanocoenia michelinii Milne Edwards
and Haime, Colpophyllia natans
(Miiller), C. breviserialis Milne Ed-
wards and Haime, Dichocoenia stokesi
Milne Edwards and Haime, Mon-
tastrea cavernosa (Linnaeus), and M. an-
nularis (Ellis and Solander). The best ex-
ample is probably Montastrea annularis,
which exhibits wide morphological varia-
tion over its depth range (0.3 to 80 m) (6).
At Carrie Bow Cay, Belize, the charac-
teristic form (Fig.1) is approximately
hemispherical in shallow water (1 to §
m), peaked or columnar at intermediate
depths (5 to 25 m), and platelike at the
greatest depths of the species (> 25 m).
Over the same depth interval, the maxi-
mum annual skeletal growth increment
decreases from 1.1t0 0.3 cm.

Such morphological differentiation has
been attributed to several causes, both
genetic and environmental (7-9). The
adaptive response of skeletal growth rate
to the systematically varying direction
and intensity of underwater illumination
has been discussed for several reef cor-
als, including Montastrea annularis (2—
5). Biological experiments linking skele-
tal calcification rate to ambient light in-
tensity (3, 10-12) strongly support this
explanation; however, little attempt has
been made to quantitatively relate the ex-
perimental evidence to observed mor-
phological trends on reefs. This informa-
tion gap is partly a result of the difficulty
of controlling the environmental vari-
ables over a sufficiently long growth in-
terval to obtain valid results.

The use of the computer allowed us to
assemble the pertinent factual informa-
tion, to simulate growth according to a
hypothetical model, and, by the relative
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success or failure of the simulation, to
rapidly evaluate the accuracy of the mod-
el. Taking as the growth model the re-
sults of the biological experiments, to-
gether with underwater radiance data
from the Caribbean and measured geo-
metric growth characteristics of Mon-
tastrea annularis, we developed a com-
puter program to simulate, with graphic
output, the skeletal morphogenesis of
this species under a variety of lighting
conditions.

The specific model that we used for
the response of coral skeletal growth to
light is the exponential function r = R
(1 — e ® =19y where r is the skeletal
growth rate in centimeters per year, R is
the maximum skeletal growth rate of the
species at saturation light intensity, /I is
the light intensity in foot-candles (1 foot-
candle = 10.76 lux), Ic is the minimum
threshold light intensity below which no
long-term growth takes place, and k is a
constant. This function is based on simi-
lar expressions that apply to organisms
growing in relation to resources that are
limiting in quantity (I3). It incorporates
three concepts developed from experi-
mental studies of coral growth in relation
to light intensity: (i) the rates of process-
es related to calcification (for example,
carbon dioxide fixation, oxygen produc-
tion, and calcium uptake) and calcium
carbonate deposition increase propor-
tionately (= linearly) with subsaturating
light intensity (11, 12); (ii) there exists a
saturating light intensity above which the
rate of calcification does not increase
(I1); and (iii) there exists a minimum
threshold light intensity below which
long-term growth cannot be maintained
(5). The minimum intensity is not strictly
compensation intensity because coral
growth does occur, albeit slowly, even in
total darkness (3, 11). However, these
studies (3, 11) were conducted over short
time intervals, and the results may prove
to be invalid if extended over time peri-
ods of months or years. The absence of
hermatypic corals in shallow-water caves
or in very deep water argues strongly
that light of some minimum intensity is
necessary for continued survival.

The exponential function was fitted by
areduced major axis line (I4) to the light
and carbon dioxide fixation curve report-
ed by Barnes and Taylor (11). The mini-

mum threshold light intensity, Ic, was
set at 29 foot-candles, the vertical radi-
ance value at the normal maximum depth
(45 m) of the species (6). The maximum
growth rate, R, was set at 1.1 cm per
year, which is the maximum annual
growth increment measured for any colo-
ny from Carrie Bow Cay.

Information on submarine light comes
from Roos (5), who measured radiance
distributions on Piscadera Baai reef,
Curagao, at water depths of 5, 10, and
20 m. The reported data, which repre-
sent two-dimensional radiance fields in
the solar plane, are the means of light-
meter readings (given in microamperes)
that have been mathematically corrected
for variations in solar altitude and azimuth
angle (/5). We calculated least squares
regression lines for specific angular radi-
ances with depth in order to be able to
generate approximate radiance distribu-
tions for any depth down to 45 m. Also,
because Roos’s data were taken in open
water, we added a 5 percent reflection
value (I6) to account for the bottom re-
flection from white carbonate substrate
on which the corals grow. We checked
these data on the reef at Carrie Bow Cay
with a portable radiometer-photometer
(17). Although lack of time and man-
power prohibited our making a compre-
hensive light survey, we were able to
establish that the vertical radiance atten-
uation is similar for the reefs at Curagao
and Belize, and that the reflection added
to the Curagao data was approximately
correct. \

The computer program also uses mor-
phological information from measure-
ments of 15 colonies of Montastrea annu-
laris (including the hemisphere, column,
and plate morphotypes) collected from
different depths and habitats at Carrie
Bow Cay and Jamaica. The variables
measured include (i) maximum annual
growth increment (distances between
alizarin red S dye markers and between
annual density growth bands shown on
x-radiographs); (ii) mean distance be-
tween corallites; (iii) mean intercorallite
distance prior to budding; (iv) angle and
mode of budding; and (v) orientations of
the corallites relative to the growth sur-
face.

Growth in the computer program
starts from a predetermined base, usual-
ly a segment of a circle. This is chosen to
approximate the shape of an early

.growth stage of a colony. Corallites are

positioned on the base at the mean inter-
corallite distance and are oriented per-
pendicular to the colony surface. Growth
events are annual to facilitate ready com-
parison with annual density bands as
seen in the x-radiographs of coral slab
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sections (¢). An event begins with a rou-
tine that determines the radiance re-
ceived by each of the growing polyps.
The light is converted functionally into
an annual growth increment, which is
added to the terminal growth position of
the corallite. The new positions, when
taken together, define the next annual
growth surface. The corallites are then
projected forward, perpendicular to the
new growth surface. After the calcula-
tions, the axes of the corallites and the
new growth surface are drawn by a
drum plotter (California Computer
Products). The above procedure is re-
peated for the desired number of years.
Budding of new corallites occurs as
space is created by the curvature and di-
vergence of existing corallites on the dif-
ferentially expanding growth surface.

New buds form either between other cor-
allites or at the periphery of the colony.
The former develop according to a
space-available criterion (that is, when-
ever the mean intercorallite distance pri-
or to budding is exceeded) at an angle
which bifurcates the angle between flank-
ing corallites. Peripheral buds develop
laterally from the epitheca and reorient
during growth in the direction of maxi-
mum radiance. Theoretically, peripheral
buds can form on any colony morpho-
type. However, they actually occur al-
most exclusively on columns and plates
which, because of their geometry and
slow growth rate, do not rapidly increase
their polypary tissue area. In the ex-
treme case of absolutely flat plates, no
tissue increase is possible without periph-
eral budding. Because polypary tissue in-
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Fig. 1. Computer simulation of the light-adapted growth of Montastrea annularis colonies from
different depths on the Belizian barrier reef (Carrie Bow Cay). Photographs show three colony
morphotypes [hemisphere (A), column (B), and plate (C)] in natural habitats. Positive prints of
x-radiographs, made from thin skeletal slabs cut vertically through specimens, show annual
growth bands and corallite growth history. Drawings are the graphic output from a computer pro-
gram that simulates colony growth patterns observed in the respective x-radiographs. The
concentric lines delineate annual growth increments; the radial lines represent the axes of the
corallites. Scale of x-radiographs and simulations, x 1.
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creases for the life of the colony at a rate
that is suggested by Goreau (3) to be in-
dependently regulated by food supply,
we introduced a program control to guar-
antee minimum tissue growth, in the
form of peripheral budding, for cases in
which there is insufficient skeletal
growth of the existing growth surface.
Thus, peripheral growth occurs whenev-
er the annual increase in tissue surface
area falls below 10 percent, and new
buds are added only up to the 10 percent
limit. This rate corresponds to the ob-
served rate of surface area increase of
the flat plate morphotype.

Figure 1 shows results of the simula-
tion of the light-adapted growth of three
colonies of Montastrea annularis living
at different water depths at Carrie Bow
Cay. There is a close similarity between
the simulated growth patterns and the
real colonies as revealed in the x-radio-
graphs, particularly with regard to the an-
nual growth increments and their varia-
tion with vertical angle and depth, the
curvature of individual corallites and
their divergence and convergence with
respect to each other, and the budding of
new corallites. The same morphological
information and program logic and con-
trols apply for all simulations; only the
nature of the light field is changed. In
each case, the number of years of growth
counted from the chosen reference base
matches the actual specimen.

Although the growth form of Mon-
tastrea annularis can be influenced by
symbiotic growth interaction (9) and
platy colonies of this species can have
adaptive advantages on sloping surfaces
8), our model of response to light, by its
ability to account for the gross morpho-
logical variation, indicates that light in-
tensity and distribution provide the ma-
jor ecological control of skeletal morpho-
genesis. The model further indicates that
genetic differences between shallow- and
deep-water populations (7) are not re-
quired to explain these morphological
trends of Montastrea annularis.

Variation of the morphological input
parameters should permit simulation of
other massive light-adapted species. Sim-
ulations of branched species could also
be achieved by introducing a routine to
allow for an axial as well as a diffuse
mode of growth. To be most effective,
however, such simulations would have
to be developed in three dimensions.

The success of our model illustrates
the potential application of computer
simulation techniques in evaluating the
growth pattern responses of colonial or-
ganisms to various other ecological pa-
rameters. For example, computer simula-
tion could be considered in studies relat-
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ing water movement to growth in
branched scleractinian corals, octocor-
als, poriferans, and hydrozoans (I8, 19).
Computer simulation allows investiga-
tors to alter each morphological parame-
ter independently or in combination with
others, thereby permitting exploration of
the exact nature and limits of the adapt-
ive mechanisms. Computer output in the
form of maps or serial sections could
serve as plans for constructing physical
models (9). Such models could then be
tested experimentally in a flume with
flow measuring equipment (/8), and the
results could be compared with the ac-
tual structures of corals living in known
energy regimes on a reef.
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Calcium-Independent Modulation of Cyclic GMP
and Activation of Guanylate Cyclase by Nitrosamines

Abstract. Nitrosamines markedly increase concentrations of guanosine 3',5'-
monophosphate (cyclic GMP) in several tissues from the rat and in human colonic
mucosa. These agents are effective in the absence of extracellular calcium and en-
hance guanylate cyclase activity in tissue homogenates. Stimulation of cyclic GMP
was greatest in liver, where the carcinogenic activity of nitrosamines is also most

pronounced.

There is evidence to suggest that
guanosine 3',5'-monophosphate (cyclic
GMP) may promote cell growth and
transformation (/), although not all data
are consistent with this hypothesis (2). In
the study reported here, we demonstrate
that nitrosamines, compounds with well-
established carcinogenic and mutagenic
properties which may be formed in the di-
gestive tract from dietary constituents
and drugs (3-5), are potent agonists of
guanylate cyclase activity in tissue ho-
mogenates and of cyclic GMP accumula-
tion in tissue slices. The action of nitros-
amines to increase cellular cyclic GMP
concentrations can be fully expressed in
the absence of extracellular Ca?*. The
Ca*"-independent action of nitrosamines
on cyclic GMP and their ability to acti-
vate guanylate cyclase in tissue homoge-
nates resemble the recently described
properties of sodium azide (6-8), but dif-
fer from those of most of the currently
recognized physiologic agonists of cyclic
GMP, such as cholinergic and a-adrener-
gic stimuli. These latter agents both re-
quire Ca** to increase cellular cyclic
GMP accumulation and fail to activate
guanylate cyclase in broken cell prepara-
tions (9, 10). With nitrosamines, en-
hancement of guanylate cyclase activity
and cyclic GMP accumulation are great-
est in liver, where their carcinogenic ac-
tion is also most pronounced (5). The
effects of N-methyl-N’-nitro-N-nitro-
soguanidine (MNNG), a potent carcino-
gen with a considerable propensity to-
ward free radical formation (/7), are
particularly striking. Indeed, MNNG
may be the most potent agonist of guanyl-
ate cyclase activity yet identified.

Slices of liver, renal cortex, and lung
were prepared with a Stadie-Riggs micro-
tome, and scrapings of colonic mucosa
were obtained with a glass slide. Organs
were excised from 300-g male Sprague-
Dawley rats fasted 18 hours and then
anesthetized with pentobarbital. Human
colonic mucosa was obtained from
patients undergoing therapeutic segmen-
tal resections for carcinoma or diver-
ticular disease. To assay cyclic GMP con-
tent, tissue was initially incubated for 20
minutes at 37°C in 2 ml of Krebs-Ringer
bicarbonate buffer (Ca2*, 1.5 mM) with

glucose and albumin (1 mg/ml) in either
the absence or presence of 2 mM 1-meth-
yl-3-isobutyl-xanthine (MIX) to inhibit
cyclic nucleotide breakdown. Test
agents were then added and incubations
continued for the times indicated. In-
cubations were terminated by homoge-
nizing tissue in 5 percent trichloroacetic
acid at 0° to 4°C. Cyclic GMP was then
extracted and measured by radioim-
munoassay, as previously reported (12),
while the cyclic adenosine monophos-
phate (AMP) content of the same extracts
was determined by the protein-binding
method (12). To assay guanylate cyclase
activity, tissue was gently homogenized
in a solution containing 0.25M sucrose
and 5 mM tris buffer, pH 7.4 (25 mg/m)).
Appropriate dilutions of whole homoge-
nates or the 100,000g soluble and particu-
late fractions were employed. Activity
was determined from the conversion of
[a-**P]guanosine triphosphate (GTP) to
cyclic GMP, using a reaction mixture (1
mM GTP, 4 mM Mn?*, creatine phos-
phate-creatine phosphokinase GTP re-
generating system) and a two-step chro-
matographic technique (AG 50 WX4 fol-
lowed by neutral alumina) for
purification of cyclic GMP that have
been described in detail (/3). Reactions
were conducted at 37°C for 7 minutes.
Cyclic GMP formation was linear with
time for at least 10 minutes and with re-
spect to added protein. Dithiothreitol
(2.5 mM) was included in homogenates
and reaction mixtures of lung and colon-
ic mucosa to prevent ‘‘autoactivation”
of the enzyme (/4) observed in these two
tissues. The MIX and MNNG were ob-
tained from Aldrich Chemical Co., Mil-
waukee, Wis.; diethylnitrosamine
(DEN), dibutylnitrosamine (DBN), ni-
trosopiperidine (NP), hydroxylamine
(NH;OH), and sodium nitrite were pur-
chased from Fisher Scientific Co., Pitts-
burgh, Pa. Sources of all other reagents
have been reported (7, 12, 13, 15). Each
experiment was repeated at least twice.
As shown in Table 1, MNNG, DEN,
DBN, and NP increased hepatic cyclic
GMP 4- to 33-fold in 2 minutes. With
MNNG, increases in hepatic cyclic GMP
were detected within 15 seconds (3-fold)
and levels remained elevated for at least
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