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The life history of any organism is
described by the sequence of devel-
opmental stages from birth to death,
and by the schedule of associated
vital processes, including growth,
reproduction, and mortality. Since
the resources required for these
processes are never in infinite sup-
ply, and since environments are al-
ways variable, an organism’s life
history is, to some extent, a compro-
mise. For example, if an animal con-
centrates on increasing its ability to
survive by investing most of the en-
ergy at its disposal in building a
sturdy, well-defended skeleton, then
it cannot also invest maximally in
fecundity by producing vast num-
bers of eggs. Resources must be
budgeted to potentially competing
processes. Thus, an organism’s
schedule of life-history events can be
thought of as the consequence of a
pattern of investment—an invest-
ment “‘strategy”—that has been
maintained over evolutionary time
by natural selection.

One of the central problems of
evolutionary ecology is to explain the
adaptive basis and origin of various
investment patterns and to demon-
strate their association with particu-
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Adaptive Strategies of Coral-Reef

Invertebrates

Coral-reef environments that are regularly disturbed by
storms and by predation often favor the very organisms
most susceptible to damage by these processes

lar environmental conditions. This
paper will describe how the charac-
teristic patterns of life histories
among different morphologies of
sessile (attached, immobile) coral-
reef invertebrates are related to the
distributions of these animals on
tropical reefs.

Most ideas about the ecology
and life history of sessile organisms
on the sea floor are based on studies
of animals, such as barnacles, mus-
sels, and oysters, that dominate the
intertidal zone, estuaries, or other
marginal marine environments.
These animals have simple life cy-
cles, termed aclonal; numbers of in-
dividuals in a population increase
only through the sexual production
of larvae, which typically are dis-
persed in the plankton before set-
tlement (see Fig. 1). Individual ani-
mals are easily distinguished and
counted, and there is ordinarily a
genetically determined upper limit
to body size, which may vary some-
what in different environments. In
sufficiently favorable habitats, all
surviving individuals grow to about
this upper size limit, produce varying
numbers of gametes or larvae, and
eventually senesce and die. Such a
life cycle is no different in its essen-
tial attributes from that of more fa-
miliar animals like humans or fruit
flies.

Many marine environments,
however, particularly coral reefs, are
dominated by animals such as spon-
ges, corals, and bryozoans whose life
cycles are more complicated (Jackson
1977; Hughes 1984). These organisms
are constructed of interconnected
assemblages of genetically identical
modules, such as coral polyps or
bryozoan zooids, and are therefore
termed clonal (Fig. 1). Single mod-
ules, like aclonal individuals, can
often survive on their own, as is al-

ways the case immediately after lar-
val settlement and before modular
budding begins. Although the size of
each module may be limited as in
aclonal animals, the size of a collec-
tion of modules, such as a coral or
bryozoan colony, is usually not in-
trinsically limited. The few excep-
tions are some mound-shaped and
erect species that may suffer geo-
metric constraints or accrue a bur-
den of supportive tissues as they
grow (e.g., Cheetham and Hayek
1983).

Sometimes, groups of modules
from the same clone may become
separated from one another by asex-
ual division or through mortality of
the modules between them (Hughes
and Jackson 1980; Highsmith 1982).
This tendency of clonal animals to
live their lives in disconnected bits
and pieces of their former selves
greatly complicates the study of their
demography. Unless clonal popula-
tions are observed repeatedly, it is
frequently impossible to determine
whether each physically separate
colony is genetically distinct, or
whether a single genotype is repre-
sented by more than just one
colony.

We have studied the dynamics
of populations of clonal corals,
sponges, and bryozoans by revisiting
the same colonies at regular intervals
for almost 10 years. Our long-term
measurements show that partial col-
ony mortality and fission may in-
crease numbers of colonies as much
as or more than sexual reproduction
does, and that clones can persist and
increase in local abundance for long
periods. In contrast to aclonal or-
ganisms, the clonal animals we have
studied also lack any signs of physi-
ological deterioration caused by
senescence, except for turnover of
individual modular components.



Ecology of clonal
organisms

Besides the greater complexity of
clonal life cycles, two basic ecological
differences distinguish clonal from
aclonal benthos (bottom-dwelling
organisms). First, it appears from the
differences in the rates of positive
and negative growth between colo-
nies of clonal coral-reef invertebrates
that their schedule of life-history
events is closely tied to their size as
well as to their age. The ability to
overgrow or resist overgrowth by
neighbors, survive predation, re-
generate in response to injury, or
reproduce sexually, all increase with
colony size. A large colony or clone
that has decreased in size is more
likely to die and less likely to repro-
duce than when it was larger; thus, it
may demographically resemble other
small colonies, whatever their age,
more than its contemporaries that
have remained large. In contrast,
life-history parameters of aclonal
animals vary with size to a much
more limited extent, because of gen-
erally smaller limits in body size,
lower tolerance of injury or fission,
and shorter life span. Since most de-
mographic theory has been based
solely on age-dependent models, the
extreme size dependence of the life
histories of clonal animals is an im-
portant problem requiring new de-
mographic techniques (Hughes 1984;
Caswell, in press).

That life-history parameters
depertd on colony size is clearly
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demonstrated by a population of the
foliaceous (platelike) coral Leptoseris
cucullata from our study site off
Discovery Bay, Jamacia, at 35 m
depth. Figure 2 shows the probabil-
ities of transitions among 4 size
classes by more than 100 colonies of
this coral over 3 years. Consider first
the fates of the corals in the smallest
size class; 100% of these are account-
ed for by growth into the next two
larger size classes (38%), by staying in
the same size class (19%), and by
death (43%). In contrast, the colonies
in the largest size class increased to
317% of their original number, 67% of
them remaining in the same size class
while producing 250% of their orig-
inal number in smaller colonies. Sex
was not the primary means of pro-
ducing new colonies in this popula-
tion: over the 3 years of the study, 38
colonies formed by fission, compared
to only 16 new colonies produced by
the recruitment of larvae, which is
the rare successful settlement of
sexually produced larvae on the
substratum. Similar relationships of
size to survival and to fission have
been shown for all corals, bryozoans,
and other benthic clonal inverte-
brates for which adequate demo-
graphic data are available (e.g.,
Connell 1973; Bak et al. 1981; Sebens
1982; Winston and Jackson 1984).
The onset and continued capa-
city for sexual reproduction are also
directly related to colony size in clo-
nal animals. As an apparent response
to initially high mortality, small
colonies grow proportionately faster

than larger colonies and do not begin
to reproduce sexually until they
reach a certain minimum colony size,
presumably because of a limitation of
resources (Connell 1973; Hughes and
Jackson, in press; Jackson and Wer-
theimer, in press). Thus, following a
decrease in size caused by partial
mortality, small portions of formerly
larger colonies may lose their capa-
city to reproduce sexually until they
grow back again to a larger size
(Wahle 1983).

Since few clones appear to die of
old age, and the chances of survival
and of successful reproduction both
increase with colony size, undis-
turbed populations may become
dominated by relatively few, long-
lived, highly fecund individuals
(Jackson, in press). Indeed, many
reefs today are dominated by corals
up to thousands of years old; and
corals probably lived many times
longer when sea levels were more
stable (Potts 1984). There are nu-
merous exceptions, but aclonal or-
ganisms on coral reefs are generally
rather ephemeral compared to clonal
species.

The second basic ecological dif-
ference between clonal and aclonal
benthic animals is in their patterns of
distribution. Just as one might expect,
given their chances of long-term
survival, clonal species are generally
more abundant and diverse in more
stable and predictable environments
than are aclonal species (Jackson, in
press). For example, the surfaces of
sediments, which are physically less
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Figure 1. The two types of life histories of sessile organisms are
represented schematically in terms of individual size, with the
arrows indicating all possible transitions between size classes and
mortality. Aclonal organisms, such as oysters or humans, have
relatively simple life histories, increasing their numbers only by

sexual reproduction and their size only by growth, and having an
upper size limit. In contrast, colonies of clonal organisms, such as
corals and bryozoans, can increase their numbers by fission and

their size by fusion, can decrease their size, either by fission or by
partial mortality, and can grow indefinitely. (After Hughes 1984.)
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stable than most rocky substrata, are
dominated by clams, worms, and
other aclonal animals. In contrast,
hard substrata are typically domi-
nated by clonal groups such as
sponges, corals, and bryozoans, ex-
cept in environments that are highly
variable physically, such as the in-
tertidal zone and estuaries. Physical
conditions in tropical seas are gen-
erally much less variable than in the
temperate zone, and diversity and
abundance of clonal taxa increase
relative to aclonal taxa toward the
equator. For example, stony corals
and ascidians are groups with both
clonal and aclonal species; the ratio
of clonal to aclonal species in these
groups was found to be only 0.75 in
waters off Great Britain, compared to
2.97 in the Caribbean (Coates and
Jackson, in press).

Similarly, on a more local scale,
as environmental conditions gener-
ally become more stable and pre-
dictable with increasing depth, the
ratio of numbers of clonal to aclonal
species increases accordingly. Estu-
aries are especially variable envi-
ronments, and clonal to aclonal ratios
also increase from estuarine into
more stable marine environments
(Jackson, in press).

Beyond the striking differences
that distinguish the life histories and
distributions of clonal from aclonal
invertebrates, within each group there
are also persistent and ephemeral
taxa. Among clonal animals, the
characterization of these differences
is more complicated than among a-
clonal animals, because there are more
parameters to account for, such as the
tendency of clonal organisms to live
in bits and pieces and to grow in
widely different shapes (Jackson
1979; Hughes 1984; Coates and Jack-
son, in press).

Nevertheless, there are several
contrasting patterns of correlated
life-history traits—including mor-
phology, demography, and mobil-
ity—that appear repeatedly in dif-
ferent clonal taxa. Although quite
variable, these different patterns can
be observed both within a single
growth form, such as sheetlike en-
crusting bryozoans, and among dif-
ferent growth forms, such as the
branching, mound-shaped, and fo-
liaceous forms of corals.

This paper will focus on one
distinguishing trait of particular
importance among sessile clonal an-
imals, the extent to which they
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“move”’ about the substratum (Buss
1979; Jackson 1979). Although sessile
organisms are incapable of active
locomotion, sessile clones may still
change position through growth and
through passive dispersal of frag-
ments, and different species vary
enormously in the extent of this
passive mobility. Rapidly growing
clones are always on the move, ex-
ploring new areas of substratum,
often far from where they settled as
larvae. The youngest portions of
these mobile clones tend to over-
whelm most others they encounter,
but they are rather weakly con-
structed and also tend to fall to pieces
rapidly. In contrast, more stationary
clones grow and take over space
slowly, move about much less, and
are built more sturdily. Despite these
differences, however, individual
clones of both mobile and stationary
species may be extremely long lived
and may cover quite large areas.
Mobile and stationary strategies
occur commonly among all major
taxa of clonal coral-reef invertebrates.
We will first consider these strategies
within single growth forms, using as
examples foliaceous corals and en-
crusting bryozoans. Afterward, dif-
ferences in life histories and mobility
among different growth forms
within the same taxa will be exam-
ined. Our examples are limited to
Caribbean reefs, although we have
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observed equivalent patterns on reefs
elsewhere.

Investment strategies of
corals

One of the commonest patterns of
growth among stony corals is in the
form of foliaceous colonies, such as
those shown in Figure 3, which ex-
tend out horizontally over the sub-
stratum from a restricted area of at-
tachment at the base to form single or
multiple flattened discs or lobes. On
Caribbean reefs at least 10 species
characteristically show this form.
Montastrea annularis is one of the most
abundant foliaceous corals, particu-
larly in depths greater than about 20
m; in shallower water, it also grows
abundantly as massive and encrust-
ing colonies (Goreau 1959; Dustan
1975). Leptoseris cucullata is another
foliaceous coral common on Carib-
bean reefs, where it always grows as
thin plates.

These two species represent
opposite extremes in growth rates
among foliaceous corals. Foliaceous
Montastrea colonies, although they
are often very large, up to several
meters across, grow very slowly,
usually only 0.5 to 1.0 cm laterally
per year. In deep water, they are
highly persistent locally and long
lived. In contrast, Leptoseris colonies
may reach 1 m or more in diameter,
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Figure 2. The correlation of the size of coral colonies with their ability to survive is
indicated by these average probabilities of transition between four representative size
classes of the foliaceous coral Leptoseris cucullata (shown in Fig. 3). Whereas only 57% of
the smallest size class managed either to survive at the same size (19%) or grow into the
next two larger size classes (31% and 7%), the transitions from the colonies in the largest
size class amounted to 317% of their original number, with none of them dying. Over 100
colonies at 35 m depth off Discovery Bay, Jamaica, were observed over 3 years, during
which time 16 new colonies were formed by sexual reproduction and 38 by fission. (After

Hughes and Jackson, in press.)



but are usually much smaller; how-
ever, they grow laterally 5 to 10 times
faster than Montastrea, at rates up to
5 cm per year.

Corals compete for space by di-
rect and indirect means. Direct in-
teractions are commonly aggressive:
a dominant colony extends filaments
armed with stinging cells onto the
tissues of its less aggressive neigh-
bors, which are subsequently di-
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gested away (Lang 1973). Indirect
interactions involve growth of one
colony above another, thereby in-
hibiting the loser’s access to light or
food (Connell 1973). Montastrea is the
most aggressive Caribbean foliaceous
coral, capable of digesting the tissues
of any other foliaceous coral with
which it comes into direct contact. In
contrast, Leptoseris is among the least
aggressive corals and loses most of

Figure 3. These two species of foliaceous corals represent opposite adaptive strategies
among coral colonies that grow in this flattened, platelike form. Montastrea annularis
(top) is relatively slow growing, but it is persistent in stable environments and
successfully aggressive in direct encounters with other foliaceous colonies. (The orange
creature near the bottom of the photograph is a sponge, Mycale laevis.) Leptoseris
cucullata (bottom) is not aggressive and is much more ephemeral, but it nevertheless is
more abundant than foliaceous M. annularis in highly disturbed environments, because
of its greater mobility. (Photographs by G. Bruno.)

its direct encounters with other
clonal species. Instead, Leptoseris
competes by rapidly growing up
over its neighbors, as illustrated in
Figure 4.

The two species of corals also
have distinctive morphologies. Their
skeletons, though similar in density,
differ markedly in thickness; for av-
erage-size colonies at 30 m depth,
foliaceous Montastrea skeletons have
a mean thickness of 11 mm, versus 3
mm for Leptoseris. Consequently,
Leptoseris colonies suffer far more in
storms. For example, between 1977
and 1980 the mean percentage of
tissue lost per year was about 5 times
greater for monitored Leptoseris
populations (112 colonies) than for
Montastrea (75 colonies), with a rate
of tissue turnover of 19% per year for
the former compared to only 4% for
the latter (Hughes and Jackson, in
press). This suggests complete turn-
over of colony tissues after an aver-
age of every 5 years for Leptoseris
versus every 25 years for Montastrea.
Moreover, no Montastrea colony died
completely in asingle year, whereas
whole Leptoseris colonies died every
year. Another striking difference is
in the larval recruitment of colonies,
which was much higher for Leptoseris
than for Montastrea (Rylaarsdam
1983); indeed, we have not detected
a single larval recruit of Montastrea
since 1977.

All these differences in life his-
tory are reflected in the contrasting
distributions of foliaceous colonies of
these species over the reef. Despite its
more fragile construction, Leptoseris
is relatively more abundant than fo-
liaceous Montastrea at depths of 10 to
20 m; in these shallower waters,
damage by storms and grazing
predators, such as the sea urchin Di-
adema antillarum and damselfish, is
greatest, and sponges, which are
fierce competitors with corals, are
relatively uncommon (Woodley et al.
1981; Jackson and Buss 1975). For fo-
liaceous corals in shallow water,
rapid growth is apparently more
adaptive than strong skeletons and
aggression. In contrast, at 35 m depth
the foliaceous morphology of Mon-
tustrea is relatively more abundant
than Leptoseris; in this deeper, less
disturbed environment, the chance
of persistence is increased by the re-
duced effects of storms and preda-
tors. Thus, just as they favor clonal
over aclonal species, stabler envi-
ronments seem to favor the more
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stationary foliaceous Montastrea over

Leptoseris.

Investment strategies of
bryozoans

A diverse community of sheetlike
encrusting algae, bryozoans, spon-
ges, corals, tunicates, and other sess-
ile organisms lives on the undersur-
faces of foliaceous corals such as
Montastrea and Leptoseris, habitats
where competition for space is so
intense that the growth of any crea-
ture usually involves partial or com-
plete death of another (Jackson and
Buss 1975; Jackson and Winston
1982). Like their coral hosts, the en-
crusting organisms exhibit a wide
variety of life histories that can be
related to their patterns of distribu-
tion.

The two most abundant bryo-
zoan species encrusting coral un-
dersurfaces at our study sites in Ja-
maica are Reptadeonella costulata (Fig.
5)and a newly discovered species of
Steginoporella (Fig. 6), both of which
may occasionally grow to cover their
entire substratum. Reptadeonella, a
relatively stationary species, grows
only 3 to 4 cm per year, forming
fairly symmetrical colonies that are
highly persistent. Steginoporella, in
contrast, is extremely mobile, grow-
ing laterally at rates up to 11 cm per
year, faster than any other encrusting
bryozoan or foliaceous coral in Ja-
maica; the rapidly growing colonies
form assymetrical lobes or fans that
sweep across the coral undersurface,
rarely remaining in any one place for
long, as can be seen in the 10-month
sequence in Figure 6. In the same
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Figure 5. Reptadeonella costulata, one of the single-layered
species of Bryozoa that encrust the undersurfaces of foliaceous
corals, invests much of its resources in fortification and
maintenance of its component zooids, but at the expense of rapid

Figure 4. The coral Leptoseris cucullata is able to compete successfully by virtue of its
rapid growth, a capacity that permits it to grow over and around competitors for space,
such as this Agelas sponge. Note that the coral is not in contact with the sponge, which
may be toxic to the coral. (Photograph by C. Arenson.)

10-month period, a large Reptadeo-
nella colony moved hardly at all, as
shown in Figure 5.

Just as in the corals, these pat-
terns of mobility are correlated with
other demographic differences
(Winston and Jackson 1984). Newly
recruited Steginoporella colonies sur-
vive an average of only about 120
days, compared to an average of
about 500 days for Reptadeonella.
However, in addition to being more
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mobile, Steginoporella also recruits
more than 1.5 times faster than Rep-
tadeonella, and large colonies of both
species survive for many years.

As with the corals, there are also
striking differences in the architec-
ture and related biomechanical

properties of the individual zooids of
the two species (Best and Winston
1984). Fach zooid consists of a feed-
ing organ and other organ systems
enclosed within a boxlike skeletal

growth. Thus, this colony at 10 m depth near Rio Bueno, Jamaica,
is relatively unchanged after 10 months, compared to the
Steginoporella colony shown in Figure 6. The alligator clips are 5
cm long. (Photograph at left by J. Jackson; at right by G. Bruno.)
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Figure 6. Steginoporella is a highly mobile
bryozoan, but at the expense of durability,
as is indicated by these colonies — all
probably members of the same clone —
encrusting the undersurface of a foliaceous
coral at 10 m depth near Rio Bueno,
Jamacia. (First photograph by T. Hughes;
other three by G. Bruno.)

chamber. As Figure 7 shows, Stegi-
noporella zooids are rather simple in
form, with an enormous orifice
through which the feeding organ
protrudes, and they have thin roofs
and walls, without much extra calci-
fication for protection. In contrast,
zooids of the more stationary Repta-
deonella are more complex, having
obvious surface fortifications, a rel-
atively small orifice, and thick roofs
and walls; consequently, Reptadeo-
nella zooids are nearly 15 times
harder to puncture, and their colony
surfaces nearly twice as hard to crush,
as Steginoporella’s (Best and Winston
1984).

All of these differences in life
history are reflected in the distribu-
tions of the two species under corals
(Jackson 1984). Steginoporella is rela-
tively more abundant than Repta-
deonella nearer the coral edges, where
new space is more or less regularly
created by lateral coral growth, and
by the grazing of the sea urchin Di-
adema antillarum and of fishes. This is
also where sponges, generally the
best competitors under corals, are
least abundant. Reptadeonella shows
the opposite pattern, becoming far
more abundant than Steginoporella
away from the edges. Thus, just as for
foliaceous corals, the mobile species
Steginoporella predominates in less
stable, more disturbed environments,
and the persistent species Reptadeo-
nella predominates in more stable
ones.

We can gain insight into the
underlying basis of clonal life histo-
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ries by comparing the functional
biology of mobile and stationary
species. Among the bryozoans, Ste-
ginoporella colonies display marked
gradients between younger and
older regions, correlated with the
apparent senescence of older zooids,
whereas Reptadeonella does not show
regional senescence or differentia-
tion. Younger regions of Steginopo-
rella colonies are brightly colored,
unfouled by other organisms, and
unbroken; older regions are dark,
fouled, and broken, and individual
zooids are filled with waste.

This deterioration appears to
affect Steginoporella’s ability to func-
tion in at least three important ways.
First, the ability of Steginoporella
colonies to overgrow their neighbors
is greatly diminished in older re-
gions; for example, in encounters
between the two species, young re-
gions of Steginoporella usually over-
grow Reptadeonella, winning 90% of
the time, whereas old regions always
lose. Second, younger Steginoporella
zooids feed more frequently than
older zooids in the same colony.
Third, younger regions of Steginopo-
rella colonies regenerate injuries an
average of more than 4 times faster
than older regions. No such variation
is apparent in Reptadeonella colonies,
which regenerate injuries at rates
almost equal to young Steginoporella
(Palumbi and Jackson 1982, 1983).

Steginoporella colonies survive
through a balance of spatially parti-
tioned growth and decay. The ex-
tremely rapid growth of younger
regions results in exceptional com-
petitive and regenerative ability, but
at the apparent expense of localized
senescence of zooids, which prevents
the colonies from holding on to any
particular patch of substratum for
very long. Furthermore, Steginoporella
colonies first become sexually re-

productive at 3 times the size neces-
sary for Reptadeonella reproduction (a
minimum of 8 versus 22 cm?2) and
have less fecund zooids (Winston
and Jackson 1984; Jackson and Wer-
theimer, in press).

These patterns of life history
and morphology can be interpreted
in terms of the allocation of limited
nutritional resources within colonies
(Palumbi and Jackson 1983). Stegino-
porella apparently invests so much in
growth that it has few resources left
for reproduction until colonies be-
come large, whereas Reptadeonella
invests less in growth and more in
fortification, maintenance of zooids,
and sexual reproduction. The mech-
anistic basis of these differences
probably lies in the extent and di-
rection of translocation between
zooids of stored nutrients needed for
growth maintenance, and repro-
duction; this is suggested by cir-
cumstantial evidence, particularly by
the marked polarity of regeneration
in Steginoporella colonies, and by
analogy with other clonal animals
and plants (Tardent 1963; Taylor
1977; Pitelka and Ashmun, in
press).

Mobility and growth
forms

Differences in mobility between
different morphologies of corals and
of bryozoans greatly exceed those
within any single growth form.
Among corals, for example, mound-
shaped colonies are generally far
more stationary, and branching
colonies far more mobile, than any
foliaceous corals. Montastrea annula-
ris, which is an abundant foliaceous
coral in deeper water, is also the most
abundant mound-shaped coral
species in the Caribbean, occurring
generally in depths about 10 to 15 m
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shallower than where its foliaceous
growth form predominates (Goreau
1959). Colonies are often several
meters high and across, but they
grow slowly, as in the species’ folia-
ceous morphology, thickening usu-
ally at rates less than 0.5 cm per year
(Dustan 1975). Both morphologies of
Montastrea are highly persistent lo-
cally and long lived.

Staghorn coral, Acropora cervi-
cornis, and elkhorn coral, A. palmata,
are two of the most abundant Carib-
bean branching corals (Adey 1978).
Colonies commonly reach 1 to 3 min
height, and a single clone may ex-
tend laterally for 10 m or more (Ne-
igel and Avise 1983). In contrast to
either morphology of Montastrea or
to Leptoseris, they grow extremely
rapidly; branches of A. palmata may
lengthen at rates up to 11 cm per
year, and A. cervicornis at rates up to
20 cm per year. Also in contrast to
Montastrea, they are relatively poor
aggressors in direct interactions with
other coral species and compete most
successfully by rapidly growing over
their neighbors, which they may
then harm indirectly by shading
(Porter et al. 1981). Clones formed by
these two species are extremely mo-
bile, both through growth and
through dispersal of fragments, and
they may also be very long lived
(Tunnicliffe 1981).

Mound-shaped skeletons are
inherently much more resistant to
toppling or breakage during storms
than are branching corals (High-
smith 1982). For example, after the
passage of Hurricane Allen in 1980,
extensive populations of the two
Acropora species, observed at 6 m
depth near Discovery Bay, were re-
duced to less than 1% of their original
cover, whereas 91% of the massive
Montastrea mounds at this depth en-
dured (Woodley et al. 1981).
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The functional biology of the
different coral growth forms is in-
triguingly similar to what we have
described for the two encrusting
bryozoan species. Like Steginoporella,
the branching Acropora species ex-
hibit both very rapid growth at the
edges of colonies—termed distal
growth—and apparently higher
rates of mortality (possibly due to
local senescence) of older, basal re-
gions (Tunnicliffe 1981). This corre-
lates well with the extremely high
rates of distal translocation of nutri-
ents and calcium observed in A. cer-
vicornis; foliaceous Montastrea colo-
nies also exhibit predominantly dis-
tal translocation, although not so
unidirectionally as in A. cervicornis
(Taylor 1977). Moreover, despite
their slow growth rate, Montastrea
colonies quickly regenerate damaged
regions over most of the colony sur-
face, whereas only the distal portions
of the branches in Acropora regener-
ate rapidly, if at all (Bak et al. 1977;
Tunnicliffe 1981; Bak 1983).

Unlike corals, branching bryo-
zoans are rare on coral reefs, and the
most common forms other than
sheetlike colonies are mound shaped.
These grow by a series of processes,
collectively termed frontal budding,
that produce multiple layers of
zooids, one on top of another, to form
massive colonies superficially similar
to those of mound-shaped corals
(Cheetham and Cook 1983). Two
abundant frontally budding bryo-
zoans on Caribbean reefs are Stylo-
poma spongites and Trematooecia avi-
culifera. Both of these species grow
more slowly and persist longer in
any one place than do the single-
layered colonies of Steginoporella or
even of the more persistent Repta-
deonella. Frontal budding is a strategy
of persistence, providing greater re-
sistance to both overgrowth and

disturbance compared with single-
layered growth (Jackson and Biss
1975).

The surfaces of Stylopoma and
Trematooecia colonies also lack any
obvious signs of regional senescence.
Moreover, Trematooecia zooids have
very thick frontal walls, as can be
seen in Figure 7, which are 1'h to 3
times harder to puncture than are
those of Reptadeonclla zooids, al-
though colony surfaces are not
harder to crush (Best and Winston
1984). Finally, Stylopoma and Trema-
tooecia can regenerate injuries from
live zooids below the surface layer, as
well as laterally, which single-
layered colonies cannot do (Lidgard,
in press).

Investment strategies and
distributions

The distributions of corals and
bryozoans on reefs are strongly cor-
related with their life histories and
growth forms, particularly as these
relate to the animals’ comparative
mobilities over the substratum. In
general, as we have seen, stationary
growth forms are relatively more
abundant in environments with low
levels of disturbance, whereas mobile
growth forms are relatively more
abundant in environments with high
levels of disturbance.

First consider two extremes in
mobility, branching and mound-
shaped corals. Branching Acropora
palmata is by far the most abundant
coral at and just below the reef crest,
from 1 to 5 m depth, where the
chances of damage caused by storms
and by grazing predators is greatest
(Adey 1978). Although mound-
shaped corals are inherently much
Jess susceptible to storm damage,
they apparently cannot become es-
tablished after hurricanes quickly
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Figure 7. The skeletons of individual bryozoan zooids, shown in
these scanning electron micrographs of their front surfaces (leff)
and transverse sections (right), clearly reflect the life histories of
their respective species. The Steginoporella zooids shown in the
top two photographs have a rather delicate skeletal structure, as
would be expected in a highly mobile bryozoan that makes
relatively little investment in the fortification and maintenance
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of its zooids (each approximately 1.1 mm long). In contrast, the
more stationary and highly persistent Reptadeonella costulata
(middle) has substantially fortified zooids (~0.7 mm). Tremato-
oecia aviculifera (bottom) is even more stationary and persis-
tent than R. costulata, and its zooids (~0.8 mm) are accordingly
more fortified and can grow in several layers one upon another.
(Upper two photographs by S. Lidgard; lower four by J. Winston.)
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enough to prevent repopulation by
more rapidly growing A. palmata.
Thus, mound-shaped corals occur in
slightly deeper water, typically from
3 to 15 m. The delicate branching
species A. cervicornis overlaps con-
siderably in distribution with mas-
sive corals; however, in general, the
rapid, mobile growth of the two Ac-
ropora species seems more successful
in shallow environments than the
more stationary and massive skele-
tons of mound-shaped corals. During
storms, both branching species are
broken up, and live fragments are
locally dispersed (Tunnicliffe 1981;
Highsmith 1982). This appears to be
their primary means of propaga-
tion, since larval recruitment by A.
palmata and A. cervicornis is rare
(Bak and Engel 1979; Rylaarsdam
1983).

However, although their strat-
egy is highly successful, local Acro-
pora populations can occasionally be
so severely damaged by major hur-
ricanes that recovery is extremely
slow, or may not occur at all
(Knowlton et al. 1981). Similarly,
both A. palmata and A. cervicornis are
rare in areas—such as most of the
eastern Bahamas—that are swept
each year by long-wave, open-ocean
storms. Under these extreme condi-
tions, all corals are excluded from
shallow water, and massively crus-
tose coralline algae predominate
(Adey 1978, pers. com. 1981).

Foliaceous corals at shallow
depths are typically less abundant
than branching or massive corals and
consist primarily of more mobile
colonies, such as of Leptoseris, Agaricia
agaricites, and Porites astreoides. Below
about 20 m, the more stationary foli-
aceous colonies of Montastrea, Agar-
icia lamarcki, and A. grahamae become
dominant, a pattern similar to the
replacement of branching corals by
more stationary massive species
below about 5 m. However, at depths
greater than about 50 m, where levels
of light are very low, these foliaceous
corals give way again to more fragile
and more mobile foliaceous species
such as Agaricia undata and A. fragilis,
both of which grow 5 times faster
than foliaceous M. annularis. Thus, on
the deepest reefs, the generally pos-
itive correlation between levels of
disturbance and mobility appears to
break down, probably because of in-
trinsic physiological limitations on
coral growth and morphology (e.g.,
Goreau 1963).

The distribution patterns of
bryozoans on reefs change with
depth in a manner very similar to
those of corals. As we have seen,
mobile Steginoporella is most common
in the more disturbed habitats near
coral edges, while the more station-
ary Reptadeonella is relatively more
abundant farther back in the less
disturbed sites. In deeper water,
where predators are less prevalent
and where foliaceous corals are also
much longer lived, Steginoporella and
Reptadeonella are replaced as the
most abundant bryozoans under
foliaceous corals by the potentially
massive Stylopoma, which can form
very large colonies 1 cm or more
thick (Jackson and Wertheimer, in
press).

If levels of predation are ex-
tremely high, however, single-
layered encrusting species are ex-
cluded, and bryozoans are limited to
a few massive, stationary species,
such as Trematooecia aviculifera, which
commonly forms colonies more than
10 cm thick. In contrast to other
bryozoans in Jamaica, Trematooecia
occurs most commonly on open reef
surfaces, where most bryozoans are
excluded by physical damage and by
grazing sea urchins and fishes. Thus,
Trematooecia seems similar to massive
crustose coralline algae found on
crests of exposed reefs, where
branching corals are excluded by
chronically high levels of physical
and biological disturbance.

These patterns of distribution
suggest that physical disturbance and
predation, in addition to strongly
affecting community structure and
diversity of coral reefs, have pro-
foundly influenced the evolution of
different life-history strategies of
bryozoans and corals (Connell 1979;
Woodley et al. 1981). Patterns of
growth form and life-history varia-
tion very similar to these have also
been described for terrestrial plants
(Lovett-Doust 1981; Cook 1983); this
suggests that these kinds of invest-
ment trade-offs in space and time
may be characteristic of all sessile
clonal organisms. Although both
clonal and aclonal animals and plants
vary widely in their relative ener-
getic investments in growth, main-
tenance, and sexual reproduction, the
two additional components of life
histories that are peculiar to clonal
species are the spatial patterns of
their growth and their local persis-
tence or mobility over time.
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