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Abstract

The dynamics of clonal populations involve a range of biological processes controlling 'birth' and 'death'
rates of genets (i.e., clones) and ramets (i.e., the modular subunits of clones). These two levels of
organization were examined for open, fissiparous, resource-limited populations using a modified Leslie
matrix. Population projections were used to illustrate the method of predicting equilibrium population
sizes and clonal structure for hypothetical populations with a range of recruitment, mortality, and fission
rates; and to predict these parameters for natural populations of two common, coral reef zoanthids
Zoanthus sociatus and Z. solanderi. Fission had the largest impact on population structure when recruit-
ment rates were low and survivorship high. High recruitment rates resulted in the inhibition of density-
dependent fission. Low survivorship precluded fission by restricting the number of ramets reaching a size
large enough for fission to occur. In projections for zoanthid populations, undisturbed populations
reached equilibrium sizes in 2-3 decades, but genet numbers within these populations continued to
change over much longer time periods. This result indicates that the clonal structure of natural popu-
lations may not be at or near equilibrium and that realistic predictions about this structure will require
extensive knowledge of past history.

Introduction

Fission is one of the major modes of asexual
reproduction (amixis) in cnidarians. In two com-
mon, colonial zoanthids (Zoanthus sociatus (Ellis)
and Z. solanderi Lesueur), fission results from
endogenous processes controlling stolonal elon-
gation, budding of new polyps, and stolonal de-
generation (Karlson, 1986). As a result of exo-
genous disturbances which disrupt these fission
products and the substrate on which they grow,
clonal fragments are dispersed locally through
zoanthid populations (Karlson, 1988). Here, two
questions regarding the population consequences

of fission are addressed: 1) In general, how does
fission affect population size and clonal struc-
ture? 2) How do known life history differences
between the two zoanthid species identified above
affect population size and clonal structure?

These questions arise from consideration of the
dynamics of clonal populations in which the
processes affecting 'births' and 'deaths' of clones
differ from those governing individuals. This dis-
tinction has been emphasized by Harper and his
co-workers and it has influenced much recent
work on clonal plant populations (Harper, 1981;
Silander, 1985). Their terminology is used here in
designating clones as genets and clonal fragments
as ramets.
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Methods

In order to predict the population consequences
of fission, a modified Leslie matrix model for
size-structured populations was used. This
approach is appropriate for dealing with zoanthid
populations because these tropical cnidarians are
long-lived, fission is common, survivorship is size-
dependent, and age and size are decoupled as
determinants of life history (Karlson, 1988). The
general model for closed populations has been
used extensively (see Caswell, 1989) and is stated
as: Xt + = A Xt, where X is a column vector
describing population age or stage structure and
A is the transition matrix. Populations of most
marine invertebrates, however, are open rather
than closed. Most species have widely dispersed
larval stages and there is little feedback between
local production of larvae and local recruitment
rates. The model describing the dynamics of a
single, open population is: Xt + = A Xt + R,
where X and A are as described above and R is
the column vector describing a recruitment
process independent of local reproductive output
(e.g., Hughes, 1984, 1990).

The effects of fission on hypothetical, resource-
limited populations with the above characteristics
were determined using a range of recruitment,
survivorship and fission rates. Recruitment
occurred at 10, 100 or 1000 recruits per time
interval. Each recruit represented a unique genet,
was assigned a unique identification code at the
time of recruitment, and was monitored from
recruitment through the time required for the
population to reach equilibrium. This null model
was used to generate a set of predictions regarding
the clonal structure of fissiparous populations
without discriminating among genets (i.e., there
was no selection). Resource-limitation of popula-
tion size (N) was achieved by multiplying the
probability of fission (F3) by (K - N)/K, where
K = 1000 ramets. This made fission density-
dependent (as it decreased with increasing den-
sity) and set an upper limit to population size. It
was assumed that fission resulted only in transi-
tions from the largest size class to the inter-
mediate size class and that each fission event

produced only two ramets. No distinction was
made between ramets produced by fission and
those that grew from the smallest size class.

A type III, size-dependent survivorship sched-
ule was used in which the probability of death of
a ramet (Ms) for each of three size classes (s = 1,
2 and 3) was defined using a constant exponential
mortality rate (m); M = exp (- ms). At
M, = 0.9, 0.7 and 0.5, this function yielded low
size-dependent survivorship values of 0.100,
0.190 and 0.271, intermediate values of 0.300,
0.510 and 0.657, and high values of 0.500, 0.750
and 0.875 for small, medium, and large size
classes, respectively. It was assumed that all
surviving ramets in the two smaller size classes
grew into the next larger class with a probability
of (1 - Ms). The probability of ramets remaining
in the largest size class (i.e., looping as in Hughes,
1984) equalled (1 - M3 ) (1 - F 3) ((K - N)/K).
Population projections for hypothetical popu-
lations with the above growth, survivorship, and
fission rates were run until both the number of
ramets and genets stabilized, thus yielding esti-
mates of equilibrium population size and clonal
structure.

Fission in Z. sociatus and Z. solanderi occurs
as the stolonal connections between polyps
degenerate. The small clusters of connected
polyps created by this process are defined here as
ramets. These ramets remain together within large
aggregations until they are dispersed locally dur-
ing storms. Therefore, the growth in number of
ramets is separate from the dispersal process and
fission does not result in transitions between
aggregation size classes. Furthermore, ramet
survivorship and reproduction is dependent on
the size of aggregations of ramets rather than on
the size of the ramets (Karlson, 1986, 1988). Con-
sequently, the appropriate size class states in the
Leslie matrix model should indicate aggregation
size rather than polyp cluster size.

These features of the zoanthid life history were
incorporated into the Leslie matrix model as fol-
lows. It was assumed that the largest size class
represented aggregations of ramets and that the
transitions from the large to the intermediate size
class represented storm-related, local dispersal of
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these ramets without any growth in their numbers.
A net relative growth rate of 80 % per annum for
both species (Karlson, 1988) was used as a
reasonable approximation of the growth in num-
bers of ramets within large aggregations and it
was assumed that this growth rate would decrease
as each population approached some carrying
capacity (K). Therefore, the probability asso-
ciated with the growth in the numbers of ramets
within large aggregations was assumed to be
(1 - M3) (1 - F3) (1.8 (K - N)/K).

The carrying capacity (i.e., the maximum num-
ber of ramets per unit area) for these sessile popu-
lations was estimated using polyp densities of
45000 polyps m - 2 for Zoanthus sociatus and
16000 polyps m-2 for Z. solanderi (see Karlson,
1988) and estimates of ramet sizes of 2.3-4.5
polyps per cluster for Z. sociatus and 1.7-2.5 for
Z. solanderi (see Karlson, 1986). Therefore,
K = 10000 ramets for the former species and
6400 ramets for the latter.

Generally, Z. sociatus has lower survivorship
rates than does Z. solanderi and these rates are
highly dependent on aggregation size in both
species (Karlson, 1986, 1988). The following
approximations are given as probabilities that all
polyps within an aggregation will die during one
year: M1 = 0.60, M 2 = 0.60 and M 3 = 0.10 for
small, medium, and large aggregations of
Z. sociatus; and M, = 0.40, M2 = 0.10 and
M3 = 0.01 for Z. solanderi.

Finally, reasonable estimates of recruitment
rates were required. As in so many other clonal
organisms on coral reefs (see review in Jackson,
1985), recruitment rates in zoanthids appear to be
extremely low (i.e., < 10 recruits m 2 y-1); far
fewer ramets are produced by recruitment than by
clonal growth and fission (Karlson, 1988). As a
first approximation, 10 recruits per annum was
used for both species. The assumption that these
recruits come from regional sources, rather than
from local populations, is compatible with our
current understanding of zoanthid development.
Ova are presumably broadcast spawned
(Fadlallah et al., 1984), externally fertilized,
widely dispersed, and settling larvae are approxi-
mately an order of magnitude larger than the

largest unfertilized ova (pers. obs.). Brooding is
unknown among zoanthids.

Results

The size and clonal structure of hypothetical
populations were highly dependent on survivor-
ship, recruitment and fission. Population projec-
tions clearly indicate that equilibrium population
size increases with increasing survivorship and
recruitment rates (Fig. 1). However, the largest
number of ramets was produced by fission at the
highest survivorship values, yet lowest recruit-
ment rates (Fig. 1). Populations experiencing the
lowest survivorship were composed only of
recently recruited genets. Populations ex-
periencing the highest recruitment rates exceeded
carrying capacity thereby precluding fission.

Projections for zoanthid populations ex-
periencing no physical disturbances reached
equilibrium population sizes after 20-30 y
(Fig. 2). This is an approximation of the time
required for population size to fully recover from
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Fig. 1. Equilibrium population sizes (given as the total num-
ber of ramets) and mean number of ramets produced by
fission (95 % confidence limits were < + 9.9 ramets, n = 10)
over a range of probabilities associated with fission (F3) and
mortality (Mi). Each triplet indicates the results when
recruitment rates were 10, 100, and 1000 recruits (i.e., new

genets) per time interval.

I
.A

F

C



238

10000

a)

I-w

z
coIL
Zo

0

ml
n

1000

100

10

EKE_~

0pp

10 30 50 100

YEA

Fig. 2. Mean number of genets an
squares, respectively) versus time in
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the former species and < + 16
(n = 10).

cluded me production oI new Ilssion products by
stolonal degeneration. Therefore, equilibrium
population size in both species was inversely
related to the magnitude of this transition proba-
bility (Fig. 3). Since the number of genets in these
zoanthid populations could fluctuate over very
long periods without reaching a single equilibrium
value, the mean effect of size-class transitions is
reported using the number of genets in each popu-
lation projection when this variable began to
repeat. These repetitions occurred at time inter-
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ad ramets (circles and
population projections greater in Z. solanderi than in Z. sociatus and, onpopulation projections

es for Z. sociatus and average, each genet was represented by over
ols, respectively). 95% 7 times more ramets in the latter species (Fig. 3).
ts were < + 6 genets for In general, the number of ramets produced endo-
genets in the latter genously by fission (i.e., clonal propagation of

new ramets) diminished with increasing levels of
disturbance (Fig. 3).

catastrophic mortality associated with major
storms. Because the number of new genets
recruiting into these populations was low, the
clonal structure of these populations did not begin
to equilibrate for much longer time periods. For
Z. sociatus, the number of genets in successive
time periods began to repeat occasionally after
30-40 y; for Z. solanderi, after 50-120 y. These
initial repetitions resulted from stochastic fluctua-
tions in the numbers of genets dying or under-
going fission each year; these numbers depended
on the frequency distribution of genet sizes with
the smallest genets having the highest probability
of dying (see May (1976) for a brief discussion of
this type of variation). The zoanthid population
projections indicate that centuries are required to
reach a balance between the mean rate of genet
death and the recruitment rate of new genets
(Fig. 2). After reaching equilibrium, the number of
genets in each population projection continued to
fluctuate indefinitely in a stochastic manner.

The impact of disturbance and the storm-
related dispersal of ramets in these zoanthid
populations was evaluated by varying the proba-
bility of ramet transitions from large to inter-
mediate-sized aggregations. This transition ex-
posed ramets to higher mortality rates and pre-
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Fig. 3. Equilibrium population size (given as the total num-
ber of ramets) and mean number of genets plotted against a
range of transition probabilities (F3 ) representing disturb-
ance. 95 % confidence limits for number ofgenets were < + 5
genets for Z. sociatus and < + 14 genets for Z. solanderi

except where indicated (n = 10).
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Discussion

For resource-limited populations, fission had its
greatest impact on population size and clonal
structure when rates of recruitment and mortality
were low. These two conditions appear to apply
not only to zoanthids, but also to many other
fissiparous invertebrates (Jackson, 1985). The
population projections for fissiparous zoanthids
indicate that the two species should differ con-
siderably in terms of clonal structure, suscepti-
bility of this structure to disturbance, and the
recovery time following disturbance. However,
given the long recovery times, the relative high
frequency of disturbance events on coral reefs,
and the unpredictable effects of these disturb-
ances (e.g., Hughes, 1989), realistic predictions
about clonal structure will require extensive
knowledge of population history (e.g., the magni-
tude, frequency, and specific effects of past dis-
turbances, variation in the biological and physical
processes controlling normal recruitment rates,
and the occurrence of episodic recruitment or
mass mortality events). Since genet life spans can
be extremely long, it is virtually impossible to
know the complete history of such populations.
Furthermore, the frequency of disturbance events
is too high for clonal structure ever to equilibrate.
These strong historical effects greatly diminish
our ability to predict the clonal structure of these
populations.

Recent studies on the genetic structure of some
fissiparous cnidarian populations indicate higher
levels of predictability than suggested above.
Hunter (1988) reported an inverse relationship
between clonal diversity and the time since major
disturbances for populations of the coral Porites
compressa. Since her genetic analysis indicated
that recruits into these populations are locally
derived, strong feedback within populations
(associated with short dispersal distances and
relatively high recruitment rates) may result in
rapid equilibration of clonal structure in these
coral populations. However, given the high fre-
quency of corals which are broadcast spawners
with external fertilization (Harrison et al., 1984),
many coral populations may disperse their larvae

great distances, experience low rates of recruit-
ment, and approach genetic equilibrium slowly.

Contrasting patterns have recently been
reported for actinians. Clonal populations of
Anthopleura spp. appear to be extremely diverse
with many clones being represented by few ramets
(Smith & Potts, 1987). Populations of Metridium
senile, on the other hand, are composed of few
clones represented by many ramets (Hoffmann,
1986). The relative rates of recruitment and clonal
reproduction by pedal laceration appear to be
critical determinants of clonal structure in these
populations (Hoffmann, 1986, 1987).

In all of the above examples of clonal popu-
lations, the dynamics of genets and ramets are
decoupled and operate on different time scales. In
extreme cases with very low recruitment rates, the
number of ramets in a population can be at equi-
librium while the number of genets is far from
equilibrium. In fact, the dynamics of genets in
clonal populations with low genet 'birth' rates are
probably so far from equilibrium that non-
equilibrium models will be required to generate
adequate null expectations of clonal structure.
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