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DEMOGRAPHIC MODELS FOR LEPTOGORGIA VIRGULATA,
A SHALLOW-WATER GORGONIAN!

NICHOLAS J. GOTELLI
Department of Zoology, University of Oklahoma, Norman, Oklahoma 73019 USA

Abstract. 1 used time-invariant and time-varying matrix models to analyze the de-
mography of Leptogorgia virgulata, a shallow-water gorgonian. For a local population in
the northeastern Gulf of Mexico, I estimated monthly rates of recruitment, colony growth,
and mortality in a mapped 24-m? plot for 2 yr. In a time-invariant model, average mortality
and recruitment rates were nearly balanced, so the population growth rate, In(\), was close
to 0.0. An elasticity analysis showed recruitment contributed <5% to the measured rate
of population growth. The most important component of population growth rate was
survivorship, particularly of the large size classes. Results were similar for a patch model
that incorporated spatial variation in recruitment and colony growth rates. Several pub-
lished transition matrices of forest trees, which have a similar life history, were also char-
acterized by low elasticities for recruitment.

Fluctuations in population size of L. virgulata were analyzed with a time-varying matrix
model. I randomized certain elements in the 23 monthly projection matrices and simulated
the population track. For models with random temporal variation in survivorship, standard
deviations (and coefficients of variation) of population size were consistently larger than
observed. This result suggests that temporal variation in mortality rates tended to damp
population fluctuations. The damping occurred at low population sizes: models with ran-
dom variation in survivorship generated significantly smaller minimum population sizes
than observed. In contrast, population tracks with random temporal variation in recruit-
ment were not consistently different from observed. Although recruitment is widely re-
garded as an important factor structuring marine communities, its contribution to the
temporal (but not spatial) dynamics of L. virgulata was minimal. This finding may be
typical of long-lived organisms with delayed reproduction and indeterminate growth, such
as forest trees and many sessile marine invertebrates.
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INTRODUCTION

Projection matrices (Leslie 1945, 1948, Lefkovitch
1965) are an important tool for demographic studies
of organisms with complex life cycles (van Groenen-
dael et al. 1988, Caswell 1989). Examples include her-
baceous perennial plants (Sarukhan and Gadgil 1974,
Werner and Caswell 1977, Bierzychudek 1982), colo-
nial marine invertebrates (Highsmith 1982, Hughes
1984, Hughes and Jackson 1985), and long-lived forest
trees (Usher 1966, Hartshorn 1975, Enright and Ogden
1979). Projection matrices can also incorporate het-
erogeneity in life history pathways, including demo-
graphic variation among sexes (Meagher 1982), mi-
crohabitats (Hubbell and Werner 1979), and
disturbance regimes (van Groenendael and Slim 1988).

Although a variety of matrix models can be con-
structed, there is an important dichotomy between time-
invariant and time-varying models. In a time-invariant
model, the vital rates of the population are constant.
The time-invariant model describes exponential growth

! Manuscript received 10 April 1989; revised 12 April 1990;
accepted 24 May 1990.

in an age- or size-structured population. Most projec-
tion matrices will yield a stable age/size distribution,
regardless of the initial population structure (see Cas-
well [1989:57] for the mathematical conditions that
guarantee convergence). The time-invariant model also
generates the population growth rate (Hubbell and
Werner 1979), the reproductive value distribution
(Caswell 19824, b), and a matrix of elasticity coeffi-
cients. These coefficients measure the relative contri-
bution of each element in the transition matrix to the
population growth rate (Caswell 1982a, b, 1986, de
Kroon et al. 1986).

In a time-varying model, the vital rates of the pop-
ulation differ from one time period to the next. Con-
sequently, populations may not converge to a stable
age/size distribution {(Caswell 1989:212). Oscillations
in number and age/size structure are possible (Tulja-
purkar 1985), as well as population crashes to extinc-
tion (Boyce 1977, Tuljapurkar and Orzack 1980).
However, even if the temporal fluctuations in vital

rates are autocorrelated, the expected population growth

rate and its variance can be estimated (Heyde and Co-
hen 1985, Cohen 1986). Stochastic models also gen-
erate estimates of the probability of extinction, and the
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expected time to extinction (Lande and Orzack 1988;
see also Richter-Dyn and Goel 1972, Leigh 1981).

Other descriptors of population size may not have
analytic solutions, but can be studied with numerical
simulations. These include the standard deviation of
population size, which is a simple measure of vari-
ability through time (see Reddingius and den Boer 1989
for other measures), and the minimum population size,
which is likely to be correlated with the probability of
extinction.

The theoretical basis for matrix models of popula-
tion growth is well established (Caswell 1989, Tulja-
purkar 1989). However, empirical data are difficult to
obtain, especially for time-varying models (Bierzychu-
dek 1982). In this study, I use both kinds of models to
understand the demography of a shallow-water gor-
gonian population. The analyses are based on field
measurements for 24 consecutive months of popula-
tion parameters in a mapped plot. I use these data to
address two questions: (1) In a time-invariant model,
how do average monthly rates of recruitment, colony
growth, and survivorship contribute to the population
growth rate? (2) In a time-varying model, how does
variation in monthly rates of recruitment, colony
growth, and survivorship contribute to numerical fluc-
tuations of population size?

MATERIALS AND METHODS
Life cycle

Leptogorgia virgulata is a dioecious, shallow-water
gorgonian that colonizes hard substrata on the western
Atlantic coast and the northern Gulf of Mexico. Unlike
many gorgonian species, L. virgulata does not repro-
duce asexually through cloning or fragmentation. Fer-
tilization is external, and larvae spend 3-20 d in the
plankton before settlement and metamorphosis. All
recruits are derived from the successful settlement and
survival of planktonic larvae. Colony growth appears
to be indeterminate, and colonies reach reproductive
maturity in 2 yr (=14 cm height), which is rapid for
octocorals (Adams 1980). Spicule color is a highly poly-
morphic trait, and colonies collected from the same
population exhibit intense hues of magenta, yellow,
orange, or white.

Field measurements

The study was conducted in the shallow subtidal of
the northeastern Gulf of Mexico. The study site was a
limestone outcropping of =1 ha in area in water 2 m
deep at Wilson Beach, Franklin County, Florida. The
substratum at this site was heterogeneous and included
areas of exposed rock, colonial invertebrates (mostly
the boring sponge Cliona cellata and the compound
ascidian Aplidium stellatum [Gotelli 1987]), and patch-
es of shallow and deep sand. The spatial scale of sub-
strate variation was small, and adjacent % m? patches
often differed significantly in substratum cover (Gotelli
1988).
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In July of 1983, I established a permanent 12-m
transect line, marked at 1-m intervals. The transect ran
parallel to shore, and was chosen to sample an area of
maximum gorgonian density. Monthly, from August
1983 through July 1985, I mapped the spatial coor-
dinates of all colonies within 1 m of the transect line.
I recorded the color of each colony (magenta, orange,
or yellow) and maximum colony height in centimetres.
Monthly surveys were conducted over a period of 2—
3 consecutive days by a single diver; each survey re-
quired 6-16 h. I searched carefully for new recruits,
some of which were detected at a size of 0.5 cm in
height. It was too cold to complete the censuses in
January of 1983 and 1984, but I did record colony
numbers and noted the appearance of new recruits at
that time. Colony heights for January data were esti-
mated by interpolating between December and Feb-
ruary field measurements. Mortality discovered in the
February censuses was assigned randomly to the month
of December or January.

Colony size and colony age were correlated, although
there was considerable variation in the size of older
individuals (Fig. 1). It is possible to construct popu-
lation models based on either size or age (Hughes 1984,
Kirkpatrick 1984, Hughes and Connell 1987) or both
(Law 1983, van Groenendael and Slim 1988). I chose
to analyze a model based on size because size is as-
sociated with some sources of early mortality (Fig. 4
in Gotelli 1988) and because it was not possible to
directly age colonies that were present in the plot when
the study began.

I classified colonies into 1 of 5 non-overlapping size
classes: (1) 0.5-4.0 cm height; (2) 4.5-8.0 cm; (3) 8.5-
12.0 cm; (4) 12.5-16 cm; and (5) >16 cm. This clas-
sification insured that there were at least 10 colonies
in every size class each month for estimating survi-
vorship rates (see Vandemeer 1978 and Moloney 1986
for other classification criteria). Ninety-three percent
of the new recruits appeared in the first size class.

Most mortality occurred through whole colony dis-
appearance, although the standing skeletons of small
colonies could occasionally be found in the field. I
estimated the monthly mortality rate as the proportion
of colonies in each size class that disappeared from one
month to the next.

Similarly, growth rate was estimated as the propor-
tion of colonies in size class i that grew to size class i
+ 1 in the next month. Because of measurement error
in colony size, it was possible to record the growth of
a colony between the same two size classes more than
once. There was little evidence of shrinkage in this
population. During winter months, the spicules and
polyps at the tips of some colonies shrunk <2 c¢m, but
the central skeleton remained intact, and the tissue
usually regenerated rapidly in the spring. Predation
effects were also minimal (Gotelli 1985). Therefore, 1
assumed there was no appreciable shrinkage and ad-
justed the raw size data so that each colony could “grow”
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Fic. 1. Relationship between maximum colony height and age of Leptogorgia virgulata. Height is given for the final month
before death (n = 203, r = 0.703, P < .0001). O = one point; ® = 2 points; ® = 3 or more points.

no more than once between two consecutive size class-
es. These adjustments accounted for <15% of the ob-
served transitions.

The matrix models require an estimate of fecundity,
which was not available from my field data. Therefore,
I assumed (a) that recruitment was proportional to
adult abundance in the three largest size classes, and
(b) that reproduction was equivalent among colonies
in these size classes. The first assumption is based on
Adams’ (1980) observation that colonies of L. virgulata
at this site did not begin reproduction until a height of
~14 cm. Estimates of population growth rate and elas-
ticity were not sensitive to this assumption. I analyzed
matrices in which only the largest, or largest two size
classes reproduced, and the results were similar to what
I present here.

The second assumption is probably unrealistic, but
also did not affect the results. Even a 10-fold difference
in fecundity of the largest (>16 cm) and smallest (8—
12 cm) reproductive colonies did not produce a major
change in the population growth rate or elasticity es-
timates.

Although the three color morphs varied consistently
in their recruitment rates (Gotélli 1988), I have not
included colony color as a factor in the demographic
models. Preliminary simulations of the total popula-
tion track that resulted from summing data on the three
color morphs were in good agreement with simulations
that did not incorporate colony color as a factor.

Population models

The population models presented here are straight-
forward applications of the population projection ma-
trix. For the time-invariant model,

n@t + 1) = an(), (1)

where n denotes a column vector whose elements »;
are the numbers of individuals in the different size
classes. 4 is the population projection matrix, whose
elements a; denote the transition from state 7, to state
n; during time period ¢ (Hubbell and Werner 1979,

Caswell 1982b). In the time-varying model, the cor-
responding equation is

n(t + 1) = 4()n(?). )

A(?) is the projection matrix describing population
growth during the time interval z to ¢ + 1.

For an organism with no asexual reproduction or
shrinkage, indeterminate growth, and delayed, itero-
parous reproduction, the structure of matrix 4 is rel-
atively simple: the diagonal elements represent the
probability that a colony remains in the same size class
from one time period to the next, and the subdiagonal
elements represent the probability of growth between
consecutive size classes. The mortality rate for a given
size class can be found by subtracting these column
elements from 1.0. The fecundity function is described
by nonzero elements in the first row of the matrix, that
is, transitions from established colonies to recruits in
the first size class. All other elements in the matrix are
zero, because there is no opportunity for colony fusion
into larger size classes, or fragmentation or shrinkage
into smaller size classes (e.g., Highsmith 1982, Hughes
1984; see Hubbell and Werner [1979] for more com-
plex life history representations).

I used the methods developed by Caswell (1982b)
to calculate the stable age distribution and reproductive
value. I estimated the rate of population increase by
direct iteration of Eq. 1, assuming a starting population
of 10 000 recruits. The resulting stable age and repro-
ductive value distributions agreed exactly with those
generated by Caswell’s analytical solution. The stable
age and reproductive value distributions were used to
calculate the elasticity of each element in the transition
matrix (de Kroon et al. 1986). Elasticity values rep-
resent the proportional contribution of each element
of the projection matrix to the rate of population in-
crease.

Comparisons with other studies

To compare the elasticity analyses with other stud-
ies, I collected stage projection matrices from the lit-



