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SPERM-MEDIATED GENE FLOW AND THE GENETIC STRUCTURE OF A
POPULATION OF THE COLONIAL ASCIDIAN BOTRYLLUS SCHLOSSERI
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Abstract. —The genetic structure of populations of sessile and sedentary organisms is often char-
acterized by microgeographic differentiation in gene frequencies and deviations from panmixia. In
many terrestrial botanical systems, restricted gene flow via seed and pollen dispersal may have an
important role in promoting such genetic patterns. Until recently, however, limited dispersal of
the sexual propagules of benthic invertebrates has not been considered to play a comparable role
in aquatic systems. Based on paternity analyses in the field using rare allozyme markers, it appears
that concentrations of sibling sperm of the sessile, colonial ascidian Botryllus schlosseri decline
rapidly within 50 cm of a source colony. In combination with spatially restricted dispersal of
brooded larvae, limited dispersal of sperm should enhance the potential for genetic diversification
and inbreeding. However, analysis of allelic and genotypic frequencies at three independent, poly-
morphic allozyme loci using F-statistics provides little evidence for microgeographic variation in
gene frequencies. This lack of differentiation can be explained in terms of the absolute number
(rather than concentration) of gametes and larvae dispersing from a point source, which—depending
on diffusion and geometric assumptions—may actually increase with distance. In contrast to the
absence of differentiation, levels of inbreeding are high, even within the confines of 25 x 25-cm
quadrats. The absence of genetic diversification and presence of inbreeding caution against inferring
levels and causes of gene flow from indirect analysis of genetic structure and, conversely, making
predictions about genetic and breeding structure based solely on direct analysis of gene flow.
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Gene flow is the fulcrum upon which the
processes regulating patterns of evolution-
ary diversification and breeding structure
rest. A number of botanical studies suggest
that limited dispersal of pollen, seeds, and
spores restricts gene flow (Levin and Ker-
ster, 1974; Werner, 1975, Handel, 1976;
Jain, 1976; Paine, 1979; Clegg, 1980; Levin,
1981, 1984; Hamrick, 1982; Rai and Jain,
1982; Meagher and Thompson, 1987; Reed
et al., 1988; but see Ellstrand and Marshall,
1985), promoting both the evolution of spa-
tial genetic variation via drift and variable
selection (Ehrlich and Raven, 1969; Endler,
1977, Wright, 1977; Levin, 1979, 1984;
Turkington and Harper, 1979; Linhart et
al., 1981; Slatkin, 1985; 1987; Golenberg,
1987, Waser, 1987), as well as inbreeding
(Levin and Kerster, 1974; Allard, 1975,
Levin, 1979, 1981, 1984; Shields, 1982;
Bateson, 1983; Holsinger, 1986). In con-
trast, it has been generally assumed that the
extensive dispersal potential of the plank-
tonic gametes and larvae of sessile inver-
tebrates leads to high levels of gene flow,
thereby mitigating the evolution of diver-
sification and inbreeding (Gooch, 1975,
Crisp, 1978; Hedgecock, 1986). Neverthe-
less, the genetic structure of populations of

sedentary and sessile aquatic invertebrates,
like that of plants, is often characterized by
microgeographic variation in gene frequen-
cies (Ayre, 1983; Burton, 1983, 1986) and
deviations from panmixia (Tracey et al.,
1975; Pudovkin and Zhivotovskii, 1980;
Ayre, 1983; Bucklin et al., 1984; Johnson
and Black, 1984a; Hoffmann, 1986).
Until recently, limited dispersal of sexual
propagules has not been strongly advocated
as a mechanism enhancing the potential for
microgeographic variation and deviations
from panmixia in sessile, aquatic inverte-
brates (but see Gerrodette, 1981; Jackson,
1985, 1986; Grosberg, 1987; Keough and
Chernoff, 1987; Stoddart, 1988; Davis and
Butler, 1989; Knowlton and Jackson, 1990).
Instead, these striking genetic patterns have
been explained largely in terms of 1) strong,
spatially varying post-settlement selection
(e.g., Sabbadin and Graziani, 1967; Koehn,
1975; Koehn et al., 1976, 1984; Ayre, 1985;
Hedgecock, 1986), 2) genetically based in-
traspecific variation in habitat preferences
at the time of settlement (e.g., Doyle, 1976),
3) episodic settlement, with different co-
horts of recruits experiencing different
planktonic selection regimes (e.g., Johnson
and Black, 1984b) or originating from dif-
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ferent source populations (e.g., Johnson and
Black, 1984b), 4) restricted dispersal of
clonal propagules (e.g., Ayre, 1983; Hoff-
mann, 1986), 5) self-fertilization (Bucklin
et al., 1984), and 6) intergenotypic aggres-
sion (Ayre, 1983).

Resolution of the causes of these genetic
patterns requires that the contribution of
gene flow be isolated from other processes
regulating differentiation and breeding
structure. Approaches to measuring levels
of gene flow under natural conditions fall
into two categories (reviewed in Handel,
1983; Slatkin, 1985, 1987). Indirect meth-
ods are based on mathematical inferences
drawn from patterns of variation in the ge-
netic structure of populations (Slatkin, 1985,
1987). One of the major theoretical advan-
tages of indirect quantification of gene flow
is that short-term and infrequent events of
limited or extensive gene flow are likely to
be temporally averaged into the genetic
structure of the sampled population (Slat-
kin, 1985). However, one of the major dis-
advantages of indirect methods, particular-
ly for taxa with limited dispersal, is that the
combined effects of selection, drift, and gene
flow are difficult to separate based simply
on spatial patterns of allelic and genotypic
frequencies (Rai and Jain, 1982; Hedge-
cock, 1986; Slatkin, 1987).

Direct measurements of gene flow in-
volve the tracking of motile stages, dispersal
vectors (e.g., pollinators, winds, and water
currents), and genetic markers. Such direct
measurements provide insight into the eco-
logical processes leading to gene flow, but
have several drawbacks that make it diffi-
cult to translate the data into estimates of
gene flow. First, it is often difficult to know
whether movement of progagules leads to
gene flow. Second, because the magnitude
of gene flow can vary temporally, actual lev-
els of gene flow may be much higher or low-
er than measured during the short duration
(in evolutionary terms) of most direct stud-
ies (Slatkin, 1985, 1987). Third, all poten-
tial components of gene flow must be con-
sidered together. For example, in plants,
estimates of gene flow based on the move-
ment of pollen compared to seeds can sub-
stantially differ (Smyth and Hamrick, 1987,
Waser, 1987). Finally, there are enormous
practical obstacles to following the move-
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ments of small, motile propagules over large
distances in dilute media (i.e., air or water).
Given the theoretical and empirical com-
plexities of measuring gene flow in aquatic
environments, the isolated effects of dis-
persal of different classes of sexual propa-
gule on genetic and breeding structure re-
main largely unquantified. In a previous
paper (Grosberg, 1987), I measured dis-
persal distances of the larvae of the sessile,
viviparous, colonial ascidian, Botryllus
schlosseri. An in situ mark-recapture ex-
periment showed that the majority of sib-
ling larvae settle within 1 m of their birth-
place. This pattern of limited larval dispersal
was reflected in the results of histocompat-
ibility assays: the probabilities of intergeno-
typic fusion in experimental grafts decline
rapidly when geographic distances initially
separating grafted colonies exceeds 50 cm
(Grosberg, 1987). Laboratory studies of
mating success as a function of distance be-
tween colonies in the field also suggest that
populations of B. schlosseri may be genet-
ically structured on fine spatial scales (Gros-
berg, 1987). However, I neither measured
the distances over which sperm dispersed,
nor did I examine the cumulative effects of
limited dispersal on patterns of genetic dif-
ferentiation and breeding structure. In this
paper, I report the results of direct mea-
surements of sperm dispersal in a natural
population of B. schlosseri. I then compare
the direct measurements of larval and sperm
dispersal with an indirect analysis of genetic
structure, using hierarchical fixation indices
(Wright, 1951) based on allozyme data.

MATERIALS AND METHODS
Study Site

I conducted this study in the Eel Pond at
Woods Hole, Massachusetts. A detailed de-
scription of this tidal pond is given in Gros-
berg (1987, 1988). The Eel Pond is a small
(~1 ha), shallow (maximum depth 5 m) em-
bayment. Tidal currents are relatively slow
(2-5 cm/sec, pers. obs.), and salinity range
is broad (12-34 ppt, Grosberg, 1988). A
narrow channel, which limits tidal ex-
change, connects the Eel Pond to the more
oceanic waters of Vineyard Sound.

All samples were taken either directly
from the wooden surfaces of the underside
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of the floating dock adjacent to the supply
house of the Marine Biological Laboratory
(MBL supply dock), or from artificial sub-
strata suspended beneath the dock. During
June and July, such surfaces are heavily col-
onized by a number of epibenthic species
(Grave 1933; Grosberg, 1981); colonies of
Botryllus schlosseri are particularly abun-
dant, often covering greater than 50%, and
sometimes nearly 100%, of hard substrate
beneath the MBL supply dock (Grave, 1933;
Grosberg, 1981).

Reproductive Biology of
Botryllus schlosseri

Colonies of B. schlosseri are composed of
a number of morphologically identical zo-
oids that are the asexual descendants of a
sexually produced tadpole larva (reviewed
in Milkman, 1967). These zooids are em-
bedded in a cellulose-like tunic, and are in-
terconnected by a common blood vascular
system. Asexual fission of colonies is rare
in B. schlosseri (Grosberg, 1987), although
it occurs frequently in other clonal inver-
tebrates (reviewed in Highsmith, 1982;
Jackson, 1985, 1986). Approximately 5 to
10 weeks after settlement of the tadpole lar-
vae from the plankton, colonies become
sexually mature. Fully sexually mature col-
onies are hermaphrodites, and most zooids
carry a lateral pair of testes and ovaries.

The sexual reproductive cycle is synchro-
nized among zooids in a colony, such that
all zooids ovulate or release sperm together.
The sexual reproductive cycle of a colony —
which is also synchronized with the asexual
growth cycle—occurs on roughly a weekly
period at 20°C (Sabbadin, 1955, 1958;
Grosberg, 1988). On the first day of a cycle,
mature zooids ovulate their ova into a brood
chamber, where the ova are fertilized and
develop into tadpole larvae. Meanwhile,
several days after ovulation, the sperm are
released into the plankton via the exhalent
flow of water through the colony. Colonies
are therefore cyclically protogynous, and this
protogyny, perhaps in combination with ga-
metic self-incompatibility (Oka, 1970; Sco-
field et al., 1982), minimizes the likelihood
of self-fertilization in the field. On the last
day of the sexual cycle, the mature larvae
escape to the outside either through exha-
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lent canals, or occasionally by rupturing the
body wall of their parental zooid (pers. obs.).

Dispersal of Sperm

I used a mark/recapture technique, based
on three rare electrophoretic markers, to es-
timate the distance over which the plank-
tonic sperm from a known source colony
fertilized the ova in other colonies. A pre-
vious electrophoretic survey of the Eel Pond
population of B. schlosseri revealed the ex-
istence of five electromorphs at the phos-
phoglucose isomerase (Pgi) locus, two of
which were quite rare (Grosberg, 1987). One
of these electromorphs, designated Pgi-4
(according to its relative anodal mobility
from the origin), was found in 2 of 512 sam-
pled colonies. The other rare Pgi electro-
morph, Pgi-5, occurred in 8 of the 512 sam-
pled colonies. In this same electrophoretic
survey, I found another rare electromorph
at the malate dehydrogenase (Mdh) locus;
this electromorph appeared in 10 of 512
colonies.

To breed homozygous lines carrying these
rare markers, I mated pairs of colonies car-
rying identical rare electromorphs for all
three markers, as described in Grosberg
(1982, 1987). Clonal subsamples from the
F, progeny of these matings were then elec-
trophoretically assayed for the presence of
Pgi-4, Pgi-5, and Mdh-3 homozygotes using
the methods of starch gel electrophoresis
described in Grosberg (1987).

For each of the three classes of homo-
zygote, a reproductively mature colony con-
taining 600-650 zooids, each with large tes-
tes and ovaries, was selected as a source in
each of three field experiments. Each source
colony was allowed to attach to a separate
circular glass plate, 2-mm thick and 10 cm
in diameter (see Grosberg, 1982 for specific
methods), that had been previously glued
with thermal adhesive to a 10-cm diameter,
1-cm-thick piece of Styrofoam. This buoy-
ant unit, with the source colony facing
downward, was placed beneath the MBL
supply dock into a dense stand of B. schlos-
seri colonies that extended over a flat hor-
izontal area approximately 2.5 m by 8.0 m.

On 23 June 1984, I positioned beneath
the MBL supply dock the Pgi-4/4 source
colony. I initiated identical experiments us-
ing the Pgi-5/5 and MDH-3/3 colonies on



