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Abstract Microscale genetic diVerentiation of sessile
organisms can arise from restricted dispersal of sexual
propagules, leading to isolation by distance, or from local-
ised cloning. Cyclostome bryozoans oVer a possible combi-
nation of both: the localised transfer of spermatozoa
between mates with limited dispersal of the resulting lar-
vae, in association with the splitting of each sexually pro-
duced embryo into many clonal copies (polyembryony).

We spatially sampled 157 colonies of Crisia denticulata
from subtidal rock overhangs from one shore in Devon,
England at a geographic scale of ca. 0.05 to 130 m plus a
further 21 colonies from Pembrokeshire, Wales as an out-
group. Analysis of molecular variance (AMOVA) revealed
that the majority (67%) of genetic variation was distributed
among individuals within single rock overhangs, with only
16% of variation among diVerent overhangs within each
shore and 17% of variation between the ingroup and out-
group shores. Despite local genetic variation, pairwise
genetic similarity analysed by spatial autocorrelation was
greatest at the smallest inter-individual distance we tested
(5 cm) and remained signiWcant and positive across gener-
ally within-overhang comparisons (<4 m). Spatial autocor-
relation and AMOVA analyses both indicated that patches
of C. denticulata located on diVerent rock overhangs tended
to be genetically distinct, with the switch from positive to
negative autocorrelation, which is often considered to be
the distance within which individuals reproduce with their
close relatives or the radius of a patch, occurring at the
4–8 m distance class. Rerunning analyses with twenty data
sets that only included one individual of each multilocus
genotype (n = 97) or the single data set that contained just
the unique genotypes (n = 67) revealed that the presence of
repeat genotypes had an impact on genetic structuring
(PhiPT values were reduced when shared genotypes were
removed from the dataset) but that it was not great and only
statistically evident at distances between individuals of
1–2 m. Comparisons to a further 20 randomisations of the
data set that were performed irrespective of genotype
(n = 97) suggested that this conclusion is not an artefact of
reduced sample size. A resampling procedure using kinship
coeYcients, implemented by the software package GEN-
CLONE gave broadly similar results but the greater statisti-
cal power allowed small but signiWcant impacts of repeat
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genotypes on genetic structure to be also detected at 0.125–
0.5 and 4–16 m. Although we predict that a proportion of
the repeat multilocus genotypes are shared by chance, such
generally within-overhang distances may represent a
common distance of cloned larval dispersal. These results
suggests that closely situated potential mates include a
signiWcant proportion of the available genetic diversity
within a population, making it unlikely that, as previously
hypothesised, the potential disadvantage of producing clonal
broods through polyembryony is oVset by genetic uniformity
within the mating neighbourhood. We also report an error
in the published primer note of Craig et al. (Mol Ecol Notes
1:281–282, 2001): loci Cd5 and Cd6 appear to be the same
microsatellite.

Introduction

Forces responsible for the evolution and maintenance of
sexual reproduction remain enigmatic. The well docu-
mented problem is that sex should be prohibitively expen-
sive compared to asexual reproduction. Most attention has
been given to obligate sexuals or asexuals, but in many taxa
sexual and asexual reproduction coexist (Bell 1982;
Hughes 1989). The question then becomes one of when and
how much sex is optimal and it appears that in many envi-
ronments the best strategy may be to produce a small frac-
tion of oVspring sexually, and the rest asexually (Hurst and
Peck 1996). One intriguing life history strategy that appears
to depart from the optimal balance of sexual and asexual
reproduction is polyembryony. ‘Polyembryony’ refers to
the splitting of a single sexually produced embryo into
many clonal copies. By incorporating a sexual phase the
various costs of sex seem to be incurred. By then cloning, at
least some of the advantages appear forgone. Producing
polyembryonic oVspring forsakes the genetic diversity
inherent within a sexual brood and ‘bets’ on a single
unproved genotype—an error equivalent to that of purchas-
ing multiple tickets of the same number in a lottery (Craig
et al. 1997). Despite such an apparent handicap, routine
polyembryony (as compared to the occasional aberrant pro-
duction of identical twins) appears to have evolved numer-
ous times, being reported in some rust fungi, algae, higher
plants and animals (metazoan phyla include cnidarians,
platyhelminths, arthropods, bryozoans, echinoderms and
chordates—see Craig et al. 1997; Hughes et al. 2005).
More examples of embryonic cloning are being discovered
as groups receive suYcient study (e.g. Eaves and Palmer
2003).

This work focuses on one order of bryozoans, the
Cyclostomata (class Stenolaemata), in which all representa-
tives (except the Cinctiporidae, Boardman et al. 1992) are
thought to be polyembryonic (Ryland 1970). Although

several circumstances have been suggested that should
favour the evolution and maintenance of polyembryony
(see Craig et al. 1995, 1997; Giron et al. 2004), most do not
seem relevant to sessile organisms like cyclostome bryozo-
ans that brood their oVspring to a late stage of development
(discussed further in S1.1 of the ‘Electronic Supplementary
Material’; hereafter ESM). In this paper we attempt to
address a hypothesis for the maintenance of polyembryony
in sessile organisms like cyclostome bryozoans made by
Ryland (1996). Ryland predicted that the potential for
cyclostome bryozoans to produce a genetically diverse sex-
ual brood would be limited within the viscous population
structures that would be expected to result from restricted
gene Xow in populations of colonial marine invertebrates. If
all available spermatozoa originate from a similar genetic
background the relative loss of oVspring diversity caused
by polyembryony is reduced. Investigation of the micro-
geographic genetic composition of a natural population of a
cyclostome bryozoan could test this hypothesis. A Wnding
that mating neighbourhoods were genetically homogeneous
would support Ryland’s proposition. Alternatively, evi-
dence that signiWcant genetic variation was distributed
among neighbouring sperm donors would go against the
hypothesis. As well as helping us to understand Ryland’s
(1996) proposition, information on genetic diVerentiation
over small spatial scales may also allow us to quantify the
impact of repeat genotypes, which may be the signature of
multiple settlement of polyembryonous clonemates, on the
genetic structure of the population in order to determine the
relative contributions of restricted sperm and larval dis-
persal and polyembryony to any observed Wne-scale genetic
structuring.

The ability to use dilute sperm eYciently, and thus the
potential for fertilisation at a distance, would have impor-
tant consequences for gene Xow, and therefore genetic
structuring, in ‘spermcast’ or ‘egg-brooding free-spawning’
taxa that release sperm into the water but retain their eggs
for internal fertilisation. Recent work (Bishop 1998; Yund
2000; Pemberton et al. 2003; Johnson and Yund 2004; Las-
ker 2006) published after Ryland’s (1996) paper has dem-
onstrated that the dynamics of fertilization in spermcast
taxa may diVer greatly from the externally fertilising mod-
els that rely on dispersing clouds of eggs and sperm inter-
secting during a crucial interval following spawning. Given
their ability to accumulate sperm from low concentrations,
cross fertilisation, from distances potentially suYcient to
maintain genetic heterogeneity, appears to be obtainable in
spermcast animals (Pemberton et al. 2003; Phillippi et al.
2004; but see S1.2 in the ESM for possible risks of extra-
polating fertilisation data across taxa).

Colonial marine invertebrates typically possess non-
feeding, lecithotrophic, larvae that disperse relatively short
distances (Jackson 1986). Direct observation that larvae of
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the cyclostome Tubulipora tuba were observed to settle on
the same piece of kelp as their brood parent at densities ten
times greater than on similar substrates only 1 m away
(McFadden, personal communication in Knowlton and
Jackson 1993) and indirect supposition from incidences of
colony fusion of what are assumed to be polyembryonous
clonemates of an extant cyclostome (Harmelin 1974) and
an extinct fenestrate relative (McKinney 1981) support the
idea of limited dispersal in cyclostome larvae. Limited dis-
persal can lead to genetic structuring of a population as a
result of isolation-by-distance, with diVerentiation possible
through genetic drift or local selection. However despite
theoretical expectations of micro-scale genetic structuring
(Knowlton and Jackson 1993) evidence of this exists
for relatively few sessile invertebrates (Yund and O’Neil
2000). When found population subdivision may (e.g.
Hellberg 1995) or may not (e.g. Burnett et al. 1995) be a
result of the limited dispersal of larvae.

As asexual fragmentation and rafting of the adult stage is
not expected in cyclostome bryozoans with the colony form
and habitat of the species studied here (discussed in S1.3 in
the ESM), the multiple settlement of genetically identical
larvae cloned through polyembryony is the only route for
asexual processes to inXuence microscale genetic diVerenti-
ation. A number of previous studies have investigated the
population genetic consequences of cloning at the adult
stage in sessile marine invertebrates (e.g. McFadden 1997
and references therein) and algae (e.g. Wright et al. 2000;
Hämmerli and Reusch 2003; Alberto et al. 2005). The pop-
ulation genetic consequences of cloning meiotically pro-
duced embryos are less well understood (Engel et al. 2004).

Materials and methods

Bryozoan biology

Bryozoans are aquatic invertebrates that are typically colo-
nial and hermaphroditic, built from replicated zooids bud-
ded from a metamorphosed, sexually produced larva.
Zooids Wlter feed with a ciliated, tentacular lophophore.
Adjacent zooids are connected, allowing resources to be
shared around the colony. Cyclostomes are polymorphic
with, amongst others, distinct feeding (auto-) and brooding
(gono-) zooids. Spermatogenesis in such species without
dedicated male zooids occurs in autozooids, with sperm
released into the water column (Silén 1972). In most bryo-
zoan species eggs are retained and fertilisation is internal.
In the class Gymnolaemata sperm are brought into contact
with acting female zooids through the feeding current,
adhere to tentacles on the lophophore, and enter the mater-
nal coelom (Temkin 1994). Sperm collection in the Cyclo-
stomata has not been described. Oogenesis in cyclostome

bryozoans has been best studied within the genus Crisia,
where zooidal development is closely linked to the process
of branch formation from apical growing points within the
erect colony. Adjacent zooids are calciWed together into
short lengths called internodes, connected by Xexible
nodes. Many oogonia initially form in the developing inter-
node but most degrade, their host zooids diVerentiating into
autozooids. On some internodes a single (rarely >1) devel-
oping zooid diVerentiates into a gonozooid, on which the
lophophore is transitory. The calcareous wall of the devel-
oping gonozooid is expanded. Within this brooding space
polyembryony occurs when a ‘primary embryo’ repeatedly
buds oV clumps of cells that, with slight variation between
taxa, go on to develop into independent larvae (Harmer
1893; Robertson 1903; Borg 1926, Ryland 2000). A brood
size of up to 100 embryos has been reported, although in
Crisia embryos appear to develop, and are presumably
released, sequentially such that at any one time the gonozo-
oid contains many fewer mature larvae. Molecular tech-
niques have recently conWrmed that embryos within
individual gonozooids of Crisia denticulata are genetically
identical, but that diVerent gonozooids on the same colony
may be fertilised by diVerent males (Hughes et al. 2005).
Whether this is the case for all cyclostome species is
unknown as other cyclostome families such as the Licheno-
poridae or Diastoporidae, which await molecular analysis,
have single or fused gonozooids. The Hughes et al. (2005)
data found no evidence for self-fertilization. The concurrent
retention of genetic diversity between broods is common in
non-animal, sessile, polyembryonous taxa such as pines
(e.g. Krutovskii and Politov 1995; Filonova et al. 2002) and
red algae (e.g. Engel et al. 2004).

Sample collection and genotyping

Colonies of Crisia denticulata were mapped and collected
from the underside of rock overhangs in the shallow sub-
tidal by snorkelling at low water springs. Overhangs
extended ca. 1–6 m horizontally along the shore and pro-
jected ca. 0.5–1.5 m from top to bottom as measured along
the rock surface. Each overhang, which may have con-
tained one colony to several hundred colonies, was sepa-
rated horizontally from adjacent overhangs by ca. 2–30 m.
Density of C. denticulata across all sampled overhangs was
mapped semi-quantitatively within a grid held against the
rock wall (5 £ 5 cm grid divisions: score 0 = no colonies
present; 1 = one or two colonies; 2 = many colonies, >50%
cover of C. denticulata). The position of each collected
colony was recorded from its x,y position within the grid.
Colonies were collected semi-randomly to ensure represen-
tation from across the range of local densities. Samples
from Wembury, near Plymouth, Devon, England (hereafter
‘Wembury’) were collected over the summer of 2001 and
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are an extension of those Wrst reported by Hughes et al.
(2005). Aerial photographs of the study site are provided in
S2 in the ESM along with a summary of all mapping, den-
sity and genotyping data. Samples from Caerfai Bay, near
St Davids, Pembrokeshire, Wales (hereafter ‘Pembroke-
shire’, national grid reference SM762241) were collected in
July, 2002 from two overhangs located about 20 m apart, to
serve as an outgroup.

One hundred and eighty colonies were genotyped at six
microsatellite loci (Craig et al. 2001, note that all analyses,
except that done for linkage disequilibrium, used only Wve
loci—see “Results”). Molecular methods duplicated those
described for the 2001 samples in Hughes et al. (2005). All
PCR products were run at least twice at diVerent concentra-
tions, with PCRs repeated if bands were not clearly sizable.
Two colonies from overhang O were dropped from the
analysis as no clear product from locus Cd5 could be
obtained after three repeat PCRs, giving a Wnal sample size
of 178 individuals. Sample size at each overhang is dis-
played in Table 1.

Genotyping summary statistics

The main focus of this study was the spatial genetic analy-
ses outlined below. To provide a comprehensive data set we
also present standard genotype summary measures of link-
age disequilibrium (all six loci) and departures from Hardy–
Weinberg (HW) expectations (HW exact tests and score
tests, locus Cd6 excluded) conducted with the software
package GENEPOP (Raymond and Rousset 1995). Caution
is required in the interpretation of some of these results as
sample sizes between overhangs varied (range 9–50, see
Table 1) and assumptions of HW equilibria are probably
unsound given the clonal nature of the mating system.

To compare the observed occurrence of repeat multilocus
genotypes with theoretical expectations, probability of iden-
tity (PI) was used to calculate the match probability, on the
basis of allele frequency data and HW expectations, that two
unrelated individuals will share a multilocus genotype by

chance. PI and the more conservative PIsibs (see Waits et al.
2001), which estimates the probability of identity between
sibs and thus allows for the local genetic structure, were cal-
culated with the software package GENALEX 6 (Peakall
and Smouse 2006). We also assessed Pgen, the likelihood that
repeat multilocus genotypes were shared by chance using the
“round robin” method of Parks and Werth (1993), and Psex,
the probability that individuals sharing the same multilocus
genotype were derived from a distinct sexual reproductive
event, using the software package GENCLONE (Arnaud-
Haond and Belkhir 2007). We also used the permutation
methodologies of GENCLONE to visualise whether the
power of the microsatellite markers provided a good estimate
of the real number of multilocus genotypes present in the
sample (Arnaud-Haond et al. 2005; Gregorius 2005).

Spatial genetic analyses

Data classes

Table 1 shows the Wve classes of data used in the spatial
genetic analyses. Only data set #1, the ‘full Wembury +
Pembrokeshire data set’ included animals from the Pem-
brokeshire outgroup. This outgroup was excluded from
spatial autocorrelation analysis because of the vastly
diVerent geographic scale of Wembury–Pembrokeshire
comparisons. The four remaining Wembury-only data sets
were used in all genetic analyses. Data set #2, the ‘full
Wembury data set’, lacked the Pembrokeshire animals but
was otherwise the same as data set #1. It is equivalent to a
‘ramet level’ analysis as deWned by Arnaud-Haond and
Belkhir (2007). Data set #2 contained 157 individuals of
which 90 shared their multilocus microsatellite genotype
with at least one other individual. We were very interested
in these repeated genotypes as they may have represented
multiple oVspring from polyembryonous broods (see
“Results and discussion”). Removing all 90 repeated geno-
types left 67 individuals that contained ‘unique genotypes
only’—this was data set #5. A less constrained method of

Table 1 Summary of the Wve data sets used in the genetic analyses

Values represent numbers of individual colonies within each overhang, totaled in the right hand column. The range of values shown in data sets
#3 and #4 reXects diVerences between randomisations. ‘Ng:N’ values represent the proportion of unique multilocus genotypes to the number of
individuals in each overhang

# Overhang ID Wembury Pembrokeshire n

G H I J K L M N O Pem Y Pem Z

1 Full Wembury + Pembrokeshire data set 12 9 19 50 15 9 10 18 15 14 7 178

2 Full Wembury data set 12 9 19 50 15 9 10 18 15 – – 157

3 One of each genotype 9–12 6–9 13–17 21–25 8 6–7 7–9 12–14 7–11 – – 97

4 Random n = 97 4–9 3–8 10–15 26–35 6–12 3–9 4–9 9–13 7–12 – – 97

5 Unique genotypes only 9 6 12 10 5 5 6 8 6 – – 67

Ng:N 0.75 0.66 0.63 0.20 0.33 0.56 0.60 0.44 0.40
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avoiding repeats was to retain a single representative of
each genotype. Owing to the prodigious number of possible
combinations of the 90 individuals that shared 30 diVerent
microsatellite genotypes, we ran analyses on 20 randomly
chosen subsets and called this data set #3 ‘one of each
genotype’. This data set is broadly equivalent to the ‘genet
level’ resampling approach of Arnaud-Haond and Belkhir
(2007). DiVerences in results between #2 ‘full Wembury
data set’ and #3, ‘one of each genotype’ would be expected
to result from repeat genotypes and the reduction in sample
size (n = 157 cf. 97). To better understand the inXuence of
sample size we created a further 20 subsets of n = 97, but
this time randomly reduced without respect to genotype so
that shared microsatellite genotypes remained. This was
data set #4 ‘random n = 97’.

Note that the methodology of randomising the data to
generate multiple sets of ‘one of each genotype’ is conser-
vative to situations where sampling is not exhaustive,
repeated multilocus genotypes are relatively rare and wide-
spread over the sample area, and/or where there are expec-
tations that the multilocus markers have insuYcient power
to fully diVerentiate every clonal individual. This diVers
from some other methods for diVerentiating sexual from
asexual processes where multiple individuals of the same
multilocus genotype are pooled across space to provide a
single geographic coordinate and thus a single reduced data
set (see e.g. Hämmerli and Reusch 2003; Alberto et al.
2005)—the ‘genet level’ ‘central coordinates approach’ of
Arnaud-Haond and Belkhir (2007).

Software

The main spatial genetic analyses were performed with the
software package GENALEX. Pairwise individual by indi-
vidual genetic distances were calculated with the method
fully explained in Smouse and Peakall (1999). This method
produces a matrix of squared dissimilarity distances
between individuals for each locus. Values can be summed
across loci to produce a single multivariate matrix of pair-
wise, multilocus genetic distances.

Analysis of molecular variance (AMOVA)

Individual pairwise genetic distance matrices were analy-
sed by AMOVA (Michalakis and ExcoYer 1996). The
main analyses used the multivariate matrix described
above. Tests on individual loci were also performed on the
‘full Wembury + Pembrokeshire data set’. Total genetic
variation was partitioned into three hierarchical levels:
among regions (Wembury vs. Pembrokeshire), populations
(rock overhangs) and individuals (single colonies, Peakall
et al. 1995). Variation is presented both as the percentage
of the total variance and as �-statistics (F-statistic

analogues): �PT is the correlation among individuals within
populations; �PR the correlation among populations within
regions; and �RT the correlation among regions. F-statistics
derived from the alternative input as a codominant allelic
distance matrix are provided for comparison with the multi-
allelic, total data set. Statistical signiWcance was deter-
mined by random permutation (always set to 1,000).

Spatial autocorrelation

The main spatial genetic structure analysis used the multi-
variate matrices described above. This genetic distance
matrix was matched as an input to the pairwise geographical
distance matrix, calculated as the Euclidean distance
between x, y-coordinates. As we were primarily interested in
structure at small geographic scales, discrete distance clas-
ses were set on an arithmetic doubling scale (with the Wnal
distance class extended slightly). The generated autocorrela-
tion coeYcient, r, is bounded by ¡1 and +1 and is closely
related to Moran’s-I. Tests of statistical signiWcance were
performed by both random permutation to provide 95% con-
Wdence intervals around the null hypothesis of no spatial
genetic structure (r = 0), and by bootstrapping to estimate
the 95% conWdence interval about the r value itself (see
Peakall et al. 2003). For comparison we repeated analyses
using the kinship coeYcients of Loiselle et al. (1995) and
Ritland (1996). With the software package GENCLONE
(Arnaud-Haond and Belkhir 2007) three additional autocor-
relation procedures adapted to the existence of replicate
genotypes were performed: (1) using a resampling approach
to automatically create and analyse subdatasets with each
multilocus genotype represented only once (equivalent to
that performed manually in the twenty ‘one of each geno-
type’ datasets above) to generate 95% conWdence intervals
of the inXuence of multilocus genotypes themselves; (2)
using a weighted approach to remove the distances among
pairs of identical genotypes from the data set; (3) using cen-
tral coordinates for each replicated multilocus genotype
(fully described by Arnaud-Haond and Belkhir 2007).

Mantel tests

Correlation between the genetic and geographic distance
matrices was also analysed by Mantel tests of matrix corre-
spondence (Mantel 1967; Peakall et al. 1995).

Results

Genotyping summary statistics

We found identical genotypes at loci Cd5 and Cd6 in 171
out of the 178 C. denticulata colonies. This extreme linkage
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disequilibrium prompted us to look at the Genbank
sequences of the original primer note of Craig et al. (2001)
which showed the Cd6 clone to be identical to the Cd5
clone at 491 of the 498 bp. Considerable similarity exists in
the published primer sequences, with primer overlaps
accounting for the 10 bp diVerence in the size of PCR prod-
ucts. We conclude that loci Cd5 and Cd6 are actually
the same microsatellite and urge future workers to use one
or other, but not both, of the primer pairs. All analysis
for this study only used the data from Cd5. With the
probably unlikely exception that some of the diVerences
between the Cd5 and Cd6 genotypes are due to indels in the
diVerent primer Xanking regions this duplication acts as an
independent, blind scored, estimate of the genotyping error
rate. Assuming it improbable that an identical miscoring
error is made in both loci in the same individual the
error rate for each locus is half that reported above, so ca.
2%. Of the remaining 14 locus pair comparisons linkage
disequilibrium may have been detected between loci Cd4
and Cd7 (�2

20 = 41.59, unadjusted P = 0.003, sequential
Bonferroni 5% Pcrit = 0.0036) as well as Cd7 and Cd8
(�2

20 = 32.90, unadjusted P = 0.008, sequential Bonferroni
5% Pcrit = 0.0038).

We observed two signiWcant departures from HW equi-
librium out of the 66 possible locus £ overhang calcula-
tions (Cd7 in overhang K and Cd15 in overhang J—fully
tabulated in S3.1 in the ESM). Across all overhangs locus
Cd7 showed an overall signiWcant departure from HW
expectations. Across all loci overhangs J and K both
showed an overall signiWcant departure from HW expecta-
tions. None of the loci showed signiWcant positive FIS val-
ues across all overhangs suggesting that the presence of
null alleles was negligible. Score tests (Rousset and Ray-
mond 1995) for heterozygote deWciencies reported a strong
deWcit in locus Cd15, which was probably caused by three
individuals being incorrectly scored as homozygous for a
unique allele due to a sizing error. Score tests showed that
no loci or overhangs had a heterozygote excess.

Permutation methodologies that produced plots of the
increase in detected multilocus genotypes with increasing
number of loci did not show an asymptote, suggesting that
we overestimated the true number of repeated multilocus
genotypes. Across all colonies the probability of identity
(PI = 0.008), PIsibs (0.110) and Pgen (2 colonies P > 0.05; 48
colonies P = 0.05–0.01; 21 colonies P = 0.01–0.005) mea-
sures conWrmed the relatively low power of the Wve micro-
satellite loci to diVerentiate genetically distinct individuals,
although given the expected violation of HW principals,
caution is required in the exact interpretation of these
results. A slightly more conservative version of one of
these tests that takes into account the estimated FIS in the
population (Young et al. 2002), ‘Pgen(f)’ slightly increased
the probabilities (7 colonies P > 0.05; 54 colonies

P = 0.05–0.01; 21 colonies P = 0.01–0.005) suggesting that
HW deviations were not conservative to the initial results.
With the sample size of 178 individuals the PI values pre-
dict that 1.4 (PI) and 19.5 (PIsibs) individuals would share
the same multilocus genotype by chance alone. This is
clearly many fewer than the 90 colonies found in this study
with shared multilocus genotypes and suggests that the
multiple settlement and survival of polyembryonous clone
mates can be detected but that our measures are imprecise.
Similarly the Pgen and Pgen(f) derived binomial measures
Psex and Psex(f) suggest that 22 or 23, respectively, of the 30
distinct multilocus genotypes that were found in more than
one colony could statistically have resulted from sexual
rather than asexual processes, although the low power of
this test for the current data set where many repeat geno-
types are found only a few times (16 of the 30 repeated
multilocus genotypes were only found twice) must be con-
sidered.

S3.2 and S3.3 in the ESM tabulate allele frequencies for
each overhang and sample sizes, number of alleles, number
of eVective alleles, information index, observed and
expected heterozygosity and Wxation index for each
overhang £ locus combination.

Spatial genetic analyses

AMOVA

Table 2 summarises the AMOVA results. Note that the
majority of variation is distributed within individual rock
overhangs (populations). Table 3 shows the pairwise �PT

values. The inset of Table 3 shows the multi-dimensional
relationship between all populations by Multi-Dimen-
sional-Scaling (software package PRIMER; Clarke and
Gorley 2001) indicating the lack of diVerentiation between
populations G, H, I and J.

With only the ‘full Wembury data set’, AMOVA
revealed a �PT of 0.1998, with 80% of the variation distrib-
uted within populations and 20% among populations (also
shown in Table 2). This �PT was greater than any of the 20
‘one of each genotype’ subsets that had replicate microsat-
ellite genotypes removed (Mean �PT = 0.1621, SD = 0.0090,
n = 97). In comparison to the ‘full Wembury data set’ more
variation was found within populations (range 83–87%)
and less among populations (13–17%) in the ‘one of each
genotype’. These eVects appear not to be due to the reduced
sample size, as the ‘random n = 97’ subsets showed �PT

values similar to that of the ‘full Wembury data set’
(mean = 0.1972, SD = 0.0210), and signiWcantly greater
than the ‘one of each genotype’ subsets (Mann–Whitney
W = 652.5, P < 0.0001). The ‘random n = 97’subsets also
had variation within (76–83%) and among (17–24%) popu-
lations similar to that of the ‘full Wembury data set’.
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AMOVA of the ‘unique genotypes only’ (n = 67) exagger-
ated the trends revealed by the ‘one of each genotype’ sub-
sets with a low �PT of 0.1428, and high variation within
(86%) rather than between (14%) populations.

Spatial autocorrelation

Figure 1 shows correlograms of pairwise genetic correla-
tion as a function of geographical distance for the four
Wembury data sets (#2–5 in Table 1). All within-overhang
pairwise geographic distances were less than 4 m. The 1–2 m
distance class also contained some of the between-overhang
comparisons of overhangs L and M (hereafter LM). The
2–4 m class contained the remainder of LM as well as
some of NN and JJ. The 4–8 m class held only GH and

HI, the 8–16 m class only GI and JK. The 16–32 m class
contained KL, KM, LN, and MN. The 32–64 m class
comprised GJ, GK, HJ, HK, IJ, IK, JL, JM, JN, KM and
NO (fully tabulated in S4 of the ESM).

All four data sets had the highest positive r values at the
smallest distance class of ·0.125 m. Most values remained
positive and signiWcant for distances up to 1 m. Only in the
‘full Wembury data set’ did r values remain consistently
positive and signiWcant up to 4 m, although this trend was
evident in many of the ‘random n = 97’ runs. The vast
majority of the ‘one of each genotype’ runs had r values
around zero in the 1–2 m distance class although most runs
regained positive, signiWcant autocorrelation for the 2–4 m
class. Even though repeat genotypes made up a greater pro-
portion of pairwise comparisons at other within-overhang

Table 2 Results of AMOVA showing Phi values and the percentage
of variation apportioned among regions (Wembury versus Pembroke-
shire), populations (rock overhangs) and individuals for individual
microsatellite loci and the multivariate total in the “Full Wembury +
Pembrokeshire data set”, n = 178. Figures in parenthesis are equivalent

values for the alternative input as codominant allelic distance matrix
for calculation of Fst. Figures in square brackets show the percentage
of variation apportioned among populations and individuals in the
“Full Wembury data set”, n = 157 to show the similarity of signal in all
Wve loci when Pembrokeshire samples are removed from the analysis

Total, % Cd4, % Cd5, % Cd7, % Cd8, % Cd15, %

 n Alleles 25 2 5 10 3 5

Among regions 17 (10) 0 0 41 2 0

Among pops./regions 16 (10) [20] 22 [25] 21 [24] 10 [16] 8 [9] 28 [29]

Indiv./within pops 67 (80) [80] 78 [75] 79 [76] 49 [84] 90 [91] 72 [71]

�RT 0.166 (Frt = 0.010)*** -0.102 ¡0.107 0.407*** 0.016 -0.123

�PR 0.189 (Fsr = 0.106)*** 0.223*** 0.209*** 0.163*** 0.086** 0.270***

�PT 0.323 (Fst = 0.195)*** 0.143* 0.125* 0.504*** 0.010* 0.180***

P values represented by asterisks = * 0.050–0.011, ** 0.010–0.006, *** 0.005–0.001

Table 3 Pairwise �PT values plus signiWcance asterisks (see Table 2) of full data set

‘G’ to ‘O’ are the individual Wembury overhangs, ‘Pem Y’ and ‘Pem Z’ are the two overhangs of the Pembrokeshire outgroup. Some caution is
required in interpreting these pairwise overhang comparisons as sample size varied as described in Table 1. Inset shows an MDS plot of this data
set, stress = 0.09. S2B of the ESM provides an aerial photograph of the study site to show the geographic relationship between these overhangs

G 
H 
I 0.000 0.032 
J 0.056 0.022 0.062*
K 0.123* 0.228*** 0.059 0.281***
L 0.112* 0.175* 0.236*** 0.244*** 0.295***
M 0.133* 0.157*** 0.210*** 0.208*** 0.313***
N 0.115* 0.321*** 0.176*** 0.321*** 0.239*** 0.379*** 0.329*
O 0.064 0.263*** 0.208*** 0.247*** 0.287*** 0.259*** 0.335*** 0.250***

Pem Y 0.202** 0.202*** 0.195*** 0.223*** 0.291*** 0.233*** 0.047 7 0.373*** 0.418***
Pem Z 0.353** 0.410*** 0.291*** 0.340*** 0.359*** 0.431*** 0.229*** 0.491*** 0.554*** 0.00

G H I J K L M N O Pem Y 

0.012

0.120*
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spatial scales (Fig. 1a, sample size data) the test statistic
of genetic similarity changed slightly at 0.125–0.25 m and
considerably at the 1–2 m distance class. At intermediate
distances between 4 and 32 m autocorrelation decayed such
that all data sets displayed signiWcant negative autocorrela-
tion at the 16–32 m class. In the between-overhang compar-
isons of 4–16 m, omission of repeat genotypes slightly
increased genetic similarity. This counterintuitive result
likely stems from the dominance of comparisons between

overhangs G, H and I at these spatial scales. G, H and I
were found to be genetically uniform by AMOVA
(Table 3) and are composed of a relatively low proportion
of repeated genotypes (33% compared to 66% in the
remaining overhangs combined). All data sets showed auto-
correlation around zero at 32–64 m, probably due to the
clustering of genetically uniform overhangs GJ, HJ and IK
into otherwise dissimilar pairwise comparisons. SigniW-
cantly negative autocorrelation was always seen for the

Fig. 1 Correlograms showing 
the pairwise genetic correlation 
(r, solid line) as a function of 
discrete geographic distance  
(X-axis, value represents the 
upper end of the range). 
a–d represent the four data 
classes of Wembury individuals. 
Only a and c contain repeat 
microsatellite genotypes 
(see “Methods” and Table 1). 
Dashed lines show the 95% 
conWdence interval around the 
null hypothesis of a random 
distribution of genotypes as 
generated by permutation. Error 
bars are the 95% conWdence 
interval about r as estimated 
by bootstrapping (not shown 
in b and c for clarity). Numbers 
of paired individuals at each 
distance class are provided 
just above the X-axis. Value in 
parenthesis in a is the number 
of comparisons between repeat 
genotypes r
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largest distance class (64–150 m). Repeating analyses using
the kinship coeYcients of Loiselle et al. (1995) and Ritland
(1996) and the programme GENCLONE gave broadly sim-
ilar results for the ‘Full Wembury data set’ (=‘ramet level’
analysis, Fig. 2). The greater statistical power of GEN-
CLONE’s resampling approach allowed small but signiW-
cant impacts of repeat genotypes on genetic structuring to
be also detected at 0.125–0.5, 1–2 and 4–16 m (Fig. 2) that
were in some instances not so apparent in the main analyses
shown in Fig. 1. Using GENCLONE’s weighted approach
to remove the distances among pairs of identical genotypes
from the data set allows for an estimation of the clonal sub-
range, the distance beyond which repeat multilocus geno-
types have negligible eVects on genetic structure as less
than 1% of pairs are of the same genotype (Alberto et al.
2005). As shown in S5 of the ESM this distance class,
where correlograms merge, is at 8–16 m, a distance that
represents the lower end of the inter-overhang comparisons.
As predicted in the “Materials and methods” section, using
central coordinates for each replicated multilocus genotype
gave a pattern that Xuctuated wildly and is diYcult to inter-
pret (S5 of the ESM).

As the ability to detect nonrandom genetic structure is
inXuenced by the distance class size chosen, we also analy-
sed increasing cumulative distance size classes from the
minimum resolution used in this study of 0–0.05 m up to

0–120 m (maximum individual to individual distance in the
data = 133 m). Thus the analysis displayed in Figs. 1 and 2
used discrete distance classes (e.g. 0–1, 1–2, 2–3), whereas
the second analysis, displayed in S6 of the ESM, used cumu-
lative distance classes (e.g. 0–1, 0–2, 0–3). The highest value
of r was found at the smallest distance class of 0–0.05 m. As
cumulative distance increased the r value dropped, indicat-
ing a loss of resolution. Negative autocorrelation at greatest
pairwise geographic distances (against which the statistical
comparison would be made), combined with strong positive
autocorrelation at the intra-overhang scale, helped r values
remain positive at large cumulative distances.

Mantel tests

Results with the ‘full Wembury + Pembrokeshire data set’
(rxy = 0.137, P = 0.007) and the ‘full Wembury data set’
(rxy = 0.073, P = 0.021) corroborated spatial autocorrelation
data in indicating that genetic structuring was present. When
sample sizes were reduced in data sets #3–5, however, the
less powerful Mantel tests generally failed to detect structur-
ing. The lack of resolution of the Mantel tests probably results
from a more complex relationship between geographic and
genetic distances than the linear assumptions of Mantel pro-
cedures (as represented by the inconsistent slope of the corre-
lograms in Figs. 1 and 2, full results in S7 of the ESM).

Fig. 2 Correlograms generated 
using the kinship coeYcients 
of Loiselle et al. (1995, 
upper Wgure) and Ritland 
(1996, lower Wgure). Solid 
lines represent results for 
the ‘Full Wembury data set’ 
(=‘ramet level’ analysis). Dashed 
lines show the 95% conWdence 
intervals generated by the 
resampling approach of 
GENCLONE that shows 
structure in the absence 
of multilocus genotypes
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Discussion and conclusions

The discrete distribution of Crisia denticulata made it
possible to deWne individual rock overhangs as testable
subpopulations a priori. In doing so AMOVA showed
signiWcant diVerentiation between most rock overhangs
separated by only a few meters. Spatial autocorrelation sta-
tistics, which do not require subpopulations to be deWned
a priori, also revealed signiWcant genetic dissimilarity at
scales representing between-overhang pairwise compari-
sons, with genetic similarity found within overhangs. Spa-
tial autocorrelation techniques have been used extensively
by botanists (e.g. Hämmerli and Reusch 2003; Vekemans
and Hardy 2004; Migliaccio et al. 2005), but have limited
history in studies of sessile marine animals where results
have (Yund and O’Neil 2000) or have not (McFadden and
Aydin 1996) found moderately small-scale genetic structur-
ing. The 4–8 m distance class at which spatial autocorrela-
tion changed from being positive to negative, which
represents the extent of a genetically similar patch, is
remarkably similar to the 5.4–7.2 m distance class
described by Yund and O’Neil (2000) in a population of the
non-polyembryonous, spermcast colonial ascidian Botryl-
lus schlosseri. Spatial autocorrelation statistics are particu-
larly useful for the analysis of small-scale genetic structure
because they allow structure to be detected down to the
minimum distance between sampled individuals. In our
study Wne scale analysis revealed the strongest genetic sim-
ilarity at the smallest pairwise distances (same or adjacent
5 £ 5 cm quadrat division), suggesting restricted gene Xow
within overhangs that would not have been detected by tra-
ditional methods. Such a result suggests small-scale dis-
persal of sperm and/or larvae in this species.

By analysing data with and without putative multiple
representatives of individual clones, components of genetic
structure attributable to asexual processes can be separated
from the eVects of isolation-by-distance during sexual
reproduction. In this study the strength of within-overhang
genetic similarity was increased by a small but signiWcant
amount by the presence of repeat multilocus genotypes at
the distance classes of 0.125–0.5, 1–2 and 4–16 m. As dem-
onstrated by the PI tests, permutation methodologies, Pgen

and Psex tests repeat genotypes are expected even in the
absence of cloning, their probability being a function of
relatedness and the frequency distribution of alleles at the
loci studied. Although conservative to the conclusions
drawn, it is almost certain that a proportion of the repeated
genotypes in our data were not polyembryonous clone
mates. Thus, although 0.125–0.5, 1–2 and 4–16 m may rep-
resent statistically prominent distances of cloned larval dis-
persal, we cannot exclude the possibility that some repeat
genotypes are genetically similar individuals (e.g. full- or
half-siblings) that our markers cannot distinguish rather

than polyembryonous clonemates. In that case these dis-
tances could reXect the scale of non-clonal larval dispersal
(same maternal colony but diVerent gonozooids) and per-
haps the movement of fertilising sperm. Direct tests of
sperm and larval transport under Weld conditions would be
needed to investigate this (e.g. Levin 1990). Our Wndings,
that embryonic cloning makes a detectable (�PT values
were reduced when shared genotypes were removed from
the dataset) but minor contribution to the genetic structur-
ing of a sessile polyembryonous species, is consistent with
previous reports from a terrestrial pine (Rogers et al. 1999)
and a red alga (Engel et al. 2004, where repeated diploid
genotypes could also result from independent fertilisations
between haploid parents, further weakening the role that
polyembryony plays in determining the genetic structure).
The genetic footprint of this form of polyembryony there-
fore diVers greatly from the vegetative spread through rhi-
zomes or plant fragments reported for clonal marine plants
where autocorrelation studies must explicitly consider the
fact that individual clones can dominate large areas (e.g.
Montalvo et al. 1997; Reusch et al. 1999; Hämmerli and
Reusch 2003).

Despite the Wnding of genetic similarity at small spatial
scales, AMOVA reported the majority of genetic variation
(67 or 80% depending on the data class used) to be distrib-
uted between colonies within individual rock overhangs.
Similar Wndings have been reported for a polyembryonous
intertidal red alga (Engel et al. 2004). Despite Wnding that
the spatially closest individuals had the highest pairwise
genetic similarity such results suggest that closely situated
potential mates contain a signiWcant proportion of the avail-
able genetic diversity within a population. This runs
counter to Ryland’s (1996) suggested explanation of poly-
embryony in cyclostome bryozoans that the relative loss
of oVspring genetic diversity caused by polyembryony is
reduced in viscous, locally homogeneous, populations.
What exactly constitutes ‘suYcient’ local genetic variation
to favour a purely sexual strategy over the polyembryonous
alternative is, however, diYcult to know, which is a weak-
ness of this study and a challenge for the testing of
Ryland’s hypothesis itself. It is clear that we are a long way
from being able to quantify the precise costs of polyembry-
ony against the alternatives of a purely sexual or asexual
mode of reproduction in species such as cyclostome bry-
ozoans. Given the complexity of the focused attempts over
the last few decades to quantify the relative costs of appar-
ently ‘simple’ sexual versus asexual reproduction (e.g. Bell
1982; Goddard et al. 2005) this task seems daunting.

Larval and post-settlement mortality are thought to be
the main factors limiting population growth in most marine
organisms (e.g. Morgan 1995), although studies of brooded
lecithotrophic larvae, such as found in the Bryozoa, are lim-
ited. If much of a mother’s Wtness depends on the sheer
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number of larvae that she is able to produce and larval mor-
tality occurs randomly with respect to larval genotype (but
see Schmidt and Rand 1999), then the apparent costs of
polyembryony may be invisible to selection. Genetic diver-
sity of a female’s oVspring may be favoured, however, if
genetic diversity partially reduces brood-wide larval mor-
tality by increasing the chance of genotype-environmental
matching (the ‘tangled bank’ hypothesis of Bell 1982).
Although polyembryony in C. denticulata forces genetic
uniformity within a single brood, some genetic diversity is
maintained by the presence of multiple broods (Hughes
et al. 2005). This diversity may be suYcient to accrue much
of the larval survival beneWt. Further, the sequential release
of genetically uniform embryos over an extended time
period by cyclostomes and red algae seems to allow one
larval genotype to be repeatedly tested against a variety of
environments as conditions change over the time period of
brood release. Such testing of a few genotypes against a
changing environment may diVer very little from regular
sexual reproduction that tests many genotypes against an
environment at once. This type of polyembryony that
spreads the cloned genet across space and time with a con-
current retention of genetic diversity between broods per-
haps seems less of a paradox than initially thought.

A summary of the diVerent hypotheses, tests and results
of this study are tabulated as S8 of the ESM.
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