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ABSTRACT

The fine-scale pattern of correlated paternity was characterized within a population of the narrow-endemic
model plant species, Centaurea corymbosa, using microsatellites and natural progeny arrays. We used classical
approaches to assess correlated mating within sibships and developed a new method based on pairwise
kinship coefficients to assess correlated paternity within and among sibships in a spatio-temporal perspec-
tive. We also performed numerical simulations to assess the relative significance of different mechanisms
promoting correlated paternity and to compare the statistical properties of different estimators of correlated
paternity. Our new approach proved very informative to assess which factors contributed most to correlated
paternity and presented good statistical properties. Within progeny arrays, we found that about one-fifth
of offspring pairs were full-sibs. This level of correlated mating did not result from correlated pollen
dispersal events (i.e., pollen codispersion) but rather from limited mate availability, the latter being due
to limited pollen dispersal distances, the heterogeneity of pollen production among plants, phenological
heterogeneity and, according to simulations, the self-incompatibility system. We point out the close connec-
tion between correlated paternity and the “TwoGener” approach recently developed to infer pollen

dispersal and discuss the conditions to be met when applying the latter.

ORRELATED paternity refers to the fact that dif-
ferent offspring may be sired by the same father.
Within maternal progeny arrays it is often referred to
as “correlated mating” and can be expressed by the
fraction of full-sib pairs (e.g., RITLAND 1989; EL-KASSABY
and JaQuisH 1996) or by the number of different fathers
involved (e.g., CAMPBELL 1998). In this context, pure
half-sib and pure full-sib families represent the extreme
alternatives of a continuum from uncorrelated to totally
correlated mating events (e.g., polyads of mimosoid le-
gumes and tropical figs; NAsoN et al. 1998). Correlated
paternity can also be considered between maternal
progeny arrays, where it can be expressed by the relative
proportions of (paternal) half-sibs and non-sibs.

In plant populations, correlated paternity is impor-
tant for several reasons. First, it is of evolutionary sig-
nificance as it affects the genetic relatedness between
maternal sibs and hence the response to selection when
sibs are competing for maternal resources during seed
maturation, affecting the effectiveness of selective fruit
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or embryo abortion, as well as resource allocation to each
sex (CHARNOV 1982). Under limited seed dispersal,
where interacting individuals are likely sibs, it may also
act on the type of competitive interactions involved (e.g.,
kin selection; HAMILTON 1964; SCHUSTER and MITTON
1991; RousseT and BiLLIARD 2000), the average fitness
of competing siblings (YOUNG 1981; ScamITT and EHR-
HARDT 1987; KARRON and MARSHALL 1990, 1993), or
the success of mating events between nearby individuals
when inbreeding depression or self-incompatibility oc-
curs. Second, together with the outcrossing rate, the
pattern of correlated mating is a key parameter of the
mating system (RrTLAND 1988, 2002) and can provide
valuable information on pollination biology because it
depends on a set of biological factors related in particu-
lar to floral biology, phenology, flowering intensity, pol-
linator behavior, pollen dispersal distances, and pollen
competition. For example, several studies investigating
correlated mating in a hierarchical fashion, distinguish-
ing maternal sibs within and among flowers or inflores-
cences, gathered insightful information on the way pol-
len was brought on flowers (e.g., SCHOEN 1985; RITLAND
1989; MoRGAN and BARRETT 1990; MUONA et al. 1991;
SampsoN 1998). Variation in pollen viability among pol-
len donors may result in male gametophyte competition
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(NIKKANEN et al. 2000) and, consequently, affects patterns
of correlated mating in successfully developed seeds. Fi-
nally, the level of correlated paternity is a key parameter
on which many methods rely: for instance, as is detailed
in the p1SCUSSION, the so-called “ITwoGener” approach
recently developed to assess pollen dispersal distances
(AusTERLITZ and SMoust 2001, 2002; SMOUSE et al.
2001; IRwWIN et al. 2003; AUSTERLITZ et al. 2004) is funda-
mentally based on the level of correlated paternity.
Quantifying correlated mating can also be important in
quantitative genetic studies that make use of natural sib
families, where half-sibs are often assumed (e.g., PETIT
et al. 2001).

In plant populations, we can distinguish two types
of mechanisms causing correlated paternity between
outcrossing events: (1) correlated dispersal events, i.e.,
the codispersion of pollen from the same origin (nonin-
dependent dispersal events), and (2) limited mate avail-
ability, i.e., the low number of pollen donors (indepen-
dent dispersal events). The first mechanism occurs
typically within multiple-seeded fruits when ovules are
fertilized by a single pollen load (i.e., brought during a
single pollinator visit) from few origins. Such correlated
dispersal events could also occur among nearby flowers
(e.g., within inflorescences) that are simultaneously re-
ceptive. Hence, the extent of pollen carryover and the
spatio-temporal proximity of fertilization events are key
determinants of the extent of correlated paternity due
to correlated dispersal events. When dispersal events are
independent, the pattern of pollen dispersal (dispersal
distances and degree of anisotropy), the density of pol-
len producers, the heterogeneity of their flowering in-
tensity, and the existence of a self-incompatibility system
are key parameters determining the extent of correlated
paternity due to limited mate availability. The heteroge-
neity of flowering phenology among plants is also impor-
tant because even when there are many potential mating
partners over the whole flowering period, mate availabil-
ity can be limited on a given day if each plant releases
most of its pollen over a short period. Hence, the tempo-
ral proximity of fertilization events can also be a key
determinant of the extent of correlated paternity due
to limited mate availability.

Different methods have been developed to quantify
correlated paternity using genetic markers (e.g., SCHOEN
1985; BROWN et al. 1986; RitLAND 1988, 2002; DEwWoODY
et al. 2000). The most precise consists in identifying the
father of each offspring through a paternity analysis, so
that the whole information regarding correlated pater-
nity is available. However, paternity analyses require (1)
an exhaustive sampling of the potential fathers and (2)
sufficiently informative markers (highly polymorphic
and/or many loci available) to identify unambiguously
the true father. Alternative approaches are based on
genotyped progeny arrays, using models to deduce the
number of sires per family (e.g., ELLSTRAND 1984; CAMP-
BELL 1998) or the fraction of sib-pairs sharing the same

father (e.g., Ritland’s correlated-matings model; RiT-
LAND 1989, 2002). Although less precise than paternity
analyses, these approaches are much more convenient
to apply (nonexhaustive sampling) and can be used
with less-polymorphic markers. Maximum-likelihood
approaches have also been developed to assess whether
a particular pair of individuals are half- or full-sibs (e.g.,
GONZALEZ-MARTINEZ el al. 2003).

We show in this article that estimating the kinship
coefficient between the paternal genes of any two given
progenies (or equivalently between the fertilizing pollen
grains) provides a convenient way to characterize the
pattern of correlated paternity within as well as among
progeny arrays. This approach is closely related to both
Ritland’s correlated-matings model and the TwoGener
method, but has the advantage of being more appro-
priate (1) to identify the factors causing correlated mat-
ing and (2) to characterize correlated paternity among
maternal sibships in a spatial perspective. Simulations
also suggest that this method benefits better statistical
properties.

We use microsatellite markers to characterize corre-
lated paternity in Centaurea corymbosa Pourret (Astera-
ceae), a well-established model for narrow-endemic en-
dangered species (Coras et al. 1997, 2001; FREVILLE et
al. 1998, 2001, 2004; PETIT et al. 2001). Common garden
experiments have provided some evidence of inbreed-
ing depression in this species (H. FREVILLE and A. M1G-
NOT, unpublished results). In 2000, adults and maternal
progenies from one population were genotyped to as-
sess the selfing rate and pollen dispersal distances by
paternity analysis (HARDY et al. 2004). In this article we
use the same data to address the following questions:

1. What s the level of correlated mating within sibships
and what is the level of correlated paternity among
sibships?

2. Towhatextentis correlated mating due to correlated
pollen dispersal events vs. limited mate availability?

3. Does correlated mating vary along the flowering period
or among families according to the degree of isolation
of the mother plant?

4. To what extent are correlated mating and correlated
paternity accounted for by (a) limited pollen dis-
persal, (b) the heterogeneity of flowering intensity
and flowering phenology among plants, and (c) the
self-incompatibility system?

To answer these questions, we (1) use the results of
the paternity analysis carried out previously (HARDY et
al. 2004), (2) use standard approaches (RrrLaND 2002;
SMOUSE et al. 2001) to assess correlated mating within
progeny arrays, (3) develop a new approach based on
pairwise kinship coefficients between the paternal ga-
metic genotypes of offspring pairs to assess correlated
paternity within as well as among progeny arrays, and
(4) compare the level of correlated mating observed
with the level expected under various hypotheses (ran-
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dom mating vs. limited pollen dispersal, equal vs. un-
equal pollen release by the potential fathers, and pres-
ence of a selfincompatibility system), using numerical
simulations. We sampled outer seeds and inner seeds
within capitula on different dates. As is shown, this origi-
nal sampling addresses the subject of the temporal prox-
imity of fertilization events, which is of high importance
but quite neglected in the literature. Finally, we also
discuss the relationships between the different estima-
tors used to assess correlated mating and we compare
their statistical properties.

MATERIALS AND METHODS

Study organism: C. corymbosais a monocarpic, self-incompati-
ble perennial herb known from only six populations located
within a 3-km? area along the French Mediterranean coast
(CoLas et al. 1997). It has specialized into an extreme habitat,
the top of limestone cliffs where few other plant species sur-
vive. Its life cycle begins with a rosette stage during at least 2
years (5.5 years on average according to demographic data;
FREVILLE et al. 2004). The year of flowering (the ultimate year
as it is a monocarpic species), a mean of 30 capitula (range
1-200) are produced on several stems and mature sequen-
tially. Capitula include on average 17 peripheral sterile ray
flowers and 43 central hermaphroditic disc flowers (CoLras et
al. 2001). Each of the latter can produce only one seed and, on
average, 40—60% of the flowers produce viable seeds (CoLAs et
al. 2001). Flowers are protandrous and maturation is centripe-
tal within capitula (i.e., outer flowers open first), so that 3-5
days are necessary for the opening of all flowers of a capitulum
(H. FrEviLLE and A. MiGNoOT, unpublished data). Flowering
begins in early May and extends through mid-July with a peak
in June. Pollination is insect mediated, the main foragers
observed in the field being small Coleoptera, Hymenoptera,
Lepidoptera, Diptera, and Thysanoptera (S. LUIJTEN, personal
communication). C. corymbosa has a self-incompatible system.
Paternity analyses made on the data set described below
showed that (1) selfing is rare (1.6%) and (2) pollen dispersal
is limited (50% of the fertilizing pollen moved by <11 m)
and can be modeled by a bivariate exponential power function
(dispersal kernel) more leptokurtic than the bivariate normal
or exponential functions (i.e., fat-tailed dispersal distribution;
HARDY et al. 2004).

Individual sampling: We studied one medium-size popula-
tion (population “A” in Coras et al. 1997), considering here
only its “main part” described in HARDY et al. (2004). We
visited this population on June 1, 6, and 22, 2000, and mapped,
in three dimensions, all individuals that were found to repro-
duce thatyear, totaling 96 plants. Leaf samples for DNA extrac-
tion were collected on 85 reproducing plants, the remaining
11 ones being unreachable (HARDY et al. 2004). To assess
roughly the phenology and the pollen production per plant,
the number of capitula at each stage (bud, flowering, se-
nesced) was recorded for each accessible plant (55, 29, and
1 plants on our first, second and third visit, respectively).

Maternal sibships were obtained from 47 reproducing
plants, collecting usually one capitulum per plant to limit
human impact on this rare endangered species, but two or
three capitula were collected on a few plants. Capitula from
12, 13, and 22 plants were sampled on our first, second, and
third visit, respectively. Seeds sampled on June 1 were among
the very first ripe ones and were thus fertilized during the
very early flowering period. Seeds collected on June 6 likely
still belong to the early-flowering period. On the contrary,

seeds collected on June 22 were probably fertilized during
the mid-flowering period. No samplings were made during
the late-flowering period; actually, the latter contributes little
to plant reproduction because of the low fertilization rate and
the high ovule abortion rate observed at this stage (CoLas el
al. 2001).

Because capitula mature in a centripetal fashion, their pe-
ripheral seeds (outer ring) are fertilized 2 or 3 days before
their central seeds (inner ring). Hence, to assess if correlated
dispersal events (which could occur only between seeds from
the same ring) contributed to correlated mating, we attempted
to sample in each capitulum four central and four peripheral
seeds. We succeeded to do so for 32 families; for the 15 re-
maining ones, we had to select eight seeds at random. DNA
was extracted from young leaves from plantlets after seed
germination, so that DNA material was obtained for 372 off-
spring from 47 families.

Genetic markers: Genotypes were assessed for 85 reproduc-
ing individuals and 372 offspring using nine microsatellite
loci described in FREVILLE et al. (2000) and HARDY et al
(2004). These loci had 3-11 alleles and gene diversities ranged
from 0.122 to 0.776 (average = 0.500). Comparison of off-
spring genotypes with maternal ones showed that genotyping
error rate was <1% per locus (Hardy et al. 2004).

DATA ANALYSIS

Characterizing correlated paternity: A first character-
ization of correlated paternity was based on a paternity
analysis using an exclusion approach described in HARDY
et al. (2004): considering offspring having only one candi-
date father with a genotype fully compatible at all loci,
paternity could be assessed for 123 offspring. From these
data (excluding two selfing events), we computed the
proportion of pairs of progenies sharing the same father
(1) within progeny arrays (full-sibs) and (2) among
progeny arrays, and according to the spatial distance
separating the respective mothers, distinguishing pairs
of offspring sampled on the same date or on different
dates.

A second set of analyses used three closely related
approaches to characterize correlated mating using the
genotypes of all 372 progenies and their respective
mothers: (1) Rrrranp’s (1989, 2002) correlated-mat-
ings model, using his software MLTR 2.4, which esti-
mates in particular 7, the correlation of outcrossed pa-
ternity within progeny arrays (multilocus estimator); (2)
the TwoGener approach (AUSTERLITZ and SMOUSE
2001; SMOUSE et al. 2001) whereby global and pairwise
@y, expressing the differentiation among pollen pools
sampled on different mothers, were estimated using a
software provided by F. Austerlitz; and (3) a new ap-
proach described hereafter whereby the relatedness be-
tween the paternal genes of each pair of offspring was
estimated using pairwise kinship coefficients.

The novel approach developed here requires the
computation of a pairwise kinship coefficient between
the paternal gametic genotypes of offspring pairs. To
this end, the first step was to find out the paternal
gametic genotype of each offspring by subtracting, for
each locus, the maternal gametic genotype from the
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offspring genotype (SMOUSE et al. 2001). This can be
done unambiguously at a locus unless both the offspring
and its mother are heterozygous for the same pair of
alleles. For example, if an offspring carries alleles A and
B and its mother alleles B and C, it means the father
brought allele A. However, if the mother carried alleles
Aand B, the father could have brought allele A or allele
B. The second step consists in computing, for each pair
of offspring 7and j, the kinship coefficients, I, between
the paternal gametic genotypes of i and j (with n = 372
offspring, there were 69,006 pairwise comparisons). The
expectation of Fj; is 0.5 if 7 and j have the same nonin-
bred father, and 0 if they have different (and unrelated)
fathers, so that twice an average Fj; over many pairs of
progenies should provide the proportion of these pairs
being paternal sibs. We used J. Nason’s multilocus F;
estimator described in LOISELLE ef al. (1995),

F;= 2[2([’](“ = D) (prj — ﬁa)/ElEﬁzn(l — P |+ 1/2(n— 1),
where p,,;, pi.;are the frequencies of allele a at locus [
in 7and j, considering only the paternal genes, ,, being
the average p,,; over all n offspring. When the paternal
allele can be assessed unambiguously at a given locus,
pui = 1 for a being the paternal allele and p,,; = 0 for
the other alleles. However, when there is an ambiguity
on the paternal allele, we set p,,; = 0.5 for each of the
two possible alleles and p,,;, = 0 for the other ones.
Consequently, if the paternal alleles of i and jat a locus
are ambiguous and unambiguous, respectively, the sin-
gle locus Fj; is an average estimate of the kinship coeffi-
cients between the fathers of i and j, and between the
mother of i and the father of j, potentially causing an
estimation bias (see DI1SCUSSION). The correct computa-
tions were carried out using the software SPAGeDi
(HarDY and VEKEMANS 2002) by encoding paternal ga-
metic genotypes as diploid genotypes, using a homozy-
gote when the paternal contribution was unambiguous
and a heterozygote when it was ambiguous (i.e., recalling
the example given above, pollen genotypes would be
considered as AA and AB in the unambiguous and am-
biguous cases, respectively).

The third step is to compute various averages from
the matrix of pairwise F; coefficients. First, averages
were made over maternal sib pairs (i.e., within sibships,
totalizing 1575 sib-pairs), giving I5 values. To assess the
impact of the spatio-temporal proximity of fertilization
events on correlated mating, we contrasted f estimates
for the following kinds of pairwise comparisons: (1)
seeds sampled on the same date vs. on different dates,
(2) seeds sampled within capitulum vs. among capitula,
and (3) seeds sampled within ring (i.e., fertilized on the
same date) vs. among rings (i.e., fertilized on different
dates) within a capitulum. To assess if the extent of
correlated mating varied in the course of the flowering
period, we compared /5 among the three different sam-
pling dates. Moreover, to assess if there was an effect of

the degree of plant isolation or of the heterogeneity of
the proximity of the nearest neighbors, the f5 values
within each family were regressed on the number of
flowering plants situated within 20 m of the mother
plant (20 m being approximately the mean distance
between mates; HARDY et al. 2004) as well as on the
variance of the distances to the five closest flowering
plants. Second, Fj; values between offspring from differ-
ent mothers were averaged according to the distance
separating the mother plants, so that correlated pater-
nity among progeny arrays could be examined in a spa-
tial perspective. Here again we distinguished pairs of
offspring sampled on the same date or different dates.
A jackknife procedure over loci provided approximate
standard errors for all these estimates. Randomization
procedures whereby the sampling dates or the spatial
positions were reshuffled allowed us to test for temporal
and spatial effects.

Simulations: Simulations of mating events in the stud-
ied population were carried out to investigate which
mechanisms were necessary to account for the observed
level of correlated mating. Following previous results
(HARDY et al. 2004), we assumed that pollen dispersed
according to an exponential power function (the ker-
nel): the probability that a pollen grain moves by x and
yalong two orthogonal axes is f(a, B; x, ) = [B/2w['(2/
B)lexp (—(1/a)P), where I is the gamma function, r =
(x* + y*)'2 is the distance crossed, and «, B are the
dispersal parameters, controlling the extent and shape
of the distribution, respectively. The probability that
adult ¢ is the father of a progeny collected on a given
mother j is the proportion of the pollen received by j
that originates from i: P(i|a, B, j) = wif(a, B x;, ¥,)/
2w f(o, Bs %, ), where x;, y;1s the position of ¢ relative
to j, w; represents the relative amount of pollen pro-
duced by individual i, and the summation over k con-
cerns all potential fathers.

To simulate mating events, all individuals found in the
population but the mother were considered as potential
fathers (i.e., self-fertilization not allowed), and pollen
flow from other populations was assumed negligible
(Covras et al. 1997; FREVILLE et al. 2001; HARDY et al.
2004). Each simulation run produced 372 offspring on
the same set of mothers and with the same number of
offspring per mother as in the real sample. For each
offspring of mother j, we selected randomly a father
according to P(i|a, B, j) values. The genotype of the
progeny was then constructed by picking up randomly,
for each locus, one gene from its mother and one gene
from its father. To this end, we used the actual genotypes
of the 85 adults that were genotyped and, for the 11
nonsampled adults, we constructed virtual genotypes by
picking up alleles randomly according to their observed
frequencies in the 85 genotyped adults. Once all 372
offspring were defined, the actual proportion of full-
sibs within progeny arrays, P, was determined, and
the mean relatedness between paternal genes within
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sibships, Fs, was estimated following the approach de-
scribed previously in this section. Using 1000 simulation
replicates, we assessed the 95% confidence intervals on
the F5 values.

Simulations were run under various hypotheses, start-
ing from panmixia and implementing step-by-step realis-
tic processes expected to affect correlated mating:

1. Random dispersal: We approximated panmixia by
setting a = 10,000 and w; = 1 for any i.

2. Limited pollen dispersal, constant pollen production
among adults: Here we set w; = 1 for any 7, and o =
2.30 and B = 0.44, the parameters fitting best with the
pollen dispersal events inferred by paternity analysis
(HARDY et al. 2004).

3. Limited pollen dispersal, pollen production variable
among individuals but constant through time: The dif-
ference from simulation 2 is that, for each individual,
w; was equal to the total number of capitula counted
on .

4. Limited pollen dispersal, pollen production variable
among individuals and through time: The difference
from simulation 2 is that, for each individual, w; was
a random variable following a Poisson distribution
with expectation equal to one-eighth the total num-
ber of capitula counted on ¢ (in accordance with obser-
vations, see RESULTS), and three different w; corre-
sponding to the three sampling dates of sibs were drawn
randomly (we assumed in the simulations that progeny
arrays for a given family were fertilized on the same
day).

5. Limited pollen dispersal, pollen production variable
among individuals and through time, self-incompati-
bility system: The difference from simulation 4 is the
addition of a sporophytic self-incompatibility system,
so that crossing among individuals sharing at least
one allele at the self-incompatibility locus was not
allowed. Therefore, we considered 20 equi-frequent
alleles randomly distributed among the 96 individu-
als. This number of alleles is close to the one ex-
pected at drift-selection-mutation equilibrium for an
effective population size N, = 1000 (a realistic value
for C. corymbosa at the species level; O. J. HARDY,
unpublished results) and a mutation rate p = 1077
(ScHIERUP et al. 1997). Note that self-incompatibility
alleles being subject to strong frequency-dependent
selection, the number of alleles at drift-mutation
equilibrium within a population belonging to a meta-
population is essentially a function of the metapopu-
lation effective size (SCHIERUP el al. 1997).

Statistical properties: A thorough analysis of the statis-
tical properties of the estimators used is beyond the
scope of this article but, as we introduced a new ap-
proach to assess correlated paternity, it is useful to com-
pare the statistical properties of the new estimator with
classical approaches, at least for the sampling scheme
adopted and the genetic markers used. In the absence

of selfing and biparental inbreeding, 7,, 2®p and 215
are all estimators of the proportion of full-sibs (Fys)
within progeny arrays (RiTLAND 1988; AUSTERLITZ and
Smousk 2001). Similarly, 2F; estimates the proportion
of progeny pairs from different families being paternal
sibs (Pps). The statistical properties were thus assessed
by comparing the estimates obtained with the actual
parameters using simulated data sets. To this end, we
carried out the same kind of simulations presented in
the previous section but, for each run, the a and w;
parameters were taken from log-normal distributions to
getawide range of realized levels of correlated paternity
(self-incompatibility was not simulated). For each run,
we recorded Py as well as Py between progenies of
families separated by <3 m [Pyssm] and computed I
and the average I; between progenies of families sepa-
rated by <3 m (f5,,). We also exported the genotypes
obtained to compute 7, and @y with adequate software
(see above). We then regressed r,, 2@y, and 2F5 on Py,
as well as 2F5,, on Pps3), and computed the mean square
error (MSE; a combined measure of the bias and vari-
ance) for each estimator: MSE = X(o; — ¢)2/n, where
0;is the r,, 2@, 2F;, or 2F;,, estimate of the ith replicate;
¢ is the corresponding expected value [Prs or Peseml;
and n is the number of replicates (n = 1000 for 2f5 and
215, and n = 200 for r,and 2®y). Note that the sampling
scheme of the artificial data sets is identical to the one
of the experimental study.

We tried to identify two possible causes of estimator
bias: (1) the presence of a spatial genetic structure in the
parental generation (O. J. HARDY, unpublished results)
and (2) the ambiguity regarding the paternal genotype
when an offspring and its mother have the same hetero-
zygote genotype. To investigate the impact of a spatial
genetic structure, in a first set of simulations the paren-
tal genotypes were reconstructed by assigning alleles
randomly according to the observed allele frequencies,
whereas a second set of simulations used the original
parental genotypes. To investigate the impact of the
ambiguous paternal genotypes, Fs and I, were also com-
puted using the actual paternal genes (no ambiguities).

RESULTS

Phenological data: The total number of capitula pro-
duced per flowering plant, estimated on 85 accessible
individuals, ranged from 3 to 140 (mean = 32.2, SD =
26.4). On our first visit (June 1), all 55 reproducing
plants then characterized had at least one capitulum
being in flower or having flowered and, considering
all the capitula recorded that date, 23% of them had
flowered and 14% were flowering. On June 6, 46% of
the capitula from 29 other plants had flowered and 9%
were flowering. On average, 12.5% of the total number
of capitula per plant were flowering at any date, a per-
centage uncorrelated with the total number of capitula
per plant (r = —0.012, N = 87, P = 0.92). We also
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TABLE 1

Average kinship coefficients between the paternal genes of maternal sibs according
to the spatio-temporal proximity of fertilization events

Seed position effect

Within capitulum

Between capitula:

CC P-P C-P Average Average
Iy 0.0976 0.1155 0.0926 0.0940 0.0841
SE 0.0122 0.0227 0.0200 0.0085 0.0184
No. of sib 161 227 421 1152 413
pairs
Sampling date effect
Within date Between dates:
June 1 June 6 June 22 Average Average
Iy 0.0994 0.0892 0.0905 0.0936 0.0616
SE 0.0123 0.0230 0.0133 0.0108 0.0228
No. of sib 538 212 721 1471 104
pairs

Standard errors (SE) are obtained by jackknifing over loci. Different kinds of sib pairs are considered
according to their respective origins [from a same or different capitula and, in the former case, from the
central (C) or peripheral (P) part of a capitulum] or the sampling date.

found that the observed number of flowering capitula
on a given plant and a given date closely followed a
Poisson distribution with expectation equal to 12.5%
the total number of capitula (P = 0.912).

Assessment of paternal gametic genotypes: The per-
centage of offspring for which the paternal allele could
not be determined unambiguously ranged from 2.4 to
19.4% among loci, the lowest values corresponding to
the two least polymorphic loci because heterozygosity
was low for these. For the seven other loci (which had
3-10 alleles and gene diversities between 0.39 and 0.83),
these percentages ranged between 14.8 and 19.4% and
were not clearly related to their level of polymorphism.

Correlated mating within progeny arrays: The paternity
analysis detailed in HARDY ef al. (2004) identified the
fathers of 121 outcrossed progenies, making 121(121 —
1)/2 = 7260 offspring pairs, 148 of these being maternal
sib pairs (offspring sharing the same mother). Twenty-
nine of these sib pairs were full-sibs, so that maternal
progeny arrays contained on average 19.6% of full-sib
pairs. Interestingly, the mean distance traveled by pollen
was 20.5 m for the 121 outcrossing events, whereas it
was only 10.5 m when we considered solely offspring
having atleast one full-sib, suggesting thatlimited pollen
dispersal is an important cause of correlated mating.

The MLTR program provided the following estimates
when allele frequencies in pollen and seeds were as-
sumed equal: multilocus estimate of the outcrossing rate
t=0.972 (SE = 0.011), parental inbreeding coefficient
F=0.046 (SE = 0.028), and multilocus estimate of the
correlation of outcrossed paternity », = 0.196 (SE =

0.031). Following the TwoGener approach, the global
differentiation among pollen pools having fertilized dif-
ferent mothers is @ = 0.0974. The new procedure
developed in this article gave an average kinship coeffi-
cient between the paternal genes of maternal sibs equal
to Iy = 0.0914 (SE = 0.0094 by jackknifing over loci;
number of sib pairs N, = 1575), which is close to the
global @ value and close to half the 7, value, as ex-
pected (see DISCUSSION). In the absence of biparental
inbreeding, 7, or twice ®p; or K, is expected to approxi-
mate the proportion of full-sibs, which might thus reach
~19%, in agreement with the results of the paternity
analysis.

When maternal sib pairs were distinguished according
to the relative positions of seeds within and among capit-
ula, or according to the sampling date of seeds (and thus
the phase of the flowering period when fertilization oc-
curred), no significant effect was observed on 5 values
(Table 1). Hence, the spatio-temporal proximity of fer-
tilization events does not seem to affect significantly the
extent of correlated mating for sibs, suggesting corre-
lated dispersal events is not a significant mechanism
promoting correlated mating in C. corymbosa. However,
sibs collected at different phases of the flowering period
seemed to show less correlated mating (f5 = 0.0616)
than sibs collected during the same phase (/5 = 0.0936),
but precision was lacking because few pairs of maternal
sibs were sampled at different dates (Table 1) so that
the difference was not statistically significant. Average
Iy’s for all sib pairs per family were not significantly
correlated with the number of adults found within 20
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Frcure 1.—Percentages of off-
spring pairs sharing paternity
within maternal sibship (solid
symbols) and among sibships ac-
cording to the distance (log
scale) separating the mothers
(open symbols). We distinguish
pairwise comparisons including
offspring sampled the same date
(squares, solid line) or at differ-
ent dates (triangles, dashed
line). For pairwise comparisons
within sibships and among sam-
pling dates, no value is given be-
cause there were only five pairs.
The asterisks show estimates
within sampling dates that are
significantly higher than esti-
mates between sampling dates.
These results are based on 121
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m around the mother plant (r = —0.064; N = 46; P =
0.67) or with the variance of distances to the five nearest
flowering plants (r = 0.028; N = 46; P = 0.80).

Correlated paternity among progeny arrays: On the
basis of the 121 outcrossing events identified by pater-
nity analysis, the percentage of offspring pairs sharing
the same father decreased with the spatial distance
among mothers and, at short distances, it was much
higher between offspring sampled on the same date
than on different dates (Figure 1). Chi-square tests show
that the difference between offspring sampled on the
same date and offspring sampled on different dates is
significant at distances <1.5 m (P = 0.025) and nearly
so between 1.5 and 3 m (P = 0.05), but not significant
at larger distances (P > 0.05).

0.08
< 0.06
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={F— within dates
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100 . .
paternity analysis.

distance between mothers (m)

The kinship coefficient F};between the paternal genes
of offspring from different mothers decreased with the
distance between mothers (Mantel test, P<<0.001), indi-
cating again thatlimited pollen dispersal was a key deter-
minant of correlated paternity (Figure 2). In agreement
with the paternity analysis, for pairs of offspring sampled
on mothers separated by <10 m, the extent of correlated
paternity was much more pronounced for offspring
pairs sampled on the same date than on different dates
(Figure 2). Permutation tests showed that the difference
is significant for distances <3 m (P = 0.01). This con-
firms the trend already observed within sibships that
correlated paternity is more likely for progeny fertilized
during the same period. Accordingly, pairwise @ be-
tween sibships shows that differentiation among pollen

FIGURE 2.—Average kinship coefficient
between the paternal genes of offspring
pairs within maternal sibship (solid sym-
bols) and among sibships according to the
distance (log scale) separating the mothers
(open symbols). We distinguish pairwise
comparisons including offspring sampled
the same date (squares, solid line) or at
different dates (triangles, dashed line). Er-
ror bars indicate standard errors assessed
by jackknifing loci.
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within sibships

distance between mothers (m)
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FIGURE 3.—Pairwise differentiation
among pollen pools having fertilized dif-
ferent sibships (®yr) according to the
distance (log scale) between mothers.
Average values per distance class are
given. We distinguish pairwise compari-
sons including sibships sampled the
same date (squares, solid line) or at dif-
ferent dates (triangles, dashed line).
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pools increases with the distance between the mother
and, at short distances, is higher between sibships sam-
pled at different dates (Figure 3). For sibships separated
by <2 m and sampled on the same date, there is nearly
no differentiation (®yr = 0.0037).

Simulation results: The proportion of full-sibs (Prs)
and the relatedness between the paternal genes of sibs
(F5) increased progressively when the following features
were successively added in the simulations: (1) pan-
mixia, (2) limited pollen dispersal, (3) pollen produc-
tion variable among individuals, (4) pollen production
per individual variable through time, and (5) selfincom-
patibility system (Table 2). The observed I value
(0.0914) was included into the 95% confidence interval
obtained by simulations only in model 5 when all these
features were implemented (0.0426-0.0964), in which
case the percentage of full-sibs reached Pis = 17.2% on
average. It is noteworthy that limited dispersal taken
alone accounted for only one-third of the effect (P =
6.4%), the heterogeneity of pollen production among
plants and through time accounting for as much as
limited dispersal. Finally, the self-incompatibility system
also contributed substantially to correlated mating.

Statistical properties: Using simulated data sets, esti-
mated Py (7,, 2@y, or 2F) were regressed on actual Py
so that estimator accuracy (bias) was assessed by the
departure of the regression slope from unity and of the
intercept from zero, and estimator precision (variance)
was assessed by R?. The MSE provides a combined mea-
sure of the impact of accuracy and precision. When
there is no spatial genetic structure and no inbreeding
in the parental population, Figure 4 shows that Py tends
to be underestimated by 7%, and overestimated by 2@
(at least for large Py), whereas 2F; presents the best
statistical properties (low bias and variance): 2f5 =
0.957P;s + 0.0021 (R* = 0.990; MSE = 7 X 107%), 2®y; =

100

1.184P;5 — 0.0063 (R* = 0.983; MSE = 46 X 107%), r, =
1.018Ps — 0.0633 (R* = 0.892; MSE = 107 X 107%).
Under low actual Py, 1, performs particularly badly,
giving often fairly negative values (Figure 4B). The lower
performances of 7, might be due to the fact that the
MLTR software estimates simultaneously several statis-
tics. Hence, we also used the MLTR software after setting
the inbreeding coefficient and the outcrossing rate to
their actual values (0 and 1, respectively) and got better
estimates (MSE = 39 X 107*) but still not as good as
for 2F. Among progeny arrays, 2I5; somewhat underesti-
mates Pps: 215, = 0.853Ps;3,, — 0.0169 (R? = 0.907;
MSE = 17 X 107*). When the actual paternal genes
were used to assess Fs and f5, (no ambiguities), it did
not really improve F (25 = 0.991P5 — 0.0148; R* =
0.989; MSE = 9 X 10™*) butimproved a little £, (2, =
1.006Pps3my — 0.0199; R? = 0.906; MSE = 10 X 107%),
suggesting that ambiguous paternal gametic genotypes
causes only limited bias.

Using the original parental genotypes in the simula-
tions (existence of a spatial genetic structure), all the esti-
mators showed higher bias but their performances were
not much affected within progeny arrays: 2F5 = 1.024F; +
0.0240 (R? = 0.989; MSE = 19 X 107%), 2d;; = 1.356
Ps — 0.0081 (R* = 0.994; MSE = 99 X 107%), r, =
1.037P — 0.0884 (R? = 0.936; MSE = 100 X 107%).
Among progeny arrays, the impact of biparental in-
breeding was more significant but the estimator still
displayed fairly good statistical properties: 2F, = 1.191
Prsismy — 0.0123 (R* = 0.940; MSE = 14 X 107%).

DISCUSSION

Consequences of correlated mating in C. corymbosa:
All analyses (Ritland’s correlated-matings model, Two-
Gener approach, the pairwise kinship approach devel-
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TABLE 2

Average kinship coefficients between the paternal genes of
maternal sibs (Fs) and percentage of full-sib pairs (Pys)
obtained by simulating mating events under
various assumptions

Model Is (95% C.1.) Prs (%)

Model 1
Random mating 0.0093 1.05
(—0.0019, 0.0208)
Model 2
Limited pollen dispersal
Pollen production
constant among adults
Pollen production
constant through time
Model 3
Limited pollen dispersal
Pollen production variable
among adults
Pollen production
constant through time
Model 4
Limited pollen dispersal
Pollen production variable
among adults
Pollen production variable
through time
Model 5
Limited pollen dispersal
Pollen production variable
among adults
Pollen production variable
through time
Self-incompatibility system
(20 alleles)

0.0363 6.38
(0.0220, 0.0524)

0.0431 9.19
(0.0271, 0.0598)

0.0582 15.09
(0.0365, 0.0854)

0.0659 17.20
(0.0426, 0.0964)

oped in this article, and the paternity analysis) provided
a consistent result: within progeny arrays, about one-
fifth of sib pairs were full-sibs. One over this proportion
gives the “effective number of sires” (i.e., the number
of fathers necessary to cause the observed level of corre-
lated paternity assuming equal mating chances and in-
dependent mating events; RrrLaND 1989), which is
N, = 5.1. This value lies in the upper range of other
herbaceous species (Table 3), among which the highest
N, was observed for another Centaurea species (C. solsti-
tialis; Table 3). Tree species tend to show higher values
than herbs (Table 3).

C. corymbosa is self-incompatible with very restricted
seed dispersal (CoLas et al. 1997) so that the extent of
correlated mating within sibships determines to a large
measure the degree of relatedness between competing
seedlings. Compared to other herbaceous species, cor-
related paternity appears fairly low (higher N,;), so that
we expect a fairly high level of genetic diversity among
competing sib seedlings. It has been suggested that such
diversity might favor the maternal fitness by reducing
the competition among sibs through resource parti-
tioning or, in a heterogeneous environment, by increas-

ing the chance that some progenies are well adapted to
some microsites (YOUNG 1981). However, experimental
works in other species failed to support these hypothe-
ses, at least when comparing half-sib vs. full-sib progeny
arrays (e.g., SCHMITT and EHRHARDT 1987; KARRON and
MARSHALL 1990, 1993). Another potential advantage of
the low level of correlated paternity concerns coloniza-
tion ability. With a sporophytic incompatibility system,
typical in Asteraceae (RicHARDs 1997), and assuming
codominance among incompatibility alleles in the style
and in the pollen, sib mating compatibility is at most
50% for half-sibs and 25% for full-sibs. Hence, a low
level of correlated paternity should enhance the chance
of establishment of a new population in a site recently
colonized by a single plant or by a progeny array (e.g.,
if a whole ripe capitulum was transported, for example,
by a bird using C. corymbosa twigs for its nest).

It is still unclear whether pollen limitation (i.e., re-
duced seed set due to insufficient pollen fertilization)
occurs in C. corymbosa. Such pollen limitation was sug-
gested by the reduced seed set of isolated plants, i.e.,
plants without flowering neighbors at <4 m (CoLAS et
al. 1997), but it appears that most pollen disperse over
distances >4 m (HARDY et al. 2004) and capitula are
regularly visited by pollinators (S. LUIJTEN, personal
communication, see below). Our present results suggest
that mate availability is limited, notably by the self-
incompatibility system, conditions favoring pollen limi-
tation. In animal-pollinated angiosperm species, pollen
limitation is a common phenomenon as shown by exper-
imental data comparing the percentages of fruit set
in open-pollinated controls vs. in plants that received
supplemental cross pollen (see review in LARSON and
BARRETT 2000). However, such experiments performed
on C. corymbosahave not shown evidence of pollen limita-
tion (S. LuyTEN, unpublished results).

Factors determining correlated mating in C. corym-
bosa: For seeds sampled within capitula, the proportion
of full-sibs was not lower when ovules were fertilized on
different days (seeds from different rings) than on the
same day (seeds from the same ring). Hence, correlated
mating was not contributed by correlated dispersal events
(i.e, the codispersion of pollen from the same origin by
a single pollinator movement). We can thus conclude that
correlated mating resulted essentially from limited mate
availability, just as was observed recently by WELLS and
Youna (2002) in the Australian endemic shrub Rutidosis
leptorrhychoides (Asteraceae).

Two lines of evidence indicate that limited pollen
dispersal was the main factor limiting the diversity of
sires. First, the paternity analysis showed that the mean
distance between parents was lower for full-sibs (~~10 m)
than for random offspring (~20 m). Second, correlated
paternity for pairs of offspring from different families
was a decreasing function of the spatial distance between
the mothers. Interestingly, for seeds collected the same
date, the extent of correlated paternity among progeny
arrays separated by <1.5 m (i.e., the percentage of off-



1610
A 12 B
x
e
a
©
[0]
9
©
£
=
[2]
()
00 01 02 03 04 05 06 07 08 09 10
actual Prs

spring pairs sharing the same father) was similar to the
extent of correlated mating within progeny arrays (Figures
1 and 2). Hence, the fertilizing pollen loads arriving on
adjacent plants had very similar compositions, at least
within a few days. This was confirmed by pairwise @y
values that were very low between progeny arrays sam-
pled the same date (at <2 m, mean ®yr = 0.0037, SE =
0.0160; Figure 3).

A second factor limiting significantly mate availability
was the phenological heterogeneity among plants. This
was clearly evident from the levels of correlated pater-
nity for pairs of offspring collected on nearby mothers
the same date vs. at different dates (Figures 1 and 2),
a trend also observed within sibship. Accordingly, when
progeny arrays sampled on different dates were consid-
ered, the pollen pools on nearby mothers were now
differentiated (mean pairwise @ at <2 m = 0.0387,
SE = 0.0187). Thus, the composition of the pollen load
arriving on a given location varied in the course of the
flowering period because the relative flowering intensi-
ties of the neighboring plants changed. Consequently,
the diversity of sires at a given location and a given date
was considerably lower than when averaged over the
whole flowering period. Such an effect was also observed
among years in the tree Albizia julibrissin (IRWIN et al.
2003). As seeds from most progeny arrays were collected
on a single date (different dates for only two arrays),
our estimate of correlated mating is substantially higher
than the average level over the whole flowering period.

When mating events were simulated accounting for
limited pollen dispersal and the heterogeneity of pollen
production and phenology among plants, the level of
correlated mating was still inferior to the one observed.
This discrepancy might result from an inaccurate param-
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eterization of the simulated model, especially regarding
the phenology of flowering for which precise information
was lacking. However, even when phenology was modeled
in a way to enhance correlated mating by amplifying the
temporal heterogeneity of pollen production among
plants, we hardly reached the level observed in reality
(results not shown), until we implemented a self-incom-
patibility system in the simulations. The parameteriza-
tion of such a system is difficult because information on
the number and frequencies of the self-incompatibility
alleles and their dominant/codominant effects in the
pollen and stigma is lacking, so that we had to rely
on theoretical expectations. With 20 self-incompatibility
alleles, simulated levels of correlated mating were con-
sistent with the observed value, and this was also the
case using 10 or 30 alleles (results not shown). Note
that the impact of the self-incompatibility system might
be somewhat underestimated because we did not con-
sider the spatial autocorrelation of self-incompatibility
alleles that should arise under limited gene dispersal.
We cannot ensure that our simulation model contained
all the essential ingredients determining correlated mat-
ing in the natural population, nature being often com-
plex. However, these simulations give an idea of the
relative impact of different factors on correlated pater-
nity, showing in particular that limited pollen dispersal
does not necessarily constitute the major cause.

In many species, full-sibs occur in much higher pro-
portion within fruits than among fruits (Table 3), induc-
ing a hierarchical pattern of correlated matings (e.g.,
SCHOEN 1985; BROWN et al. 1986; RiTLAND 1989; MOR-
GAN and BARRETT 1990; MUONA e al. 1991; SAMPsoN
1998). This effect is particularly strong in species where
pollen is carried in clusters [e.g., Acacia (MUONA et al.



Fine-Scale Genetic Structure and Gene Dispersal in Centaurea corymbosa, 11

1611

TABLE 3

Levels of correlated mating reported in natural populations of herbaceous and tree species.
The effective number of sires, N, is estimated as 1/7, or 1/(2®s)

Species

N,

Reference

Herbs

Centaurea corymbosa

C. solstialis

Crepis sancta

Eichhornia paniculata
Glycine argyrea

Mimulus guttatus
Rutidosis leptorriynchoides
Yucca filamentosa

Trees

Acacia melanoxylon
Albizia julibrissin
Caryocar brasiliense
Dinizia excelsa
Dryobalanops aromatica
Eucalyptus rameliana
Larix occidentalis
Pinus sylvestris

Quercus lobata

Sorbus torminalis

5.1 (wC)

8.8 (1.2-21) (T)
1.4-3.3 (wC)

3.1 (wF); 4.2 (aF)
1.2 (wF); 1.7 (aF)
2.5 (wF); 4.7 (aF)
1.5-2.7 (T)
1.6-3.1 (T)

1.3 (wF); 2.3 (wl); 30 (T)
2.1 (T, 1 yr); 2.9 (T, 4 yr)
4.9-11.6 (T)

4.9 (T)

12.5 (T)

3.8 (wF); 11 (aF)
9.1-16.1 (T)

83-125 (T)

3.7 (T)

4.9-14.7 (T)

SunN and RrtLAND (1998)

CHEPTOU et al. (2001)

MoRrGaN and BARRETT (1990)

Brown (1989)

RiTraND (1989); DupasH and RitranD (1991)
WEeLLS and YoUuNG (2002)

MasseEy and Hamrick (1999)

MuonNa et al. (1991)

IRWIN et al. (2003)

COLLEVATTI et al. (2001)

Dick et al. (2003)

LEE (2000)

SampsonN (1998)

Er-Kassapy and JaQuisH (1996)
RoOBLEDO-ARNUNCIO et al. (2004)

SORK et al. (2002)

S. OpPpOU-MURATORIO (unpublished results)

Seed sampling terms are as follows: wC, within capitula (Asteraceae); wF, within flowers; aF, among flowers; wl, within
inflorescences; T, over the whole plant; 1 yr, for 1 year; 4 yr, over 4 years.

1991) and Asclepias (BrRoyLES and WyaTT 1991; GoLp
and SHORE 1995)] or in some species with a particular
type of plant-pollinator interactions [e.g., figs and fig
wasps (NASON et al. 1998)], where multiple paternity
within fruits is the exception rather than the rule. A
significant impact of the timing of sib fertilization has
also been reported recently in A. julibrissin (IRWIN et al.
2003). In animal-pollinated species, correlated paternity
within fruits is reduced when pollen loads from different
fathers are deposited sequentially (e.g., DupasH and
RiTLaND 1991) and/or when a single pollen load is a
mixture of different fathers, implying extensive pollen
carryover (e.g., MARSHALL and ELLSTRAND 1985; Camp-
BELL 1998). In Asteraceae, such as C. corymbosa, fruits
are one-seeded, so that correlated paternity cannot re-
sult from the deposition of a pollen load on a given
stigma, but stigma from adjacent flowers within capitula
might be fertilized by the same pollen load, capitula in
Asteraceae having the same functional role to attract
pollinators as typical flowers do in many other families.
When there is a delayed, centripetal maturation of
flowers within capitulum, correlated paternity through
this process is limited to adjacent flowers maturing si-
multaneously. In C. corymbosa, the observation that cor-
related paternity within sibship was not contributed by
such a mechanism implies that each flowering capitu-
lum got several pollen loads each day (and was thus
visited several times) and/or that pollen carryover was
extensive. This is consistent with field observations car-
ried out in 2002 in population A, showing that capitula

were visited mainly by Coleoptera ( Oedemera nobilis Scop-
ili) at a rate of 3.6 visits per hour (S. LUJTEN, personal
communication).

Some unifications: The TwoGener approach was de-
vised to infer pollen dispersal distances on the basis of
the pattern of differentiation among pollen pools hav-
ing fertilized different maternal sibships (AUSTERLITZ
and SMoUsE 2001, 2002; SMOUSE et al. 2001; AUSTERLITZ
et al. 2004) . This approach is fundamentally based on the
pattern of correlated paternity because differentiation
among pollen pools implies that paternity is correlated
within sibships. Actually, @y, the measure of genetic
differentiation among pollen pools having fertilized dif-
ferent mothers in the TwoGener approach; 7, the corre-
lation of outcrossed paternity within sibships following
RiTLAND’s (1989) approach; and 5, the mean kinship
coefficient between the paternal gametic genotypes of
maternal sibs following our approach, are all estimators
of the average genetic relatedness among fathers having
fertilized maternal sibships. However, they are not ex-
actly equal because 7, is a function of the probability
that an allele in one father is identical to one of the
alleles of the other father (“relationship” coefficient;
WRIGHT 1922), whereas @y and Fs are functions of the
probability that an allele in one father is identical to a
random allele of the other father (“kinship” coefficient;
MaLEcoT 1967). In the absence of inbreeding, in a
diploid species, one expects 7, = 2®p; (COCKERHAM
1969), and this is indeed what we found with our data.
I and ®yp gave very similar values but there is, however,
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a difference: @y measures the paternal genetic resem-
blance within sibships relative to the one among sib-
ships, whereas F5s measures the paternal genetic resem-
blance within sibships relative to the average found in
the sample, both within and among sibships. Hence,
one expects @ to be slightly higher than X, as observed
with our data (®r = 0.0974, 5 = 0.0914).

To estimate the proportion of full-sibs within progeny
arrays in an outcrossed population, %,, 2®, and 2/ are
all fairly good estimators. However, simulations showed
that, for the sampling scheme and the genetic markers
we considered, 2Fs was the best estimator and 7, the
worst one. Assessing the statistical properties of these
estimators in a more general way (i.e., for different types
of sampling schemes and allele frequencies) is beyond
the scope of this article but it would be worth doing in
a future study.

Implications of our results for the TwoGener ap-
proach: The TwoGener approach relies on a model
predicting how @ (global or pairwise values) varies
with the extent of pollen dispersal (AUSTERLITZ and
SMoUsE 2001, 2002; AUSTERLITZ e/ al. 2004), given the
density of pollen donors. It assumes implicitly that lim-
ited mate availability due to limited pollen dispersal is
the major factor determining the extent of correlated
mating. It implies among other things that pollen dis-
persal events must be independent. Independent dis-
persal events seem to hold for C. corymbosa but, in other
species, especially when sibs come from multiseeded
fruits, the extent of correlated mating may be essentially
due to correlated dispersal events. In C. corymbosa, the
heterogeneity in pollen production and phenology
among plants and (probably) the presence of a self-
incompatibility system contributed substantially to cor-
related mating, so that limited pollen dispersal ac-
counted for less than half the observed level. Under
such a condition, the TwoGener approach is expected to
underestimate significantly pollen dispersal distances.

Hence, care must be taken when applying the Two-
Gener approach because the sampling scheme can have
considerable impacts on the output (see also IRWIN et
al. 2003 for the impact of temporal sampling). To avoid
bias due to correlated dispersal, sibs should be sampled
on distant flowers. To account for the heterogeneity of
pollen production among plants, the density of pollen
donors, d (census density), should be corrected to pro-
vide an effective density, d.. This can be done if the
relative flowering intensity regarding pollen produc-
tion, w;, can be assessed for a random set of N plants:
d. = d(Zw)?/ (N2Zw?) , where summations hold for i =
1-N. To account for the phenological heterogeneity, if
all progenies were fertilized during a given period, w;
should be assessed during this period. Applying this
formula in our population and assuming that pollen
production was proportional to the number of capitula,
d = 0.0167 flowering plants/mg, d. = 0.100 when w); is
the total number of capitula per plant (effective density

over the whole flowering period), and d. = 0.0085 when
w; is the number of flowering capitula per plant at the
date of visit (instantaneous effective density); the effec-
tive density was thus half the census one. Self-incompati-
bility also reduces the effective density; as a first approxi-
mation, d. should be multiplied by the proportion of
compatible mating, but this information is rarely avail-
able. Note that d. can also be estimated simultaneously
with the dispersal parameters using pairwise ®pr (AUs-
TERLITZ and SMOUSE 2002; AUSTERLITZ et al. 2004).
Finally, it should be noted that the TwoGener ap-
proach assumes that flowering individuals are homoge-
neously spread over a two-dimensional landscape larger
than the scale of pollen dispersal. The studied population
was an elongated one (200-m length and 20- to 60-m
width) with clumped individuals (HARDY et al. 2004), a
geometry that enhances correlated mating. Conse-
quently, even when the density was corrected (d. =
0.0085), the TwoGener approach did not succeed in
providing pollen dispersal parameters consistent with
paternity analyses in our population: assuming an expo-
nential dispersal kernel, the estimated mean pollen dis-
persal distance was 8, = 9.8 m from the global @y,
whereas the best fit to the 121 observed mating events
gave 8, = 37 m (8§, = 91 m assuming an exponential
power kernel; HARDY et al. 2004). It must be noted here
that 8, is not an estimate of the mean distance between
mates (which was 8. = 21.6 m), unless individuals are
distributed randomly over an area much larger than
the scale of pollen dispersal (HARDY el al. 2004). In
conclusion, although the TwoGener approach provides
a convenient way to assess pollen dispersal in natural
populations, care must be taken in the interpretation of
the results because reliable estimates require adequate
sampling schemes and population geometry.
Comparing the methods to assess correlated mating:
The identification of mating events by a paternity analy-
sis is a priori the most accurate way of characterizing
correlated mating, but successful paternity analyses are
often difficult to obtain. In our population, paternity was
assessed for about one-third of the offspring sampled,
which is quite good, butimplies that correlated paternity
could be assessed for only (1/3)? = one-ninth of the
total number of offspring pairs. On the contrary, the
approach based on pairwise kinship coefficients consid-
ers all pairs of offspring and can be applied even if
potential fathers have not been genotyped. Neverthe-
less, pairwise kinship coefficients typically suffer high
sampling variance (LyNcH and RitLanDp 1999) so that
they are not powerful to characterize correlated mating
for a single pair of offspring, and they do not exploit
fully the multilocus information (they are averages of
single-locus estimates). Ritland’s correlated-matings
model uses maximum-likelihood methods to estimate
mating system parameters and therefore better exploits
multilocus information. However, the statistical proper-
ties of the 7, estimator were not so good and, as designed
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nowadays in Ritland’s MLTR software (RirLAND 2002),
correlated paternity assessment is restricted within sib-
ships. As we have seen, much information can be ob-
tained by assessing correlated paternity among sibships
in a spatial perspective.

In conclusion, we showed that pairwise kinship coef-
ficients are convenient and powerful to characterize
correlated paternity on a fine scale and to identify its
causal mechanisms because (1) they can assess corre-
lated paternity both within and among sibships, (2)
they can be averaged over particular types of pairs (e.g.,
within or among sampling dates) or regressed on ex-
planatory variables (e.g., spatial distance), and (3) their
statistical properties are good. Further methodological
progress could be achieved by designing methods to
assess correlated paternity, exploiting more fully the
multilocus information.
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