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Abstract.—An extensive allozyme survey was conducted within a natural ‘‘meta’’ population of the native North
American annual legume, Chamaecrista fasciculata (Leguminosae) to quantify genetic structure at different spatial
scales. Gene flow was then estimated by a recently developed indirect method based on a continuous population
model, using pairwise kinship coefficients between individuals. The indirect estimates of gene flow, quantified in
terms of neighborhood size, with an average value on the order of 150 individuals, were concordant among different
spatial scales (subpopulation, population, metapopulation). This gene-flow value lieswithin the range of direct estimates
previously documented from observations of pollen and seed dispersal for the same metapopulation. Monte Carlo
simulations using the direct measures of gene flow as parameters further demonstrated that the observed spatial pattern
of allozyme variation was congruent with a model of isolation by distance. Combining previously published estimates
of pollen dispersal distances with kinship coefficients from this study, we quantified biparental inbreeding relative to
either a single subpopulation or the whole metapopulation. At the level of a neighborhood, little biparental inbreeding
was observed and most departure from Hardy-Weinberg genotypic proportions was explained by self-fertilization,
whereas both selfing and biparental inbreeding contributed to nonrandom mating at the metapopulation level. Gene
flow was also estimated from indirect methods based on a discontinuous population structure model. We discuss these
results with respect to the effect of a patchy population structure on estimation of gene flow.
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Gene flow determines the scale of local adaptation (Endler
1977) and the role of population structure in the evolutionary
process (Wright 1977; Wade 1992; Fenster et al. 1997).
Therefore, much effort has been devoted to the estimation of
the magnitude of gene flow using direct or indirect methods
(Slatkin 1985). Direct methods quantify the movement of
genes by monitoring vectors of gene flow (Kerster and Levin
1968; Beattie and Culver 1979; Fenster 1991a), following
the movement of marker genes (Schaal 1980; Fenster 1991a),
or by performing paternity analyses (Ellstrand and Marshall
1985; Meagher 1986; Hamrick et al. 1995). Indirect esti-
mation of gene flow (reviewed in Slatkin 1985) focuses on
gene flow’ simpact on local differentiation for neutral genetic
markers. Indirect estimates are most frequently based on the
relationship between either Wright's F-statistics (Wright
1951) or spatial autocorrelation parameters (Sokal and War-
tenberg 1983) with migration rates (Slatkin 1993; Rousset
1997; Epperson 1990, 1995) as specified by particular models
of population structure. Although direct methods in plants
have been applied mostly at a very local scale, within con-
tinuously distributed populations (but see Hamrick et al.
1995), methods to infer gene flow from local genetic differ-
entiation have been developed mainly for models of subdi-
vided populations (Slatkin 1993).

Recently, several new indirect methods adapted to a con-
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tinuously distributed population have been proposed to quan-
tify the extent of gene dispersal (Tufto 1996; Epperson and
Li 1997; Hardy and Vekemans 1999; Rousset 2000). Some
of these new indirect methods consist of regressing ameasure
of genetic distance (Rousset 2000) or relatedness (Hardy and
Vekemans 1999) on the spatial distance between individuals.
These approaches are derived from an analytical model of
isolation by distance demonstrating that the genetic distance
between populations, as measured by pairwise Fst/(1 — Fgt)
ratios, increases approximately linearly with the spatial dis-
tance in one-dimensional space, and with its logarithm in
two-dimensional space (Rousset 1997). This method was lat-
er adapted to the individual level to infer gene dispersal dis-
tances among individuals (rather than among populations)
using a genetic measure of interindividual distance (Rousset
2000) or relatedness (Hardy and Vekemans 1999). The ‘‘re-
latedness'’ approach uses statistics similar to those of spatial
autocorrelation analysis (Hardy and Vekemans 1999). In sum,
the indirect gene flow estimates based on interindividual dis-
tance, deduced from the rate of change of genetic distance/
relatedness between individuals with the spatial distance, can
be expressed in term of Wright’s neighborhood size. Thus,
with these methods, it is possible to compare direct and in-
direct estimates of the same parameter (e.g., neighborhood
size) in the context of isolation by distance.

Direct and indirect methods to estimate gene flow can com-
plement each other by providing opportunities to estimate
parameters that are difficult to assess with either method
alone. For instance, direct methods estimate the distribution
of distances between mates (pollen dispersal probabilities)
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Fic. 1. Distribution of populations of Chamaecrista fasciculata in
the Gooselake Prairie metapopulation. Filled circles and unfilled
circles refer to populations included and not included, respectively,
in the allozyme survey. Genotypes were sampled at either end of
12 of the 14 populations. These groups of individuals sampled at
either end of the population are referred to as subpopulations. The
bar in the lower left-hand corner of the figure is the scale and
corresponds to 100 m.

and indirect methods provide the distribution of relatedness
between individuals according to the spatial distance. Putting
both distributions together, we will demonstrate that it is
possible to estimate the average relatedness between mates,
and thus assess the contribution of biparental inbreeding (i.e.,
the inbreeding associated with mating between relatives, self-
ing excluded) to the overall-inbreeding coefficient of de-
scendant individuals. The most frequent method used to
quantify biparental inbreeding relies on the difference in out-
crossing rates based on single versus multilocus estimates
(Ritland and Jain 1981). There are two advantages of our
combined approach. First, biparental inbreeding is quantified
in terms of an F (kinship or inbreeding) coefficient, and sec-
ond, we can directly quantify the spatial scalethat contributes
most to inbreeding.

Gene dispersal is limited in the patchily distributed annual
North American native legume, Chamaecrista fasciculata, as
assessed by direct methods that quantified pollinator move-
ment, pollen dispersal dynamics and seed dispersal (Fenster
19914a). Weighting the dispersal data by the relative proba-
bility of gene establishment (Fenster and Sork 1988; Fenster
1991b, c) substantially increased the magnitude of gene flow.
However, estimates of gene flow were still limited, with
neighborhood sizes estimated on the order of 100-166 in-
dividuals over four years and a harmonic mean of 120 in-
dividuals based on the yearly variation in population size.
Preliminary analyses based on an allozyme survey (Fenster
1988; Fenster and Dudash 1994) indicated substantial pop-
ulation genetic structure, congruent with extremely limited
geneflow in this species. Here we greatly expand the analyses
of spatial patterns of allozyme genetic variation to (1) obtain
indirect estimates of localized gene dispersal distances
(neighborhood size) and compare them with previously pub-
lished direct estimates (Fenster 1991b); (2) combine infor-
mation from direct and indirect methods to estimate the con-
tribution of biparental inbreeding to the overall inbreeding
coefficient of descendant individuals; and (3) assess the con-

CHARLES B. FENSTER ET AL.

sistency between gene dispersal estimates from indirect ap-
proaches at different spatial scales, to evaluate the signifi-
cance of spatial discontinuities to genetic differentiation.

MATERIALS AND METHODS
Sudy Ste

We quantified gene flow in Chamaecrista fasciculata using
both direct and indirect approaches at Gooselake Prairie Na-
ture Preserve (GLP), Grundy County, Illinois. GLP is a 700
ha disturbed mesic prairie located on the flood plain of the
Illinois River, approximately 130 km southwest of Chicago.
Chamaecrista fasciculata is patchily distributed at GLP. Giv-
en the spatial discontinuities of its distribution at GLP, the
greater amount of gene flow within patch versus between
patches (Fenster 1991a) and frequent extinction and colo-
nization of patches (Fenster 1991b, pers. obs.) we refer to C.
fasciculata at GLP as a metapopulation. The metapopul ation
at the time of the study was subdivided into approximately
25 discrete populations (patches), each separated from one
another by 50-200 m. Each of the 25 populations consisted
of a continuous distribution of 100s-1000s of adult flowering
individuals. From these, 14 populations were chosen for
study using a stratified random sampling method (Fig. 1).
The clustering of the 14 sampled populations into pairs and
in the interior of GLP reflected an attempt to sample geno-
types on a roughly exponential scale of increasing distance
from one another and to sample within the more pristine
prairie habitiat, perhaps corresponding to more natural pro-
cesses of gene flow.

Study Organism

Chamaecrista fasciculata Michx., partridge pea (Faba-
ceae), is a highly outcrossing (mean outcrossing rate = 80%,
Fenster 1991a), self-compatible annual legume of old field,
disturbed prairie, and savanna. It is distributed from southern
New England to Florida and westward to Texas and Kansas
and Minnesota in the eastern United States. Pollination is
almost exclusively by large bees (L ee and Bazzaz 1982; Fens-
ter 1991a). Seed dispersal, through explosive pod dehiscence,
is limited to several meters (Fenster 1991a). To reiterate, a
direct estimate of gene flow was quantified in terms of neigh-
borhood size, resulting in an estimated neighborhood area
corresponding to a circle of radius of 34 m and consisting
of 120 individuals (Fenster 1991a, b).

Sampling

The following hierarchical design was used to determine
the spatial pattern of genetic variation among and within the
14 sampled populations of C. fasciculata within GLP. Leaf
tissue from 13 to 114 adult individuals (range determined by
density of individuals) was collected at either end of each of
the 14 populations from quadrats with areas of 20 to 100 m2.
Quadrat size was chosen based on preliminary observations
of pollinator flight movement and corresponded to both a
priori expectations and final estimates of neighborhood area
(Fenster 1991a). Henceforth, quadrats will be referred to as
subpopulations, which are the lowest spatial subdivision of
sampling. Subpopulation size variation reflected variation in
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plant density and an expected inverse relationship of polli-
nator flight distance. Hence neighborhood area is expected
to be negatively correlated with plant density (Bateman 1947,
Levin and Kerster 1969a, b; Schmitt 1983), which was ob-
served at our study site (Fenster 1991a). Thus, in populations
of higher plant density, smaller subpopulation areas were
used. The distance between the closest edges of each sub-
population within a population was 40 m. In two of the pop-
ulations, individuals were sampled from only one end or one
subpopulation. The resulting number of subpopulations to-
taled 26 (12 populations X 2 subpopulations/population + 2
populations X 1 subpopulation/population). For 21 of the 26
subpopulations, all individuals were mapped to the nearest
10 cm. Altogether, leaf tissue from 1729 individuals was
collected. Of these, 1365 were precisely mapped to the near-
est 10 cm, the remaining 364 individuals were assigned to a
position in the middle of the subpopulation. All leaf tissue
was collected on ice during August and September 1984, and
stored in a freezer at —76°C until protein extraction.

Genetic Markers

Samples were prepared using a modification of the phos-
phate grinding buffer-PVP solution in Soltis et al. (1983):
0.01 M germanium dioxide, 10% DM SO, and 0.5% 2-phen-
oxyethanol (Kelley and Adams 1977). Starch (from Sigma)
gel concentrations varied from 10.6-11% depending on the
lot. The following six enzymes, representing Mendelian, co-
dominant loci, were surveyed and used in the analyses pre-
sented here: aconitase (Acn, two loci), diaphorase (Dia, one
locus), leucine amino-peptidase (Lap, one locus), phospho-
glucomutase (Pgm, one locus), and 6-phosphogluconate de-
hydrogenase (6-Pgd, one locus). Acn and Dia were resolved
on a modified gel and electrode buffer designated system 8
of Soltis and Soltis (1987) and Pgm, 6-Pgd and Lap were
resolved on system 11 of Soltis et al. (1983). Known het-
erozygous standards were run on every gel for each enzyme
system to ensure proper interpretation of the banding patterns.
A photographic record of every gel was made to ensure that
rare alleles could be identified. The inheritance of all loci
was verified either by controlled crosses or by observation
of the segregation of banding patterns within family arrays.
Staining methods for all enzymes followed Soltis et al.
(1983), except for Lap, which followed Soltis and Soltis
(1987).

Data Analyses

To check whether the different loci could be considered
as providing independent replicates of population structure,
linkage disequilibrium between all pairs of loci within each
subpopulation and across all subpopulations was tested using
the computer program GENEPOP 3.2a (Raymond and Rous-
set 1995). This program was also used to compute individual
inbreeding coefficients (F,) at the subpopulation, population,
and metapopulation levels following the Anova approach of
Weir and Cockerham (1984).

We then characterized the genetic structure of the meta-
population at different spatial scales, first by a hierarchical
decomposition of genetic variance among subpopulations and
populations (hierarchical F-statistics), second by two differ-
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ent spatial analyseswhere pairwise kinship estimates between
individuals, or pairwise genetic distance measures between
subpopulations, were compared to geographical distance. Un-
der the theoretical framework of isolation by distance, these
spatial analyses provide indirect estimates of gene dispersal
distances (neighborhood area sizes). Combined with pub-
lished direct estimates of pollen dispersal distances, pairwise
kinship estimates were also used to assess the contributions
of biparental inbreeding and selfing to the overall inbreeding.
All of these analyses are detailed in turn below.

Hierarchical F-statistics

The partitioning of genetic variance within and among sub-
populations and populations was assessed using F-statistics
(Weir and Cockerham 1984) in the context of an island mod-
el, computed with the software ARLEQUIN (Schneider et al.
2000). The average inbreeding coefficient within subpopu-
lations (F,s) was computed, and the proportion of genetic
variance was determined for the following components:
among subpopulations within a population (Fgp), among pop-
ulations within the total Gooselake Prairie metapopulation
(Fpr), and among subpopulations independently of popula-
tions (Fsr). Populations with only one subpopul ation sampled
were removed from this analysis. Thus, the analysis was car-
ried out on the 12 populations each containing two subpop-
ulations. Significance levels of the statistics were determined
with appropriate permutation tests (Schneider et al. 2000).

Spatial analysis of genetic differentiation between
(sub)populations

Under isolation by distance in a two-dimensional space,
pairwise Fsr/(1 — Fgr) ratios between (sub)populations are
expected to increase approximately linearly with the loga-
rithm of spatial distance (Rousset 1997). Therefore, Fsr/(1
— Fgy) ratios were computed for each pair of the 26 sub-
populations using the computer program GENEPOP 3.2
(Raymond and Rousset 1995). Pairwise Fs1/(1 — Fgr) ratios
were regressed on the logarithm of the spatial distance, pro-
viding aregression slope (Blog). The significance of the Blog
was tested by a randomization procedure whereby subpop-
ulations were permuted among locations 10,000 times to as-
sess the distribution of Blog values under the null hypothesis
of no correlation between geographic and genetic distances.
P-values were estimated as the proportion of this distribution
lying higher than the observed Blog (equivalent to performing
a Mantel test). The same analysis was carried out at the
population level, computing pairwise Fsr/(1 — Fgr) ratios
for each pair of the 14 populations.

Spatial analysis of kinship coefficients between individuals

Each subpopulation, each population, and the metapopu-
lation as a whole were analyzed separately by a method re-
lated to spatial autocorrelation, where relative kinship co-
efficients were computed between all pairs of individuals.
The relative kinship coefficients are defined as fi; = (Q;; —
Q)/(1 — Q), where Q represents the probabilities of identity
in state between genes: Q;; for random genes between in-
dividualsi and j, and Q for random genes within the reference
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population sampled (either the metapopulation, a population,
or a subpopulation). The pairwise kinship coefficients thus
measure the correlation in the frequencies of homologous
alleles between two individuals and were computed in away
similar to Loiselle et al. (1995) and Kalisz et al. (2001): for
each allele and each pair of individuals, i and j, F;; = f,, =
(P = PP — P/(P(L - p)) + Y2(n — 1), where p;, p; are
the allele frequencies of i and j (taking the following possible
values: 0, 0.5, 1), p is the average allele frequency of the
reference population, and n isthe sample size used to estimate
p. The second term corrects for a sample bias effect, ensuring
that the average kinship coefficient over all pairs of individ-
uals equals zero. Average multiallelic and multilocus esti-
mators were obtained by weighting the F;; values per alele
by p(1 — p).

We used two related approaches, based upon analysis of
kinship, to characterize the spatial genetic structure at dif-
ferent hierarchical scales. First, average kinship coefficients
were computed for the following distance classes as in a
spatial autocorrelation analysis: 0-0.75, 0.75-1.25, 1.25-
1.75, 1.75-2.25, 2.25-3, 34, 4-5, 520, 20-50, 50-100,
100-200, 200-500, 500—1000, 1000-2000 m (not all distance
classes were represented when the analysis was carried out
within a population or subpopulation). Thus, the spatial ge-
netic structure can be characterized without a priori assump-
tions on its pattern. Second, the regression slopes (blog) of
pairwise kinship coefficients on the logarithm of pairwise
geographical distances between individuals were estimated.
Note that b and B refer to the relationship of distance with
individuals and subpopulations, respectively. Under isolation
by distance in a two-dimensional space, kinship is expected
to decrease approximately linearly with the logarithm of the
spatial distance (Maruyama 1977; Rousset 1997; Hardy and
Vekemans 1999), at least within a restricted distance range
(=0 to 200, where o is the axial standard deviation of gene
dispersal distances, Rousset 1997, 2000). Hence, the regres-
sion slope approach assumes a priori that the spatial genetic
structure results from isolation by distance in our study meta-
population. When F;; values actually decrease linearly with
distance, the regression slope provides a single parameter
characterizing the extent of spatial genetic structuring. As
explained below, regression slopes can also be used to es-
timate neighborhood sizes, but should then be computed over
the restricted distance range defined above to avoid biased
estimators. Thus, we will refer to *‘truncated’’ and ‘‘global’’
regressions when F;; values are regressed over a restricted
distance range or the whole distance range, respectively. For
this purpose, the o considered to define the truncated distance
range is the direct estimate made by Fenster (1991a,b): o =
1.5 m. We used a wider range, that is, 1.5-60 m (¢—400), to
include most pairs of individuals belonging to different sub-
populations within a given population.

Approximate confidence intervals for average kinship co-
efficients per distance class and the regression slopes were
obtained as twice the standard error estimates, as calculated
by a jackknife procedure over loci. Because only six loci are
available, these confidence intervals should be interpreted with
caution. Consequently, we also conducted randomization tests,
consisting of 10,000 permutations of individuals among lo-
cations to check the significance of the average kinship co-
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efficients per distance class (Kalisz et a. 2001) and of the
regression slopes (as described above for the Fgr/(1 — Fgr)
ratios). For analyses carried out within (sub)populations, in-
dividuals were permuted only with those from the same
(sub)population.

These analyses were carried out asfollows: (1) at the meta-
population level, considering the overall set of 1365 fine-
scale mapped individuals, irrespective of their subpopulation
or population; (2) within each of eight populations for which
individual s were mapped in two subpopul ations; and (3) with-
in each of 20 subpopulations mapped at the individual level
(one subpopulation containing only 13 individuals was not
used). At the subpopulation level, loci with less than 20 in-
dividuals genotyped because of missing values were dis-
carded to avoid substantial bias in the estimators resulting
from small sample size (Ritland 1996). All analyses were
performed with the software SPAGeDi developed by O. Har-
dy and X. Vekemans (E-mail: ohardy@ulb.ac.be).

To assess if the extent of spatial genetic structure varied
with respect to a particular enzymatic locus or subpopulation,
nonparametric Kruskal-Wallis ANOVA by ranks tests were
performed on the F,g5 and blog values obtained per locus
(using subpopulations as replicates), and per subpopulation
(using loci as replicates). In these tests, a statistic H is com-
puted which is the among-groups variance of the sums of
ranks, and is tested against a Chi-square distribution with a
— 1 degrees of freedom according to Sokal and Rohlf (1995),
where a is the number of groups compared (either loci or
subpopulations).

Indirect estimates of gene dispersal distances

Assuming isolation by distance, the extent of gene dis-
persal can be quantified by the product Da?, where o2 is the
variance of gene displacements (half the mean squared phys-
ical distance between parent and offspring), and D is the
effective density of individuals. As afirst approximation, D
is the product of the density with the ratio Ne/N where Ne
and N are the effective and census population sizes, respec-
tively (Crawford 1984). In the context of a two-dimensional
continuous population, Nb = 4nwDo? can be interpreted as a
neighborhood size in terms of numbers of individuals, ex-
pressing the strength of local genetic drift according to
Wright (1943). According to a theoretical analysis of the
isolation by distance model (Rousset 1997) and its extension
to a continuous population model (Hardy and Vekemans
1999), indirect estimates of Do? can be obtained from the
regression of the pairwise F;; values between individuals on
geographical distance: Nb = —(1 — F,)/blog, where F, isan
estimate of the inbreeding coefficient relative to the reference
population considered. This relationship holds best within
the distance range 0—200, and is valid only in the absence
of selfing. When selfing occurs, a good approximation is Nb
= —(1 — F()/blog, where F, is the the average kinship
coefficient between adjacent individuals (F. Rousset, pers.
comm.; O. Hardy, unpubl. data). Based on analyses either at
the subpopulation, population, or metapopulation level, and
considering either a global or a truncated (i.e., within 1.5—
60 m, corresponding roughly to c—40c) regression for each
level, we computed the slope blog, and quantified six indirect
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estimates of neighborhood size. Note that expected values
for kinship or inbreeding coefficients depend on a sample
(their definition includes Q) and are thus scale dependent.
However, Q vanishes for the expression of the ratios —(1 —
Fi)/blog or —(1 — F(4))/blog. Thus, these ratios do not depend
on the sampling scale as long as blog is computed on the
same distance range.

In the context of a subdivided population, 4wDo?2 should
not be interpreted as a neighborhood, and the immigration
rate per subpopulation (m) is at least as important as Do?2 in
characterizing gene flow (Rousset 2001a). Indirect estimates
of Do? can nevertheless be obtained from the regression of
the pairwise Fsr/(1 — Fgr) values between subpopulations
on geographical distance: 4nDo? = 1/Blog (Rousset 1997).
Two estimates of Dao? were obtained from analyses of dif-
ferentiation among either subpopulations or populations.

Assessment of biparental inbreeding and selfing rate

Biparental inbreeding represents the impact of matings be-
tween related individuals on the inbreeding coefficient, ex-
clusive of selfing. It can be quantified by the inbreeding co-
efficient of truly outcrossed individuals (individualsresulting
from cross-pollination events), a quantity we call fx (the bi-
parental inbreeding coefficient). In terms of probabilities of
identity in state of genes, we define it as fx = (Qo* — Q)/
(1 — Q), where Qo* representsidentity between homologous
genes within outcrossed individuals. fx is relative to the av-
erage identity of genes in the reference population and thus
may differ among subpopulation, population and metapop-
ulation levels. Knowing the distribution of pollen dispersal
distances for cross-pollinations, P(d), and having estimates
of relative kinship coefficients between individual s according
to distance, F(d), it is possible to compute an estimator of
fx (called Fx), by noting that the inbreeding coefficient of an
individual is equal to the kinship coefficient between its par-
ents: FX = |5, F(d) X P(d) 8d. Fenster (1991a,b) assessed
the distribution of pollen dispersal distances, P(d), for C.
fasciculata in GLP. The distribution of effective pollen dis-
persal distances (i.e. accounting for inbreeding depression)
followed an approximate normal distribution with a standard
deviation of 3.11 m. As F(d) was assessed at three scales
(within asubpopulation, within a population, and at the whole
metapopulation level), biparental inbreeding coefficients
were computed at each scale, summing the products F(d) X
P(d) over the all discrete distance intervals d.

Biparental inbreeding estimates can be used to obtain in-
direct estimates of the selfing rate. Both selfing and biparental
inbreeding can contribute to positive inbreeding coefficients.
When selfing is the sole contributor, the selfing rate, s, may
be estimated using Wright's (1951) formula: § = 2F,/(1 +
F)). However, Wright's (1951) formula provides an overes-
timate in the presence of biparental inbreeding. As shown in
the appendix, a corrected estimator can be obtained using an
estimate of the biparental inbreeding coefficient: § = 2(F, —
Fx)/(1 + F, — 2Fx). This formula was applied to estimate
the selfing rate at the subpopulation and metapopulation lev-
els.
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Smulations

Monte Carlo simulations were used to check if the spatial
genetic structure observed within subpopulations was con-
sistent with expectations for neutral markers using the gene
dispersal parameters measured by direct methods (Fenster
1991a,b). To mimic the processes occurring within each sub-
population, we simulated a lattice model (Hardy and Veke-
mans 1999) having the form of a square population with 25
X 25 individuals. For spatial analysis, individuals were sam-
pled within the 15 X 15 central squareto avoid border effects.
From Fenster (1991a,b), we considered the following gene
dispersal parameters: effective selfing rate of 10% (i.e., ac-
counting for the lower fitness of inbred individuals), standard
deviations of seed and pollen displacements of 0.31 m and
2.2 m, respectively, and mean effective density (harmonic
mean) of 4.34 individuals/m2. With this density, the average
distance between adjacent **effective’’ individuals was 0.48
m, so that standard deviations of seed and pollen displace-
ments used in our simulation model were 0.64 and 4.58 | attice
units, respectively (one lattice unit being the distance be-
tween adjacent individuals). The simulation model assumed
a normal distribution of pollen displacements and a lepto-
kurtic distribution for seed displacements, in accordancewith
the observations made by Fenster (1991a,b). Because the
available positions are discrete in this lattice model, the con-
tinuous pollen and seed dispersal distributions are trans-
formed into discrete ones, choosing the discrete position clos-
est to the pointing continuous dispersal vector. No migrant
seeds or pollen arrived from outside. Each simulated indi-
vidual was characterized at one dialelic locus with alleles
randomly distributed initially. The simulation was run for 20
generations, a sufficient time to reach a quasi-equilibrium
genetic structure (Hardy and Vekemans 1999). Spatial ge-
netic structure was then assessed as described aboveto obtain
F,, F(d) and blog values. The simulations were run athousand
times to obtain accurate average values.

REsULTS

Allozyme Polymorphism and Level of Inbreeding

Over the sample of 1727 individuals, we found two alleles
at locus Dia, three alleles at Acn-2, four alleles at Acn-1,
Lap, and 6-Pgd, and five aleles at Pgm. Tests of linkage
disequilibrium for each locus pair within each subpopulation
were all nonsignificant after Bonferroni correction for mul-
tiple tests (Rice 1989), and tests across subpopulations were
also nonsignificant using Fisher’s method (Raymond and
Rousset 1995). Thus, the different loci can be considered as
providing independent information on population structure.
Measures of allozyme polymorphism are reported in Table
1 at the subpopulation, population, and whole GLP meta-
population levels. The average inbreeding coefficient (F))
within subpopulations was 0.090 = 0.015 (SE over loci),
whereas slightly higher values are found at the population
and metapopulation levels (Table 1). Values of theinbreeding
coefficient within subpopulations are given for each locusin
Table 2. We obtained significantly positive inbreeding co-
efficients at the subpopulation level for al but one locus. No
significant differences were observed among subpopulations
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TaBLE 1. Allozyme polymorphism within subpopulations and populations of a Chamaecrista fasciculata metapopul ation from Gooselake
Prairie Preserve: A, number of alleles per locus, H,, observed heterozygosity; He, gene diversity; F,, inbreeding coefficient. Statistics
are given as multilocus estimates averaged over replicates, and standard errors are within parentheses.

Level of analysis A Ho He F
Within subpopulations 2.52 (0.27) 0.261 (0.052) 0.279 (0.041) 0.090 (0.015)
Within populations 2.67 (0.25) 0.256 (0.032) 0.282 (0.029) 0.098 (0.016)
Metapopulation 3.67 0.257 0.291 0.121

(Kruskal-Wallis ANOVA by ranks test: H = 29.05,
0.218, df = 24, n = 141), nor among loci (H = 9.9,
0.076, df = 5, n = 141).

P =
P =

Differentiation among Subpopulations

Differentiation among subpopulations was low but highly
significant (mean Fgr = 0.034; Table 2), with a higher con-
tribution due to differentiation among subpopulations within
population (mean Fgp = 0.022) than to differentiation among
populations (mean Fpr = 0.013), but both components are
statistically significant for the multilocus averages (Table 2).

Fsr/(1 — Fgr) ratios for pairs of subpopulations increased
linearly with the logarithm of the geographical distance (Fig.
2), demonstrating a typical pattern of isolation by distance
(Rousset 1997). The regression of Fs1/(1 — Fsr) on the log-
arithm of the distance gives aslope Blog = 0.0057 (jackknife
over loci: SE = 0.0040; Mantel test: P = 0.011). There is
much scatter of these ratios around the regression line due
to the high sampling variance inherent to pairwise Fgr/(1 —
Fs7) ratios, so that the amount of variance explained by the
regression analysis is small (r2 = 0.034). Note that there is
no abrupt increase in Fst/(1 — Fgy) ratios when switching
from comparisons between pairs of subpopulations within a
population (+ symbol) to comparisons between pairs from
different populations (X symbol). The regression of Fg/(1
— Fgr) ratios for pairs of populations on distance also gives
a significant slope: Blog = 0.0074 (jackknife over loci: SE
= 0.0059; Mantel test: P = 0.021; r2 = 0.081). In our case,
jackknifing is probably not as reliable as randomization to
determine statistical significance of Blog for two reasons.
Jackknifing over just six loci likely does not provide as ac-
curate an estimate of the standard errors and using 2 SE to
define a95% confidence interval iseven less accurate because
the distribution is not exactly normal. Thus, randomization
is much more reliable as it provides an exact test of the
departure from random spatial distribution of genotypes and
is the method by which we determine statistical significance.

Spatial Analyses of Kinship Coefficients between Individuals

Within the distance range 1-200 m, the average kinship
coefficients between pairs of individuals demonstrate an ap-
proximate linear relationship with the logarithm of the spatial
distance (Figs. 3-5). Below 1 m, somewhat higher kinship
coefficients are observed. Beyond 200 m, kinship coefficients
do not seem to decrease any longer. Within the 20 subpop-
ulations examined, the average kinship coefficients were sig-
nificantly positive at the first distance class (0-0.75 m; P <
0.001), and significantly negative at the last distance class
(5-20 m; P = 0.042). The global regression slope (i.e., over
the full distance range) was significantly negative: blog =
SE (jackknife over loci) = —0.0055 = 0.0009 (P < 0.001).
The variance explained by the regression line is very weak
(average r2 = 0.0004), as expected from the very high sam-
pling variance for pairwise kinship coefficients (Ritland
1996). The truncated regression slope (i.e., within the dis-
tance range 1.5-60 m) does not significantly differ from zero:
blog = SE = 0.0004 = 0.0037 (P = 0.9), suggesting that
near-neighbor relatednessislargely responsible for the global
regression slopes within subpopulations.

Within population, both global and truncated average re-
gression slopes were significantly negative: blog = SE =
—0.0072 + 0.0024 (P < 0.001; r2 = 0.0016), and blog +
SE = —0.0065 = 0.0026 (P < 0.001; r2 = 0.0009), for global
and truncated regression, respectively. Average kinship co-
efficients were significantly positive for distance classes >0—
0.75m (P < 0.001), >0.75-1.25 m (P < 0.001), >1.75-2.25
m (P < 0.001), >2.25-3.0 m (P < 0.023), >3.0-4.0 m (P
< 0.033), >5.0-20.0 m (P < 0.027), and significantly neg-
ative for the >20.0 m distance class (P < 0.001), but distance
classes 1.25-1.75 m and 4-5 m were not significantly dif-
ferent from zero.

At the metapopulation level, regression slopes were also
significantly negative: blog + SE = —0.0044 + 0.0013 (P
< 0.001; r2 = 0.0006), and blog + SE = —0.0064 + 0.0021

TaBLE 2. F-statistics at different hierarchical levels for 12 populations of Chamaecrista fasciculata in Gooselake Prairie Preserve, each
containing two subpopulations. Tests of significance (null hypothesis: value = 0): ns, non significant; *P < 0.05; **P < 0.01; ***P <

0.001).

Sampling level Individuals Subpopulations Populations Subpopulations

Reference level Subpopulations Populations Metapopulation Metapopulation
Locus Fis Fep Fer Fsr
Acn-1 0.080*** 0.026* ** 0.006 ns 0.032***
Acn-2 0.119*** 0.016** 0.003 ns 0.019***
Dia 0.001 ns 0.007* 0.016* 0.023***
Lap 0.116*** 0.031*** 0.005 ns 0.036***
Pgm 0.098* ** 0.031*** 0.029 ns 0.060***
6-Pgd 0.114*** 0.015*** 0.002 ns 0.017***
Multilocus 0.090*** 0.022* ** 0.013* 0.034***
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Fic. 2. Fsp/(1 — Fgy) ratios between pairs of 26 subpopulations of Chamaecrista fasciculata within Gooselake Prairie (+ symbols for
comparisons within population, X symbols for comparisons between populations), regression line (stippled line), and average values for

five distance classes (open circles).

(P < 0.001; r2 = 0.0010), for global and truncated regression,
respectively. Average kinship coefficients were significantly
positive for each distance class through 75 m (P < 0.001).

The blog values obtained by the global regression for each
locus and each subpopulation did not differ significantly
among subpopulations (Kruskal-Wallis ANOVA by ranks
test: H = 21.274, P = 0.322, df = 19, n = 111) nor among
loci (H = 0.57, P = 0.98, df = 5, n = 111). This suggests

0.05 1
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0.01

that average estimates over all subpopulations are meaning-
ful.

Indirect Estimation of Neighborhood Sze

Different estimates of neighborhood size relying on iso-
lation by distance models were obtained according to the
spatial scales of genetic differentiation investigated (Table
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Fic. 3. Observed and simulated kinship coefficients within subpopulations of Chamaecrista fasciculata individuals in Gooselake Praire.
Full line with diamond symbols: observed average over six loci and 20 subpopulations and confidence intervals. Stippled line: global
regression line. Gray line: average values over 1000 replicates of simulations.
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Fic. 4. Observed and simulated kinship coefficients within populations of Chamaecrista fasciculata individuals in Gooselake Praire.
Full line with diamond symbols: observed average over six loci and eight populations and confidence intervals. Stippled line: global

regression line.

3), that is, from the kinship coefficients between individuals
either within subpopulations (Nb = 177 and «), within pop-
ulations (Nb = 134 and 147), and within the whole meta-
population (Nb = 214 and 147), where the first and second
estimates are based on global and truncated regressions re-
garding the distance range, respectively. With the exception
of the estimate based on the truncated regression within sub-
populations (Nb = o, corresponding to a nonnegative re-
gression slope), these estimates are similar to one another.
Their confidence intervals are widely overlapping (Table 3)
and also encompass the direct Nb estimates previously ob-
tained by Fenster (1991b), where Nb ranged from 100 to 166
across four years, with a harmonic mean of 120 individuals.

The confidence intervals are lower for the estimates based
on the global rather than the truncated regression analyses,
perhaps reflecting the loss of information in the latter esti-
mate. However, following expectations from theory, the es-
timates based on global regression should suffer higher bias
(Rousset 1997). Thus there appears to be a balance between
bias and variance in these different estimates. Within sub-
populations, 80% of individual pairsareindividuals separated
by less than 5 m, resulting in the truncated regression being
based on a very narrow distance range, which may explain
the large error observed for that Nb estimate. Thus, at this
scale, no reliable estimate of Nb can be obtained, although
we observe that the estimate based on the global regression
is more realistic. In contrast, at the metapopulation level, the
available distance range is very wide but bias rather than
large standard errors may be a concern, so that the truncated
regression is expected to give a better estimate at this scale.
In conclusion, the best indirect Nb estimates should be ob-
tained from the truncated regression analyses at the popu-
lation or metapopulation level (Nb = 147 in both cases),
which lie within the range of the direct Nb estimates.

The rate of change of pairwise differentiation (Fsr/(1 —
F<7) ratios) between subpopul ations and between popul ations
with distance also gives estimates of gene dispersal: 4nDo?
= 175 and 135, respectively (Table 3). Here we do not refer

TaBLE 3. Comparison of indirect estimates of gene dispersal across
different scales of observation using global and truncated regression
for populations and subpopulations of Chamaecrista fasciculata.
Approximate confidence intervals are given under parentheses.
These are computed as +2 SE, where SE is the standard error of
blog or Blog values estimated by jackknifing over loci (see text).

Distance range of the regression analyses

Global Truncated
regression regression
(d > 0) (1.5 < d < 60)
Nb estimates based on
average F(d) values
Within subpopulation 177 0
(133-262) (139—x)
Within population 134 147
(81-396) (82—-766)
Within metapopulation 214 147
(136-509) (89-421)
4wDo? estimates based on
Fsr/(1 — Fgr) ratios
Among subpopulations 175
(73—)
Among populations 135
(52—)

to these estimates as neighborhood size because they are not
in the context of a continuous population. Thus, o2 is ex-
pected to refer to gene dispersal among subdivisions rather
than among individuals, and D would correspond to a global
rather than local density. Nonetheless, these estimates are
similar to the Nb estimates obtained at the local scale, as
would be expected if individuals were distributed continu-
ously throughout the whole metapopulation.

Smulation Results

The regression approach to estimate Nb is inappropriate at
the subpopulation scale because it precludes analysis across
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Fic. 5. Kinship coefficients between Chamaecrista fasciculata individuals within and across subpopulations in Gooselake Prairie (plain
line with diamond symbols): mean values and confidence intervals (twice the SE assessed by jackknifing over the loci), global regression
line based on all pairwise kinship coefficients between individuals (stippled line), and probability distribution of pollen dispersal distances
(gray line). Values of the inbreeding coefficient (F,) and the biparental inbreeding coefficient (Fx) are also shown on the vertical axis.

the optimal range of inter-individual distances (¢ — 200).
However, consistency between the observed genetic structure
and direct gene dispersal estimates (including the details of
the dispersal distribution and not just the o2) can be inspected
at this scale through the simulation results (Fig. 3). A very
good agreement between observed and expected spatial pat-
terns of genetic structure is obtained. Kinship coefficients at
the shortest distance class were higher than predicted from
the regression line for both the simulated and observed curves
(Fig. 3). This discrepancy from linearity is expected at very
short distances because the rate of change of kinship coef-
ficients for distances inferior to o depends on the details of
the dispersal distribution and not just on Do2 (Rousset 1997).
Additional exploratory simulations have shown that the kin-
ship curve bends towards higher values at short distances
whenever seed dispersal is substantially lower than pollen
dispersal (M. Heuertz, O. Hardy, X. Vekemans, unpubl. re-
sults), a situation encountered in C. fasciculata (Fenster
1991a).

Estimation of Biparental Inbreeding and Selfing Rates

The biparental inbreeding coefficient (Fx) is obtained by
integrating the product P(d) X F(d) over distances, where
P(d) isthefrequency distribution of pollen dispersal distances
(excluding selfing) and F(d) describes the relative kinship
coefficients between individuals (Fig. 5). At the metapopu-
lation level, Fx = 0.033 (SE = 0.007, jackknife estimate over
loci). At the subpopulation level, considering the average
F(d) curve over all subpopulations, Fx = 0.004 (SE = 0.002).

In a genetically structured population, selfing rates can be
estimated when both the inbreeding and biparental inbreeding
coefficients are known. At the metapopulation level, the in-
breeding coefficient was F, = Fj; = 0.121 (SE = 0.019)
(Table 1). Because Fx expresses the contribution of biparental
inbreeding to the inbreeding coefficient, the difference be-

tween F, and Fx is the contribution due to selfing. Using the
formula developed in the appendix, the indirect estimate of
the selfing rate at the metapopulation level was § = 0.167
(SE = 0.029), whereas § = 0.216 (SE = 0.030) when
Wright's formula was used (i.e., neglecting biparental in-
breeding). Similarly, at the subpopulation level, F, = Fig =
0.090 (SE = 0.018), and § = 0.159 (SE = 0.032), whereas
§ = 0.165 (SE = 0.031) when applying Wright's formula.

Discussion

Comparison between Direct and Indirect Estimates

Indirect estimates of neighborhood size (Table 3) of C.
fasciculata from GLP were consistent with the direct esti-
mates obtained by Fenster (1991a,b). The slightly higher es-
timates of neighborhood size based on the indirect measures
of gene flow may reflect an underestimate of long dispersal
events using direct measures. Although the regression ap-
proach to estimate Nb gave less satisfactory results within
subpopulation, simulations based on the gene flow parameters
qguantified by direct methods confirmed the consistency be-
tween spatial genetic structure and gene dispersal at this
scale. These results suggest the regression approach will per-
form well if interindividual distances span a wide range of
distances, such that the regression can be applied within an
optimal range (approximately o — 20¢). In the present study,
o was known from direct measures (Fenster 1991a). Without
a priori knowledge of o, one can first make an estimate of
Nb from the global regression, deduce ¢ from knowledge of
the density (from Nb = 4wDo?), estimate Nb again from a
truncated regression, and repeat the process until conver-
gence. For the present dataset, this approach converges quick-
ly to a meaningful estimate when applied at the population
and metapopulation scales, but it fails at the subpopulation
scale (results not shown, but can be deduced from Table 3).
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The overall consistency between direct and indirect esti-
mates of gene dispersal suggests that the observed local ge-
netic structure is representative of an equilibrium state, a
condition of prime importance for valid indirect estimates
(Whitlock and McCauley 1999). Thus, we conclude that lim-
ited gene flow is primarily responsible for the spatial pattern
of genetic variation at the allozyme loci in C. fasciculata. In
further simulations (Hardy, Vekemans, and Fenster, unpubl.
data) we demonstrate that the same gene dispersal parameters
may produce a wide range of single locus spatial structure
that largely reflects variation inherent to the stochastic pro-
cess of spatial structuring, which we refer to as stochastic
variation. Hence, data from many loci and/or replicate sam-
ples are necessary to quantify gene flow parameters with
indirect methods.

A similar good agreement between demographic and ge-
netic estimates of neighborhood size was demonstrated by
Rousset’s (2000) reanalysis of Waser and Elliot (1991) and
Waser (unpubl. data) genetic data for kangaroo rats (Dipo-
domys spectabilis). Earlier studies with snails also demon-
strate a consistency between limited mobility and local dif-
ferentiation in allele and phenotype frequencies (Jones et al.
1977; Selander 1975). In the several other studies that have
compared direct with indirect estimates of gene flow (e.g.,
Campbell and Dooley 1992; Godt and Hamrick 1993), direct
approaches have underestimated gene flow relative to the
indirect approaches. The two approaches may not give iden-
tical results for several reasons. Direct methods estimate cur-
rent gene flow, whereas indirect methods provide estimates
of past gene flow or the average level of gene flow (Slatkin
1985). Indirect methods provide ‘‘effective’” gene flow es-
timates, taking into account gene establishment, which is
rarely quantified using direct methods (Levin 1981, but see
Fenster 1991a,b,c). Rare long distance gene dispersal events
may have substantial impact on the extent of local differ-
entiation, but are difficult to detect with direct methods. Fi-
nally, indirect methods to estimate gene flow are based on
several assumptions that may be violated in nature (e.g., equi-
librium hypothesis, Whitlock and McCauley 1999). Consis-
tency between direct and indirect estimates of gene flow may
also depend on the geographical scale on which surveys quan-
tifying patterns of genetic variation are conducted. At alarge
scale, the spatial patterns of genetic differentiation require
more time to reach an equilibrium state, as compared to a
local scale (Slatkin 1993; Hardy and Vekemans 1999), and
the impact of past colonization or disturbance events may be
substantial (Austerlitz et al. 1997).

Isolation by Distance at Different Spatial Scales

The spatial genetic structure that we quantified conforms
to theoretical expectations for an isolation by distance pro-
cess. Kinship coefficients decreased linearly with the loga-
rithm of the distance within a distance range of ¢ to 20 o
(i.e., approximately 1.5-30 meters according to Fenster's
19914, b direct o estimate), as predicted by an isolation by
distance process. At shorter distances, expected kinship co-
efficients depend on the details of the gene dispersal distri-
bution (not only on its variance parameter ¢2), and at larger
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distances mutation rate may also have an effect (Rousset
1997).

Note that the distance at which the kinship curve crosses
the axis (zero kinship) depends strongly on the scale of ob-
servation (1.5 m, 10 m, 150 m at the subpopulation, popu-
lation, and metapopulation scales, respectively, Figs. 3-5).
This occurs because kinship coefficients arerelative to agiv-
en sample (the average kinship among all pairs of sampled
individuals is set to zero). Thus negative coefficients can
occur, reflecting that individuals are less related on average
than random individuals from the sample. Thus, the distance
of zero kinship does not characterize spatial genetic structure
and depends mostly on the sampling scheme. However, spa-
tial genetic structure is characterized by the rate of decrease
of kinship with distance (slopes blog), which is essentially
scale independent.

Isolation by distance was not limited to the levels of sub-
population or population, because we also observed a neg-
ative linear relationship between differentiation among
(sub)populations and the log of distance. These results are
consistent with a stepping stone model of very limited gene
flow (Kimura and Weiss 1964) and correspond to the obser-
vation that interpopulation pollinator movement was limited
to adjacent populations of C. fasciculata at GLP (Fenster
1991a). Others (Bos et al. 1986; Epperson and Clegg 1986;
Knight and Waller 1987; Waser 1987) have also observed
isolation by distance in populations that are continuously
distributed but did not find that differentiation among pop-
ulations was correlated with distance at higher geographic
scales, where populations are apt to be patchily distributed.
Studies focusing on larger geographic distances often fail to
detect any association between geographic and genetic dis-
tance (e.g., Fischer et al. 2000; also summarized in Waser
1993). Where isolation by distance is detected across broader
geographic scales, there is often only a weak association
between geographic and genetic distances (Ritland 1989;
Godt and Hamrick 1993; Wolf et al. 2000).

There are a number of possible explanations for why we
were able to detect isolation by distance across all spatial
scales, whereas many studies did not or only detected a weak
association between genetic divergence and geographic dis-
tance. An important issue is that we sampled populations on
a much smaller scale than most of the above studies. Hence,
it is much less likely that the isolation by distance that we
detect is a product of vicariance, that is, historical processes
leading to geographic isolation of a group of populations,
which was put forward as an alternative explanation for ob-
served patterns of significant spatial genetic structure (Bos-
sart and Prowell 1998). Other studies may have documented
different patterns of gene flow operating at different spatial
subdivisions, with gene flow following more of an island
model at higher hierarchical levels. Furthermore, because ge-
netic relatedness is expected to decrease roughly exponen-
tially with distance under limited gene flow, the amount of
differentiation among higher levels of population subdivision
is expected to be smaller. Thus, the inability to detect a pat-
tern of isolation by distance at higher spatial scales may
reflect the limited extent to which we expect spatially as-
sociated divergence, a point also made by Rousset (1997,
2001b). We also expect a greater variance of expected di-
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vergence at longer distance intervals because of drift effects
(Hutchison and Templeton 1999).

Indirect Nb estimates based on small scale differentiation
were close to the 4wDo? estimates based on large scale dif-
ferentiation between (sub)populations (Table 3). Moreover,
spatial discontinuities in the distribution of individuals were
not associated with a significant increase in the level of ge-
netic differentiation (Figs. 2, 5). In theory, such resultswould
be expected if individuals were continuously distributed
throughout the area, provided that long distance gene dis-
persal events were rare (Rousset 1997, pers. comm.). This
result is not necessarily expected under a model in which
individuals are grouped in discrete populations because
4mDo? estimates depend mostly on local density and within
population gene dispersal at the within population scale, and
on global density and interpopulation gene flow at larger
scale. Chamaecrista fasciculata at GLP does not fit a contin-
uous population (habitat is continuous but individuals are
grouped), nor a classical model of discrete populations
(groups of individuals are ephemeral and their potential lo-
cations are not fixed). Because we lack theoretical models
predicting spatial genetic differentiation under isolation by
distance in such a context, it is difficult to interpret the ap-
parent congruence between 4wDg? estimates within and
among subdivisions. Clearly, further empirical studies are
needed to quantify metapopulation parameters, that is, pop-
ulation turnover rates, origin and relatedness of colonists
(Whitlock and McCauley 1990; McCauley 1993).

Estimation of Biparental Inbreeding

Our analyses allow us to partition the factors causing the
observed level of inbreeding (overall F+ = 0.121). Thelarg-
est amount of inbreeding is associated with the lowest hi-
erarchical level, that is, the individual, as a result of self-
fertilization. Indirect estimates of the selfing rate obtained at
the subpopulation or metapopulation level are similar (5 =
0.16), and furthermore are consistent with direct estimates
obtained by progeny genotype analysis (average $ = 0.20,
0.27, Fenster 1991a, 1995, respectively) and pollinator ob-
servations (average $ = 0.14, Fenster 1991a). The other
source of inbreeding comes from the effect of matings be-
tween related individuals, that is, biparental inbreeding, at
different levels. We quantified biparental inbreeding and
found very low values within each subpopulation. Although
limited seed dispersal of C. fasciculata likely causes the
clumping of siblings within a meter, pollen dispersal patterns
within subpopulations appear to result in most matings oc-
curring between nonsiblings. This follows from the situation
that adult density is high and descendants from different par-
entswill overlap each other in space, corresponding to results
documented by Kalisz et al. (2001) for a population of Tril-
lium grandiflorum. At the level of the whole metapopulation,
however, a higher value of biparental inbreeding was ob-
tained. This is caused by most matings occurring between
individuals of the same subpopulation, as suggested by the
observation that differentiation among subpopulations (Fsr
= 0.034) is close to the estimate of biparental inbreeding at
the metapopulation level (Fx = 0.033). Although mating
events at the subpopulation level may not reflect matings
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between siblings, they do reflect matings between individuals
that share recent common ancestry, certainly more so than
mating across higher levels of population subdivision. This
analysis demonstrates that insights on the mating system may
be gained by reporting the inbreeding coefficient on a graph
of F(d) values as in Figure 5. Even in the absence of knowl-
edge about the pollen dispersal curve, we conclude that bi-
parental inbreeding could not alone explain the inbreeding
level at the individual level in C. fasciculata, as F, is larger
than F(d) even at short distances.

Differentiation among higher levels, for example, among
populations, was not found to contribute substantially to the
level of inbreeding. The observation that most of the in-
breeding appears to result from selfing suggests that if there
is selection for inbreeding avoidance, then most of the re-
sponse will be directed to the minimization of selfing and
not the avoidance of biparental inbreeding, that is, selection
for traits which increase the likelihood for longer distance
crosses. The importance of the subpopulation level (corre-
sponding roughly to a genetic neighborhood) to differenti-
ation in terms of the accumulation of deleterious alleles was
also observed in several crossing studies. Progeny fitness
increased with increasing interparent distance up through the
distance of several neighborhoods and then plateaued through
distances of 1-2 km (Fenster 1991b; Sork and Schemske
1992). Furthermore, crosses among populations separated on
the scale of 100 m—3000 km also almost uniformly resulted
in the expression of heterosis in the F; offspring compared
to progeny of within-subpopulation crosses, whereas the F3
of the same interpopulation crosses exhibited hybrid break-
down (Fenster and Galloway 2000a, b, c). Overall, theresults
from the crossing studies are highly consistent with the pat-
tern of limited gene flow documented using both direct and
indirect methods.

Wright's Concept of Neighborhood Size

The usefulness of Wright’s notion of neighborhood size
and its common interpretation as a panmictic unit has been
questioned (e.g., Rousset 1997, 2001a, b). Here we define
the neighborhood size (Nb) as 4wDao?, (neighborhood area
defined as 4mwo2) and restricted this denomination to Wright's
context of a continuous spatial distribution of individuals.
However, Nb does not provide a complete characterization
of gene dispersal and does not fully account for the spatial
genetic structure (Slatkin 1985; Rousset 1997, 2001a, b). In
particular, when rare long-distance dispersal events occur
(distribution extremely leptokurtic with large o2 but mostly
limited dispersal), then Nb is a poor descriptor of gene flow.
However, if rare long dispersal events are ignored in the o2
term (e.g., the distribution is truncated to contain 99% of
dispersal events), Nb should be agood predictor of the genetic
structure, at least within some distance range. At distances
inferior to o, spatial genetic structure depends on the full
dispersal distribution, not just o2, and at large distances, mu-
tation as well as rare long dispersal events may become im-
portant. Thus, the importance of Nb should not be overes-
timated, but if the focus is on the bulk of pollen and seed
dispersal, we suggest that Nb remains a useful way to syn-
thesize the balance between drift and gene flow at a local
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scale. The indirect regression approach provides an Nb es-
timate that corresponds to a truncated dispersal distribution,
ignoring rare long-distance dispersal events (Rousset 2001a).

Treating Nb as the size of a panmictic breeding unit should
be avoided as isolation by distance occurs along a continuum
and selfing (beyond random mating) isincompatible with the
notion of panmixy. An alternative interpretation, retaining
the intuitive idea behind the ** panmictic breeding unit’’ met-
aphor, is to treat the neighborhood area as a circular area
within which biparental inbreeding remains insignificant or,
equivalently, where the expected heterozygosity according to
the local allele frequencies equals the observed heterozy-
gosity of outbred individuals (i.e., not resulting from selfing).
Our observation of very low level of biparental inbreeding
within subpopulations of C. fasciculata, corresponding
roughly to the size of a neighborhood, supports such inter-
pretation. However, it is unclear whether this alternative def-
inition of the neighborhood area matches the 4mwa2 definition
in general. Moreover, such interpretation doesn’t apply to
asexual or pure selfing organisms for which biparental in-
breeding is a meaningless notion.
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APPENDIX

To obtain an estimator of the selfing rate that accounts for bi-
parental inbreeding, we need an expression for the expected in-
breeding coefficient, f|, as a function of the selfing rate, s, and the
biparental inbreeding coefficient, fx (i.e., the inbreeding coefficient
of truly outcrossed individuals). The inbreeding coefficient of a
progeny (f{) is equal to the kinship coefficient between its parents.
Hence, f| = fx for outcrossing events, and f{ = (1 + f,)/2 for selfing
events (Hartl and Clark 1989), where f, is the inbreeding coefficient
of the parental generation. Thus, on average, ff = (1 — s) X fx +
s(1 + f)/2. At equilibrium, f, = f, so that f, = (2(1 — 9)fx + s)/
(2 — s). Replacing parameters (f|, fx) by their estimates (F,, Fx),
we obtain an estimator of the selfing rate: § = 2(F, — FX)/(1 + F,
— 2FX). The latter equation reduces to Wright's formula when Fx
= 0.



