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Abstract.—Gene flow is a key factor in the spatial genetic structure in spatially distributed species. Evolutionary
biologists interested in microevolutionary processess and conservation biologists interested in the impact of landscape
change require a method that measures the real time process of gene movement. We present a novel two-generation
(parent-offspring) approach to the study of genetic structure (TwoGener) that allows us to quantify heterogeneity
among the male gamete pools sampled by maternal trees scattered across the landscape and to estimate mean pollination
distance and effective neighborhood size. First, we describe the model’ s elements: genetic distance matricesto estimate
intergametic distances, molecular analysis of variance to determine whether pollen profiles differ among mothers, and
optimal sampling considerations. Second, we evaluate the model’s effectiveness by simulating spatially distributed
populations. Spatial heterogeneity in male gametes can be estimated by ®rr, a male gametic analogue of Wright's
Fsr and an inverse function of mean pollination distance. We illustrate TwoGener in cases where the male gamete
can be categorically or ambiguously determined. This approach does not require the high level of genetic resolution
needed by parentage analysis, but the ambiguous case is vulnerable to biasin the absence of adequate genetic resolution.
Finally, we apply TwoGener to an empirical study of Quercus alba in Missouri Ozark forests. We find that ®r =
0.06, translating into about eight effective pollen donors per female and an effective pollination neighborhood as a
circle of radius about 17 m. Effective pollen movement in Q. alba is more restricted than previously realized, even
though pollen is capable of moving large distances. This case study illustrates that, with a modest investment in field
survey and laboratory analysis, the TwoGener approach permits inferences about landscape-level gene movements.
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The questions that drive our studies of gene flow are chang-
ing. As evolutionary biologists explore the mechanisms cre-
ating genetic structure, they need a direct means of assessing
ongoing gene movement. Moreover, instead of assuming that
propagule movement is independent of environmental con-
text, evolutionary biologists are increasingly interested in
how landscape features influence the paths of gene flow (e.g.,
Husband and Barrett 1996; Kudoh and Whigham 1997). Si-
multaneously, conservation biologists have become con-
cerned that disruption of gene flow processes by anthropo-
genic landscape change might isolate populations and make
them vulnerable to loss of genetic variation, leading to aloss
of fitness through genetic drift and inbreeding (Ledig 1992;
Ellstrand and Elam 1993). In managed forests, it is necessary
to assess how forest fragmentation influences propagul e flow,
neighborhood size, inbreeding, and pollen contamination of
seed orchards (Adams and Birkes 1991; Adamset al. 1992a,b;
Ledig 1992). For all these questions, we need to know how
far propagules are moving now and how changing population
spatial arrays and landscape features impact those movement
patterns. We also need to measure contemporary gene move-
ment, rather than its long-term average.

Historically, research on gene flow has emphasized the
evolutionary consequences of gene flow for population dif-
ferentiation and species cohesion (Neigel 1997). Traditional
F-statistic models (Wright 1969) and recently developed co-
alescent models (Slatkin 1989; Hudson 1991) provide indi-
rect estimates of the average effective number of migrants
exchanged per generation among a set of populations. Both

treatments require assumptions of evolutionary (migration-
drift) equilibrium and selective neutrality that limit their util-
ity for the study of contemporary gene flow (Bossart and
Prowell 1998) because contemporary genetic affinitiesamong
populations are confounded by processes other than gene flow
and widespread anthropogenic landscape alteration may
change gene flow from its historical pattern, thus confounding
any attempt to estimate contemporary gene flow patterns
(Sork et al. 1998, 1999). Genetic structure analysis provides
an estimate of long-term effective gene flow, but it fails to
reveal the contribution of (sometimes changing) demographic
processes to that gene flow.

Many researchers have switched to amore direct approach,
using parentage analysis, which provides a means of quan-
tifying localized gene movements. Using genetic markers,
statistical treatments are now available to gauge pollen-me-
diated gene movement within and among populations (Devlin
and Ellstrand 1990; Adams and Birkes 1991; Smouse et al.
1999). The model can be used to estimate pollen immigration
into a reference site, but in most cases, it is not possible to
identify where the pollen came from (but see Kaufman et al.
1998). In spite of valuable detail on local gene movement
(e.g., Chase et al. 1996; Dow and Ashley 1996; Nason and
Hamrick 1997; Streiff et al. 1998), this approach will always
be constrained by the need to characterize alarge number of
local pollen donors and alarge number of progeny per female,
requiring very large sample sizes.

For most plant species, pollen is most responsible for gene
movement (Ennos 1994). The first step toward understanding
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the process of pollen flow is to increase the number of sites
and the spatial scale of assessment. In doing so, we can begin
to address questions about the pattern of pollen flow, relative
to the demographic and environmental factors that emerge
from the current ecological context or recent landscape his-
tory. For these questions, the exact parentage of any given
seedling is no more than a means to an end. Instead of iden-
tifying the father, we need to answer several questions. What
is the real time pattern of pollen flow? What can we infer
about effective pollination distance and effective neighbor-
hood size? What is the impact of differential/changing eco-
logical context on pollen flow and its population structure
consequences? We need an analysis that permits sampling a
wider array of situations, one that can be mounted within the
scope of feasible sampling and laboratory efforts.

We develop a two-generation procedure, dubbed Two-
Gener, which combines the survey simplicity of the popu-
lation structure approach with the parent-offspring-deductive
aspects of the parentage approach. In the first section of this
paper, we develop the estimation strategy that underlies
TwoGener and, using information on the genetic distances
between male gametes, we describe how to answer the initial
question of whether different females, spread across the land-
scape, are sampling from heterogeneous male gamete pools.
We then explore the sampling aspects of pollen movement,
characterized by isolation by distance, and indicate how to
allocate the sampling effort within and among females.

In the second section of this paper, we simulate a spatially
distributed population, and explore three specific objectives
that clarify the application of our model to real data: (1) we
describe and contrast two cases, that of categorical gametic
assay, possible with conifers, and that of ambiguous gametic
assay, typical of angiosperms; (2) we explore the strength of
isolation by (pollination) distance, as a function of the decay
parameter of our pollen distribution; and (3) we evaluate the
statistical resolution provided by genetic loci of different
parentage exclusionary power.

In the third section, we apply TwoGener to data from a
natural population of Quercus alba, which was collected as
part of the Missouri Ozark Forest Ecosystem Project, de-
signed to address gene flow patterns on a landscape scale.

INTERGAMETIC DISTANCE ANALYSIS
Sampling Strategy

The TwoGener model is based on an analysis of genetic
distances among male gametes. The first step isto determine
the impact of spatial separation among females on the het-
erogeneity of pollen donors they sample. In essence, we use
the females as spatially distributed ‘‘pollen traps’ (as in
Sorensen 1972). The sampling design requires some pairsin
close proximity (within a single patch), some at intermediate
distances (e.g., single trees in a dispersed population), and
some (from end to end of the study) that will surely sample
pollen pools that are effectively nonoverlapping. We sample
Jfemales, and from the jth female we extract n; seed. Because
the total sample size (N) is commonly constrained by limited
field and laboratory resources, we set N = 3/ ; n, = 400
progeny here, a manageable sample for most studies, partic-
ularly if we must evaluate multiple populations. We are faced
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with a trade-off between replication for each female and the
number of females sampled. For most of what follows, we
use a sample design of K = n; = 20 for each of J = 20
females. From each seedling, we infer both paternal and ma-
ternal gametic contributions and use the paternal gametes to
gauge the heterogeneity of the pollen pools sampled by dif-
ferent females.

Gametic Assay

It has been shown that genetic inference improves with a
multilocus treatment (Smouse et al. 1982). Therefore, con-
sider a set of L codominant loci reasonably presumed to be
unlinked and segregating independently, for which we can
characterize each sampled female. Consider the genotype of
the jth female, for example, A;A3, BBy, C3Cy,. .., Lala.
This female is assumed to show meiotic segregation for the
heterozygous A- and C-loci, presumably in Mendelian pro-
portions %:%, but does not segregate for the homozygous B-
and L-loci. We next examine the genotypes of n; seedlings,
derived from this same mother. We imagine two cases: (1)
both maternal and paternal gametes are categorically obvious
by inspection; and (2) some ambiguity exists. The first (cat-
egorical) case would apply to conifers, for which a separate
assay of the megagametophyte associated with each seed
would indicate the maternal contribution categorically; the
mal e contribution could then be obtained by subtraction. The
second (ambiguous) case would apply to angiosperms, where
some mother-offpring pairs are of genotypes G;G, and G;Gy,
for which both paternal and maternal gametic contributions
are ambiguous.

For our jth female, Table 1a provides the gametic inference
available from a collection of four seedlings and the corre-
sponding megagametophyte (for aconifer), and Table 1b pro-
vides the comparable inference for the angiosperm case. Un-
der the conifer scenario, we have categorical assay for both
maternal and paternal gametic contributions and the post hoc
likelihoods of those gametes are all one, given the observed
maternal, seedling, and megagametophytic genotypes. In the
angiosperm case, where direct gametic assay is not available,
we have some ambiguity. The first two seedlings both yield
obvious maternal and paternal gametic genotypes, but the
third seedling is ambiguous for the C-locus. The maternal
probabilities are the Mendelian proportions %:%, but the pa-
ternal proportions are determined by the frequencies of Cs
and C, in the pollen pool, g; and q,, respectively. The pos-
terior likelihoods of paternal-maternal gametic combinations,
given the maternal and seedling genotypes, are vz, = %03/
(203 + 20y) for the C3-C,4 pair and vy43 = %204/ (Y203 + %204)
= (1 — vy34), for the C,-C; pair, respectively. For the fourth
seedling, both the A- and C-loci are ambiguous, yielding four
possible paternal-maternal gametic combinations. The four
maternal gametes have expected proportions of (2)2 = %
each, whereas the expected male proportions are determined
by the allele frequencies at both the C-locus (given above)
and the A-locus (p; and ps). The posterior paternal-maternal
gametic likelihoods, given the maternal and seedling geno-
types, are determined by v3, and .3 (as defined above) and
aiz = %pa/(apy + Yps) and az; = %ps/(Yapy + ¥2ps), as
shown in Table 1b.
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TaBLE 1. Inference on gametic genotypes of a A A, B,B,, C.C,, ..

PETER E. SMOUSE ET AL.

, L,L, mother and various fathers: (a) for categorical assay (as with a

conifer, having separate megagametophytic assay); and (b) for ambiguous assay (as with an angiosperm, having some ambiguity).

(a) Categorical assay, with known male and female gametes

Megagamete Microgramete Posterior
Diploid offspring (maternal) (paternal) gametic
genotype contribution contribution likelihood
AA, BB, CC, ..., L,L, A, B,C,...L, + A,B,C,...L, 1
AA, BB, CC, ..., L,L, A,B,C,...L, + A,B,C,...L, 1
AA, BB, C.C, ..., L,L, A;B,C,...L, + A,B,C,...L, 1
AA, BB, CC, ..., LiL, A, B,C,...L, + A,B,C,...L, 1
(b) Ambiguous assay, with some ambiguous male and female gametes
Maternal Paternal Posterior
Diploid offspring gametic gametic gametic
genotype contribution contribution likelihood
AA, BB, CC, ..., L,L, A, B,C,...L, + A,B,C,...L, 1
AA,; BB, CC,, ..., LL, A;B,C,... L, + A;B,C, ... L, 1
A.B,C,...L, + A,B,C,...L, Vau
A2A31 BZBzr C3C4, L | L2L4 or
A.B,C,...L, + A,B,C,...L, Vas
A1 B,Cs. .. L, + A;B,C,. .. L Q3143
or
A, B,C,...L, + A,B,C,...L, sy Yas
AlASI BZBzr C3C41 RN | L3L4 or
A:;B,Cs. .. L, + AB,C,. .. L Q1343
or
A.B,C,...L, + A,B,C,...L, OygYan

The only maternal-offspring combinations that yield am-
biguity are those of the type G,G,-G;G for a particular locus,
those where mother and offspring share the same pair of
aleles in heterozygous form. Clearly, categorical assay is
better, but it is possible to use the ambiguous treatment. If
we are forced to make allele frequency assumptions, it seems
best to use the average allele frequency estimates for the
entire male pollen profile of the study, rather than using a
separate set of estimates from the pollen profile of each fe-
male. That will provide common (and well-estimated) values
for the whole study, but to the extent that different females
are drawing from pollen pools with different allele frequen-
cies, it will favor the null hypothesis of no pollen profile
divergence among those females and, thus, the degree of
pollen structure among them. We are trading robust esti-
mation (of the average) against statistical power (to detect
small differences), but over the spatial scale of interest here,
that trade-off seems reasonable.

Distance Metrics

The intent of this component of the model is to determine
whether the average pollen profiles for different females are
different. We gauge divergence among male gametes by
means of pairwise genetic distances. We then use these pair-
wise distances, from the same and from different females, to
gauge the degree of pollen structure among those females.

To measure genetic distance, we prefer multiple-allelic loci,
because paternal gametic resolution improves with the level
of polymorphism (Chakravarti and Li 1983; Jamieson 1994).
The four-allele case is sufficient to describe the scoring con-
vention. We can describe the distances between different al-
leles with an equilateral tetrahedron (a perfect pyramid), with
each vertex representing an allele and each edge the distance
between a pair of alleles (Fig. 1a). We set each edge length
to unity (one), because the alleles are assumed to be equally
divergent.

We can also obtain the distance in more formal fashion.
We use the vector representation in Table 2a and define the
squared genetic distance between the ith and kth gametes as

148 1
di = > > (Yia = V)2 = E[Yi “YdYi =Y, D
a=1

where Y, and Y are the vectors for the ith and kth gametes and
H is the total number of different alleles at this locus. Equation
() is defined in such a fashion as to provide the same values
as the tetrahedron (Fig. 1a). The multilocus squared distance is
simply the sum of the squared distances for the separate loci,

atally of the alelic differences at the L loci

d2(L loci) = Ii dz(Ith locus). )
-1

For the categorical case, thisis all we need.



TWO-GENERATION ANALYSIS

@

©

Aq

Fic. 1.

263

(b)
Ay
031 ™A
Ais Ay
A

Ay

(d)
Ay
31—
As Ay
A
A
~ o,
A

Intergametic distance tetrahedra: (a) categorical assay of paternal alleles, comparing all pairs of alleles; (b) ambiguous assay

of paternal alleles, for the case of mother-offspring pairs sharing the same heterozygous diploid genotype, comparing A3 with A,; (c)
ambiguous case, comparing Aq3 with Ay,; (d) ambiguous case, comparing A3 with Ay,.

For the ambiguous case, the treatment is a bit more elab-
orate and isillustrated in Figure 1b and in Table 2b. Consider
the fourth seedling, ambiguous for the parental alleles A; and
A3 and for the parental alleles C; and C,. Consider the A-
locus alleles; the paternal allele is A; (and maternal allele
Az) with likelihood ;3 and the paternal allele is Az (and
maternal allele A;) with likelihood a3;. The appropriate vec-
tor representation (Table 2) of the paternal gamete is

1 O OLl3
0 0
Yysz = a3 0 + az 1= lasl 3
31
0 0 0

with the positions of a3 and as; reversed in the maternal
(Ag/1) gamete. Concentrating on the paternal gamete, we have
the representation in Figure 1b, with A,; gamete located

along the side of the tetrahedron, at distance a13 from the As
vertex and distance as; from the A, vertex. (The ambiguous
gameteiscloser to theallelic vertex with the higher frequency
in the total population of paternal gametes.) The A1z gam-
ete’s vector difference from a categorical A, gamete is

Q13 1 —Qz3
0 0 0
[Yys — Y4l = “lol T , 4
Q3 Q31
0 0 0

and its squared distance to the A; vertex is
1
di(Ayz vs Ag) = E[Y:U?, = Y1 [Yyz — Y1l = a5 (5)

Similar arguments, using either the geometry of the tetra-
hedron (Fig. 1b—d) or vector algebra (Table 2b), yield
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TaBLE 2. Four-allelescoring of paternal (p) and maternal (m) gametes
for (a) categorical and (b) ambiguous gametic analysis illustrated for
the A,A;, B,B,, C,C,, ..., L,L~AA,; BB, C.C,, ..., L,L, moth-
er-offspring pair of Table 1; each Y -variable corresponds to one allele
of afour-allele locus.

(a) Four-allele, categorical scoring for the fourth seedling in Table 1a

) A-locus B-locus C-locus L-locus
Gametic
vector p m p m p m p m
Y, 0 1 0 0 0 0 0 0
Y.l |o] |o] |1| [1¢| [o| |o] |o] |o
Y, 1" |o 0 0 o' |1 1 0
Y 0 0 0 0 1 0 0 1

4

(b) Ambiguous scoring for the fourth seedling in Table 1b, with posterior likelihood
weights

. A-locus B-locus C-locus L-locus
Gametic
vector p m p m p m p m
Y, os| o 0 0 0 0 0 0
Y, _ 0 0 1 1 0 0 0 0
Y, Qg ’ Q3 ol 0 Va4 ’ Ya3 dah 0
Y, 0 0 0 0 S I BV 0 1

ayg = fr(A)/Ifr(A;) + fr(As)]
s = fr(CY/[fr(C;) + fr(C,)]

ag = fr(A)/[fr(A,) + fr(A))]
i = fr(C)/[fr(C;) + fr(C))]

di(Ayz vs. Ag) = af, (64)
di(Ayz vs. Ag) = 1 — agzag, (6b)
di(Ayz Vs Ags) = 1 — angas — apagy, (6¢)
di(Ays vs. Ayg) = 1 — agzas — aygos — agzaas,  (6d)
and
di(Ays vs. Ays) = 0, (6e)

with additional definitions for Ay, and Ay, heterozygous
mother-offspring pairs,

Qg = /(2 2 (79

oz = / (;pz . ;m , (7b)
1

Qg = _pl/( 4 , and (7c)

Qg1 = —p4/( Py + —p ) (7d)

The same sort of treatment applies to the ambiguous C-locus
or any other ambiguous locus. In any case, we can compute
squared distances between all pairs of alleles, regardliess
whether there is gametic ambiguity. For the purposes to fol-
low, squared distances are sufficient, albeit sometimes al-
gebraically cumbersome. To obtain the multiple-locus dis-
tance, we simply add across loci, as in equation (2).

PETER E. SMOUSE ET AL.

The Intergametic Distance Matrix

Given N seedlings, we have N paternal gametes. However,
al the information is contained within the full set of squared
intergametic distances, and further analysis amounts to ma-
nipulation of those squared distances. It is convenient to pack
the pairwise distances into an N X N squared distance matrix

D1y Dip Dy D1y
D1 Dy Dy D2y

D = |Ds; Dz Dgs D3y, (8
Dn Dy, Dys Dy

where Dgyg is the matrix of pairwise distances among the
paternal gametes of the gth female, and Dy, is the matrix of
pairwise distances between paternal gametes of the gth and
hth females.

Analysis of Molecular Variance

Our analytical task isto determine whether the pollen pro-
files for different females were random samples from the
same pollen pool or whether different females have sampled
different collections of males by virtue of their own physical
isolation and the tendency for pollen to fall close to its donor.
We hope to be able to show that females have sampled from
different pollen pools, but the null hypothesis is that they
have not. We answer this question with an analysis of mo-
lecular variance (AMOVA; Excoffier et al. 1992), using fe-
males as the strata and paternal gametes within them to es-
tablish replication error. AMOVA is essentially a multivar-
iate analysis of variance (MANOVA), but it uses the pairwise
distance matrix as input, rather than the raw Y -vectors them-
selves. If we were dealing with diploid genotypes, rather than
gametes, we would have results that were equivalent to the
standard Weir and Cockerham (1984) multilocus F-statistics
extraction, as we have described elsewhere (Peakall et al.
1995). The other novelty is that instead of using Normal
theory test procedures for multinomial variables, we use per-
mutational (datareuse) procedures. Briefly, we need aclassic
one-level nest, separating variation into within-female and
among-female components of pollen variation. AMOVA
computes these components from the distance matrix, D, ob-
tained from equation (8), among paternal gametes. The usual
molecular sums of squares, estimated mean squares, and es-
timated variance components are shown in Table 3. Instead
of using Fisher’s F-ratio, it is customary to use the intraclass
correlation, ®gr, which is estimated as the fraction of the
total variancethat is accounted for by interfemal edifferences,
analogous to Wright's (1969) Fgr-statistic, but with females
replacing populations as strata and male gametes replacing
diploid individuals as replicates within strata,

der = ISR + k). ©)
Significance testing is conducted by randomly shuffling the
mal e gametes among femal es, on the null premisethat if there
are no differences among the pollen pools, it will not matter
which collection of male gametes is associated with which

female. That shuffling is done by permuting rows (and cor-
responding columns) of D (see Excoffier et al. 1992).
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TaBLE 3. Analysis of molecular variance (AMOVA), adapted to determine heterogeneity of pollen gene pools among individual females; J,
number of females; K, number of progeny for each female; SS,, sum of squares among females; SS,,, sum of squares within females;, MS,,
mean square among females; MS,,, mean square within females; sz, estimated variance among females; o3, parametric variance among females,

S, estimated variance within females; o, parametric variance within females; @, heterogeneity estimate.

Source of variation Degrees of freedom  Sums of squares

Estimated mean squares

Expected mean squares  Variance and heterogeneity estimates

Among femal e sibships G-12 SS, MS,

Within female sibships JK -1 SS, MS,,

SS MS, — MS,,
-G fl) o3 + Koz K = “f
SS‘N 2 2
= =M
IK - 1) T Sw SZ
S;
(I)Fr = 2—A
si + S

Allocation of Sampling Effort

Thetotal size of astudy isconstrained by limited resources,
both in terms of field sampling and laboratory assay. It is
cheaper to obtain more seed from a given tree than to sample
another tree. However, for afixed total sample size, the more
maternal parents we sample, the better our coverage of the
landscape and associated auxiliary variables, but the fewer
male gametes we will have to characterize the pollen pool
of each mother’s pollen draw.

For the analysis at hand, we were interested in estimating
®r. To do that with any precision, we needed a balance
between the number of females (J) and the number of progeny
(K) per female. The best choice of J and K, for fixed N =

Fic. 2. Physical layout 10,000 simulated individuals, within a pan-
mictic population, used to evaluate the power of the analysis under
different conditions. The positions of the 20 sampled females are
highlighted with diamonds.

JK, depends on the unknown value of ®1 (the intraclass
correlation), because the variance of @ is (Falconer 1981)

_ o[+ (K= DPer]?(1 = Per)?
B KK — 1)@ — 1)

By examining the variance of the intraclass correlation, equa-
tion (10), over arange of J, K, and @ values, we discover
that the minimum variance is achieved when K = (®gr) L.
To increase overall precision, we must increase total sample
size, N. For afixed total sample size of N = 400, for example,
and a value of & = 1/32, sample allocations of J = 12, K
= 33 or J = 13, K = 31 would be best, but for a value of
1 = 1/8, asample alocation of J = 50, K = 8 would be
optimal. To add an element of realism, we note that for Quer-
cus alba 1 = 1/16 (see below), for which we should have
J = 25 and K = 16. Detailed analysis, however, shows that
the standard error of @ is relatively insensitive to the J:K
ratio over this range of ®r values. Any allocation between
(16:25 = JK = 25:16) should be adequate; for an inter-
mediate value of & = 1/16, any allocation between 10:40
and 40:10 would make very little difference. On the strength
of these theoretical considerations, we have chosen to eval-
uate an intermediate combination of 400 total progeny, in-
volving J = 20 families and K = 20 progeny per family. To
spread the females across our simulated landscape, 100 units
on a side (see below), we have chosen the spacing scheme
in Figure 2.

st (10)

SIMULATION ANALYSIS OF A UNIFORMLY DISTRIBUTED
PoruLATION

Methods

Reference population.—We benchmarked the TwoGener
model with simulated reference populations consisting of
10,000 mature, hermaphroditic, diploid, eight-locus individ-
uals, uniformly distributed across a 100 X 100 unit landscape
(density, d = 1 per unit2), represented by the speckling in
Figure 2. We assigned genotypes to each individual, drawn
from a panmictic gene pool array, corresponding to the allele
frequencies of Q. alba, which we use later for illustration of
this model (Table 4). For example, atwo-allele locusin Har-
dy-Weinberg equilibrium will have genotype frequencies
Pr(A;A;) = p?, Pr(A5A,) = g2, and Pr(A;A,) = 2pg. A cu-
mulative frequency vector was created from these frequencies
[P? 2pqg, g4, and the genotype of the individual was deter-
mined by drawing a random number from the U(0,1) distri-
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TaBLE 4. Allelefrequencies used for the simulations, drawn from the
Quercus alba example. Most polymorphic loci are in the top panel,
least polymorphic loci in the bottom panel; expected exclusion prob-
abilities (E) are given for each locus. Per-2, peroxidase; Tpi, triose-
phosphate isomerase; Adh, alcohol dehydrogenase; Fe-1 and Fe-3, fluo-
rescent esterases 1 and 3; Pgi-2, phosphoglucoisomerase; Pgm, phos-
phoglucomutase; MNR, menadione reductase.

Per-2 Tpi Adh Fe-1
Al-
lele Freq. Allele Freq. Allele Freq. Allele Freq.
1 0.000 1 0.004 1 0.001 1 0.001
2 0.000 2 0.000 2 0.000 2 0.000
3 0.189 3 0.469 3 0.363 3 0.622
4 0.231 4 0.000 4 0.000 4 0.000
5 0.580 5 0.527 5 0.631 5 0.376
7 0.000 7 0.000 7 0.005 7 0.001
E 0.3095 0.1923 0.1857 0.1822
Pgi-2 Pgm MNR Fe-3
Al-
lele Freq. Allele Freq. Allele Freq. Allele Freq.
1 0.000 1 0.000 1 0.000 1 0.000
2 0.000 2 0.000 2 0.034 2 0.000
3 0.112 3 0.032 3 0.965 3 0.002
4 0.001 4 0.000 4 0.000 4 0.000
5 0.863 5 0.954 5 0.001 5 0.980
7 0.024 7 0.014 7 0.000 7 0.018
E 0.1177 0.0444 0.0329 0.0194

bution. If the random number x was = p?, we assigned the
genotype A;A; to that individual. If p?2 < x = (p? + g?), then
the individual was assigned the genotype A,A,. If (p?2 + ¢?)
< x = 1, then the genotype was AiA,. We repeated this
process until all 10,000 individuals had eight-locus geno-
types.

To illustrate the impact of differing amounts of polymor-
phic variation within the assay battery on the estimated val ues
of dr, we modeled three different situations. Model 1 uses
the four most polymorphic loci (top panel of Table 4), twice
each. Model 2 uses the eight loci presented, typical of the
genetic resolution found in a routine allozyme survey of for-
est trees. Model 3 uses the four least polymorphic loci (bot-
tom panel of Table 4), twice each. Polymorphism is limited
in this last case; the battery would usually be considered
inadequate for productive parentage analysis and, as we shall
see, it limits the utility of TwoGener as well.

The mating array.—The major feature of interest here is
the isolation by distance that follows from limited pollen
dispersal; the operative variable becomes the effective size
of the pollen pool drawn by a particular female. For a two-
dimensional landscape, with isotropic (nondirectional) pollen
flow, we model ed the probability that a particular pollen grain
was drawn from amale at distance z from the female (in any
direction) as a negative exponential distribution of the form

f(2) = N exp{ —\Z, (12)

where the expected (average) distance from which a pollen
grain is drawn is y = A1, We used seven settings for vy to
seed the pollen flow dynamics of the model, v = 2.5, 5.0,
7.5, 10.0, 12.5, 15.0, and 50.0, the last approaching broadcast
(panmictic) pollination on a landscape of this size.

We expect the estimated value of @ to increase as the
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average pollen dispersal distance decreases. That is, we ex-
pect @1 to increase as y decreases (or to increase as \ in-
creases). For each sampled female, the locations of which
are shown in Figure 2, we randomly selected a single allele
from each locus. That provided the eight-locus maternal gam-
ete. To determine the male who was mating with that female,
we randomly selected a distance (z) measured from that fe-
male based on equation (11). We found the male that was
closest to this random distance (2) from that female, irre-
spective of direction (isotropic pollen flow). We randomly
selected corresponding alleles from each locus from that male
to construct an eight-locus paternal gamete. We repeated the
sampling process until al maternal trees had complete prog-
eny arrays, each offspring represented by different maternal
and paternal (eight-locus) gametes, a total of 400 gametic
pairs for the study. For each simulated dataset, we extracted
the matrix D (eq. 8) of distances among the inferred male
gametes, conducted the AMOVA described in Table 3, and
then tallied ®. For each set of initial parameters, we re-
peated this entire process 1000 times, allowing the construc-
tion of an empiric frequency distribution for ®;. Simulation
programs for population creation and TwoGener are available
from R. J. Dyer upon request.

Results

The relationship between y and ®-+.—Using the categorical
treatment, we evaluated @ (denoted ®g&;) for values of v
representing a range of isolation by distance from very prox-
imal pollination to broadcast (virtually panmictic) pollina-
tion. For any given value of vy or A, there was variation from
run to run, but on average, ®& was inversely proportional
to vy (Fig. 3a). Thus, ®&; is positively proportional to (and
linear in) A = y~1 (Fig. 3b). The pattern and the conclusion
were precisely the same for the ambiguous treatment (P4,
results not shown). This relationship is the central result of
the enterprise, and it represents what makes TwoGener work.
Widely spaced femal es draw from different pollen pools, and
the resulting differences in their male gamete arrays reflect
the average distance of pollen flow.

Polymorphic resolution—The ability to detect spatial
structure of the pollen pool depends on the level of poly-
morphism of the genetic loci used. Traditional parentage res-
olution is dependent on the exclusion probability (E,), the
probability of being able to reject paternity for a random
nonfather for the average mother-offspring pair with the ge-
netic data available. The value of E; has been worked out
for the multiple-allelic, ambiguous case and is a standard
result (Selvin 1980; Chakravarti and Li 1983; Smouse and
Chakraborty 1986; Jamieson 1994). If E; is the exclusion
probability for the Ith locus, then that for the complete L-
locus battery is given by

L
E. =1- |Hl @ - E). (12)

Although we are not assigning paternity here, because we
have no particular interest in the precise father, resolution
does depend on the level of polymorphism. We have modeled
three situations to illustrate the impact of differing amounts
of polymorphic variation on the average value and variance
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Fic. 3. Distributionsof ®&; 1000 simulated runswith actual Quer-
cus alba allozyme data (eight loci), 20 mothers with 20 progeny
each, for several different values of vy (top panel) and A = 1
(bottom panel).

of ®: (1) the four most polymorphic loci (top panel of
Table 4), twice each, yielding Eg(best loci) = 0.862; (2) the
eight loci presented, describing the genetic resolution en-
countered in atypical allozyme survey of forest trees, yield-
ing Eg(actual loci) = 0.707; and (3) the four least polymor-
phic loci (bottom panel of Table 4), twice each, yielding
Eg(worst loci) = 0.361. The expectation is that analytical
resolution will increase with the value of Eg.

Results indicate that the impact of genetic polymorphism
on @ differs for the categorical and ambiguous cases (Fig.
4). For the categorical case, the estimated average pollen
structure does not differ significantly across the three levels
of genetic polymorphism. In contrast, for the ambiguous case,
the analysis significantly underestimates the amount of pollen
structure among females for the low-polymorphism case
(paired t = 22.00, P < 0.001). The ambiguous treatment is
especially vulnerable to limited genetic polymorphism, prob-
ably reflecting the conservative (null-hypothesis favoring)
consequences of using global allele frequencies to construct
male gametic vectors for ambiguous mother-offspring (G;G,-
GG, pairs. For either treatment, limited polymorphism
yields larger variances in the &y estimates, thus lower sta-
tistical power. For empiric work, it will obviously be im-
portant to deploy a highly polymorphic genetic assay battery.
A genetic assay battery with Eg = 0.361 is simply inadequate
to the task, and it should be augmented. For the Q. alba
illustration (see below), we have used the allele frequencies
(Table4) corresponding to the middle treatment (Eg = 0.707),

267

0.06 4 O Ambiguous @ Categorical

0.05 4 1

0.04 4

0.03 4

® ¢ * *

0.02

0.01 ]

0.00
-0.01

T T 1
0361 0.707 0.862

Exclusion Probability
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es of eight allozyme loci, least polymorphic (left), actual Quercus
alba loci (center), and most polymorphic (right), 1000 replicates of
20 mothers and 20 progeny each; vertical lines represent actual
ranges of 90% of the individual estimates.

for which the average values of @1 are not statistically dif-
ferent for the categorical and ambiguous assay. That level of
polymorphism is certainly adequate to support the enterprise,
but the variances would be reduced with an even more poly-
morphic battery.

QUERCUS ALBA IN MissouRl OzARK FORESTS

We recently conducted a study of Q. alba (Fagaceae) to
evaluate variation in mating system among Missouri Ozark
forest stands (V. L. Sork, V. Apsit, and J. Raveill, unpubl.
ms. a). Quercus alba is a common, continuously distributed
tree species in the Missouri Ozarks, one of several focal tree
species in a study of the impact of forest management on
genetic diversity in the Missouri Ozark Forest Ecosystem
Project, MOFEP (Koop 1996; Gram and Sork 1999, in press,
Sork et a. 1997; V. L. Sork, A. R. Templeton, M. A. de la
Fuente, P. Foster, A. L. Koop, and R. D. Westfall, unpubl.
ms. b). For more details about the MOFEP, see Brookshire
et a. (1997). Previous analysis of the adult genetic structure
of Q. alba based on F-statistic models (Weir and Cockerham
1984) showed no evidence of genetic structure (Fsr = 0.00,
P = 0.98; Koop 1996) among 36 adult subpopulations dis-
tributed across nine forest compartments (~250-500 ha each,
within aregion 20 km in diameter), which is compatible with
long-term spatial homogenization over tens of kilometers.

Our interest here is to apply TwoGener to the Q. alba
progeny data to understand the genetic structure within a
single bout of pollination. We used the allele frequencies
from Q. alba (Table 4) in our earlier simulations, and those
were derived from 1586 progeny of these 54 maternal trees,
distributed over the same 36 stands in nine compartments
that we sampled for the earlier study of adult structure. Within
a compartment, distances between pairs of maternal trees
ranged from 50 m to 500 m. Methods for sampling, germi-
nation, and electrophoresis are described elsewhere (Sork et
al. 1997, unpubl. ms. b). To maintain comparability with the
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TaBLE 5. Pooled within-compartment analysis of molecular variance (AMOVA) for Quercus alba using a set of 54 adults and 1586 progeny;
the estimated value of @, is a measure of pollen pool heterogeneity among females.

Estimated Variance Heterogeneity
Source of Degrees Sum of mean estimate (D)
variation of freedom squares squares extracted estimate
Among females 45 125.15 2.7811 0.0638 &, = 0.061
Within females 1531 1502.74 0.9815 0.9815 P = 0.001

mating system study, we chose to illustrate the TwoGener
analysis with a pooled within-compartment analysis. We
scored the gametes as in Table 2b, extracted a pairwise dis-
tance matrix for the male gametes within each compartment,
conducted an AMOV A for each compartment, and tallied the
sums of squares and degrees of freedom. By pooling the
corresponding sums of squares and degrees of freedom across
compartments, we obtained theresultsin Table 5, from which
we obtained a pooled estimate of & = 0.061 (P < 0.001).

Discussion

We have introduced a novel gene-flow analysis, based on
atwo-generation (parent-offspring) genetic structure analysis
that identifies the scale of male gametic heterogeneity among
females, in a manner that allows translation into the average
distance of pollen movement. We show that pollen pool struc-
ture sampled by these females, as measured by ®r, isin-
versely proportional to the average pollen dispersal distance,
suggesting that even proximal females are sampling different
portions of the global pollen pool. Our results show that this
local pollen pool structure is informative about the pollen
dispersal distribution. It is particularly helpful that we can
estimate such structure with modest levels of genetic reso-
lution (preferably, E; > 0.80), because we can achieve this
degree of resolution for many species with only modest num-
bers of progeny per female, which allows us to sample more
maternal plants, spread over the larger spatial distances need-
ed for landscape-scale studies. Our ability to apply this ap-
proach to Q. alba demonstrates empirically our ability to
detect pollen pool heterogeneity among females. Our find-
ings, based both on simulations and on natural population
data, illustrate the promise of this new method for assessment
of real-time pollen flow. Wewill turn now to some extensions
of our simulations and empirical findings, elaborate on design
issues and their implications, and close with some future
applications.

Effective Pollination Neighborhood

An important feature of this model is its relationship to
practical outcomes of gene flow. It would be especially prof-
itable to convert our estimate of &1 for Q. alba into a state-
ment about the effective number of males and to provide
some sense of the spatial extent of the mating neighborhood
(the effective pollination neighborhood) for the Missouri
study. Those are the questions to which we now turn our
attention. Using a bivariate normal distribution of pollen dis-
persion, Wright (1946) defined the genetic neighborhood size
as N, = 4wo2d, where o2 is the variance of parent-offspring
natal distances and d is the population density. We are con-
cerned here with pollen flow only, not parent-offspring natal

distance, and Crawford (1984) has shown that Wright's for-
mula needs adjustment for that case. Moreover, we have mod-
eled negative exponential (rather than bivariate normal) pol-
len dispersal.

As was the case with Wright’s model, we assume adap-
tively neutral marker loci. Unlike Wright, we assume that
there is no local genetic structure among the adults them-
selves—caused either by previous drift and propagule flow
or by selectively driven allele frequency heterogeneity—over
the spatial scale of interest. If there is divergence among the
pollen pools of the sampled mothers, we interpret it as a
statement about limited pollen flow among spatially random-
ized adult male genotypes, rather than as evidence of adult
genetic structure that is spatially organized. Any violation of
that assumption will lead to an inflation of our estimate of
@7. Our previous analysis of Fsr among Q. alba adults sug-
gests no significant adult structure (Koop 1996), but a mul-
tivariate analysis of that genetic structure shows substantial
heterogeneity (Gram and Sork, in press; Sork et al., unpubl.
ms. b). We need to pursue the matter further, both asit affects
the impact of adult structure (Fst) and selective gradients
(see Tonsor et al. 1993) on our inference concerning pollen
structure (®g7); we will leave those issues for later reports
(F. Austerlitz and P. E. Smouse, unpubl. ms.; R. J. Dyer, R.
D. Westfall, V. L. Sork, and P. E. Smouse, unpubl. ms.).

Our estimate of 1 can be shown (Austerlitz and Smouse
2001) to be related to the probability of identity by descent
(IBD) for two paternal alleles, drawn from among the progeny
of the same and different females. If we assume idealized
adults (equally fecund and phenologically synchronized) and
that the females are spaced sufficiently far apart across the
landscape, @t is (to afirst approximation) a measure of the
average per locus probability of IBD: ®gr = [2Ng] 1. From
our estimate of @ = 0.061, we infer that a set of Ng, =
8.2 effective (idealized) males, providing all the pollen for a
given female and all with equal likelihood, could be expected
to yield the observed ®gr value. As an independent check
on our results, we have used Ritland’s (1990) mating system
program to analyze the mating patterns within Q. alba; we
found significant biparental inbreeding of about 6%, as well
as four to nine effective pollen donors per mother (Sork et
al., unpubl. ms. b). The analyses have different bases, but
they both suggest a small effective number of pollen donors
for the average female in a single bout of reproduction.

Our low estimates of the effective number of males sam-
pled by individual mothers contrast sharply with the estimates
of total number of pollen donorsin oak paternity studies (e.g.,
Dow and Ashley 1996; Streiff et al. 1998). The two ap-
proaches seemingly give different results, but only because
they measure different parameters. Because paternity analysis
concentrates on identifying who the fathers are, it can provide
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valuable detail on the absolute numbers of fathers and their
locations (see Nason et al. 1996; Sork et al. 1998). In contrast,
TwoGener examines the impact of those fathers on pollen
pool structure. For example, Streiff et al. (1998) have esti-
mated that about 64% of progeny found in a5.76-hasite were
pollinated from external fathers (census number of pollen
donors not reported). From these same data, TwoGener
(based on the equations for F. Austerlitz and P. E. Smouse,
unpubl. ms.) yields an effective number of (idealized) pollen
donors of N, = 18-20. Thetotal number of contributors may
well be large, but most of them contribute very little; Ng,
accounts for the unevenness of their relative contributions.
TwoGener sacrifices paternal designation and enumeration
for effective genetic impact.

One advantage of our parameterization is the potential to
translate our results into an effective pollination area. For
our simulations, the total area sampled was 100 units on a
side, so that, for example, y = 5 would represent five units.
With 10,000 simulated individuals, population density was
set to d = 1 idealized adults per square unit, ®r was in-
versely proportional to the implicit product (yd). For the
actual data on Q. alba, ®er = 0.061 translates into Ng, =~
8.2, but how large an area is that on the ground? Our pop-
ulation density measurements for Q. alba in the nine com-
partments yield an average value of 92.8 trees (=11.4 cm
dbh) per hectare. Adults are neither equally fecund nor phe-
nologically synchronous, so the effective density is less than
92.8 trees per hectare. However, lacking more elaborate data
on the variance and timing of relative pollen output from
adults, we will treat the raw stem tallies as though they rep-
resented idealized adults.

Given that crude device, we estimate that the effective
pollination area, A, is 8.2/92.8 = 0.0884 ha (in extent), a
circle of radius 16.77 m centered on the female in question.
That is, if pollen contributions were even for all males and
pollination were at random and synchronized, 8.2 idealized
males—from within a circle of radius 16.77 m around the
female—would yield the observed value of ®gr. For real
adults, the circle containing 8.2 effective pollen donors will
obviously have a larger radius and represent a larger area.
Future work will need to address the impact of fecundity and
phenological variance on A, but with due alowance for the
unknownsin thissituation, itis clear that effectivepollination
is quite localized for Q. alba in this setting.

Several alternative pollen distributions might apply to Q.
alba, and each would have its own translation into ground
area and the effective number of equally contributing males.
We will deal with those other distributions elsewhere (Aus-
terlitz and Smouse 2001) but the point here is that gt is
estimable, irrespective of the precise assumptions about pol-
len distribution. In addition, @ is large enough to indicate
that effective pollination is quite localized, in spite of the
fact that pollen can move large distances.

What We Have Wrought

TwoGener uses acombination of old tricksto do something
new and different. With Q. alba, the Fgt analysis of adult
genotypes showed no evidence of genetic structure. One
might argue about the arbitrary definition of population strata
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for a continuously distributed species like Q. alba, but the
absence of spatial structure among adults was striking. How-
ever, by concentrating on a two-generation comparison of
parents (maternal trees) and their own progeny (mal e gametes
drawn by those females), we have been able to estimate the
pollination neighborhood for a single mother tree during a
single bout of reproduction. For Q. alba, we estimate that
pollination neighborhood to be about eight males, repre-
senting an area of lessthan 0.1 ha. That pattern has obviously
not contributed much to genetic fragmentation for continu-
ously distributed Q. alba, but for any species that is sparsely
or patchily distributed, either naturally or by virtue of recent
disruption, the genetic consequences would be considerable
genetic structure among subsequent adults.

For afixed total sample size, it seems best to obtain enough
seed per female (replication) to ensure that K = ®gf, al-
though the analytical scheme is reasonably robust over a
broad range of sample allocations. There are two other ways
to improve precision. The first is to increase total sample
size, N, while holding K = ®gt by increasing the number of
females, J. Inspection of equation (10) shows that s, © J=*,
which implies s, « N-* for constant K. To reduce the standard
deviation by half, we must quadruple N and thus the number
of females. The second is to improve the genetic battery. We
are best served by highly polymorphic, codominant loci. Ge-
netic markers that are minimally polymorphic should be re-
placed by others with more information content. Multiple-
alelicloci with relatively balanced allele frequencies are best
for either classic paternity analysis (Chakraborty et al. 1988)
or population survey analysis (Smouse and Chevillon 1998).
Increasing the multilocus exclusion probability, E; (eq. 12),
can be done either by choosing more effective loci (those
with higher E; values) or by adding more loci (Smouse and
Chakraborty 1986; Chakraborty et al. 1988).

The proper spatial scale for this sort of survey work needs
further development. We anticipate that the spatial array of
individuals and the heterogeneity of the landscape will de-
termine the sampling design, but some generalizations would
be helpful. It seems clear that by spacing our sampled females
out over a substantially larger scale than has been possible
for parentage studies, we will be able to deal with a variety
of spatial distributions (e.g., high vs. low density, continuous
vs. patchy distributions). A larger spatial array should aid in
comparative work, without having to be concerned about
whether the arbitrary sampling locations are panmictically
cohesive. Given our concern with spatial processes, however,
a number of questions concerning optimal spacing design
need additional exploration.

Future Work

We can now estimate the pollination neighborhood for a
single bout of reproduction. The scope of work required is
manageable, so we can mount replicate studies over several
seasons to evaluate the genetic consequences of multiple
bouts of pollination for long-lived organisms. Alternatively,
instead of increasing N for a single location and investing
all of our effort in extracting a single estimate of &, we
can consider investing modest amounts of effort in each of
several locations, attempting to compare and contrast polli-
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nation dynamics under different circumstances. With Q. alba,
the interesting contrasts are those involving alternative cut-
ting practices, the prime focus of the MOFEP, but other eco-
logical factors might also impinge on pollen flow, not the
least of which are the effective stem density of adults and
the degree of habitat fragmentation for the species in ques-
tion. We will explore some of those questions in later papers.
Here, we have conveniently assumed that male and female
gametes are unrelated. Given that most pollen is drawn from
the local vicinity of a given female and that some of the
contributing males may be related, particularly if there is
preexisting genetic structure among the adults themselves,
uniting gametes that are related need attention. We are pur-
suing that matter elsewhere (F. Austerlitz and P. E. Smouse,
unpubl. ms.).
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