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HISTORICAL SEPARATION AND PRESENT GENE FLOW THROUGH A ZONE OF

SECONDARY CONTACT IN PONDEROSA PINE

ROBERT G. LATTA! AND JEFFRY B. MITTON
Department of Environmental, Population and Organismic Biology, University of Colorado,
Boulder, Colorado 80309

Abstract.—I1 examined the effects of historical division and secondary contact between eastern and western varieties
of ponderosa pine (Pinus ponderosa Laws Pinaceae) on extant patterns of genetic variation. Fossil and biogeographic
evidence both indicate that the current point of contact between these two varieties represents secondary contact
following historical separation during the Wisconsin glaciation. Current gene flow was assessed by observing the
degree of introgression of paternally inherited cpDNA and maternally inherited mtDNA polymorphisms. Both seeds
and pollen are wind dispersed in ponderosa pine. Introgression was primarily from west to east, the direction of the
prevailing wind, for both organelles, but introgression of cpDNA far exceeded that of mtDNA. Thus pollen is the
main agent of contemporary gene flow between the two varieties. Neither seeds nor pollen showed enough introgression
since secondary contact to have homogenized the two gene pools. However, allozyme differentiation was minimal.
This calls into question assumptions of selective neutrality for at least some of the markers. Theory predicts that
nuclear markers will show a high locus-to-locus variance of Fgy following historical separation. This prediction is
confirmed by the allozyme data for ponderosa pine, and may provide a useful means of identifying historical separations

from allele frequency data.
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The inverse relationship between gene flow and the genetic
differentiation among populations is one of the central tenets
of population genetics. The relationship

1

Fgp = ———
ST 4Nm + 1

ey
(where Fgr is the proportion of genetic variation attributable
to allele frequency differences among populations and Nm is
the number of migrants exchanged among populations each
generation; Wright 1951) has been frequently cited as a means
of estimating the level of migration among populations (Slat-
kin 1994) because Fgr is easier to determine than direct es-
timates of Nm. Empirical evidence generally supports this
relationship (Waples 1987; Hamrick and Loveless 1989).
Species with a greater capacity for dispersal generally exhibit
lower values of Fgr.

However, equation (1) assumes an equilibrium condition,
which may not obtain in many natural populations. Fgy will
approach its equilibrium value following a change in the level
of gene flow with a time lag proportional to N (the effective
population size) or 1/m, whichever is greater (Slatkin 1994).
With the increasing appreciation of historical changes in the
range and migration patterns of species (Davis 1981; Betan-
court et al. 1990; Avise 1992) comes the need to evaluate to
what degree currently observed levels of differentiation re-
flect extant, as opposed to past, patterns of gene flow. A
common situation in North America is that of recent bio-
geographic shifts brought about by climate change during the
Wisconsin glaciation. Many currently widespread species
were isolated into a small number of glacial refugia during
the height of the glaciation, whereas other species that were
widespread during the glaciation are now isolated into small
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refugia of suitable habitat (Betancourt et al. 1990; Pielou
1991). In the former case, secondary contact between for-
merly isolated populations could create an increase in the
level of gene flow, whereas recent fragmentation of popu-
lations into refugia, represents a decrease in gene flow. In
either case, present gene flow may not yet be reflected in the
level of genetic differentiation.

Numerous instances have been documented where contin-
uously distributed species in fact show sharp genetic dis-
continuities, presumably where secondary contact has oc-
curred (e.g., Avise 1992; Soltis et al. 1997). What is not
known is whether current gene flow is eroding this genetic
differentiation or whether the prior separation has created a
barrier to gene exchange, such that current gene flow remains
limited following contact. Essentially, the questions are
whether enough time has elapsed for current levels of gene
flow to have erased the imprint of historical separations and,
if not, how we can most easily identify nonequilibrium con-
ditions. The most direct approach to this problem is to study
systems in which the historical patterns of migration can be
inferred from fossil evidence and phylogeographic evidence,
which is independent of allelic frequencies. This study ex-
amines the pattern of gene flow and allelic differentiation
across a zone of secondary contact between historically sep-
arate varieties of ponderosa pine. The first goal will be to
verify that the contact zone (described by Conkle and Critch-
field 1988) does indeed represent a point of secondary contact
between differentiated groups and to determine the degree of
contemporary gene flow that has occurred between the two
varieties since secondary contact. We use molecular markers
that allow a separate assessment of the movement of seed
and pollen, so as to obtain a complete accounting of gene
flow via both these propagules.

The second goal of this study concerns finding ways to
identify historical separations when independent evidence is
lacking. Many studies employ allelic frequency data to infer
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FiG. 1. The probability, equation (2), that Fsr for a diallelic locus
will be small despite isolation given an initial frequency for the
most common allele and the number of isolated populations into
which an ancestral population is divided.

migration, because these are relatively easy to obtain for the
most commonly used electrophoretic markers, primarily al-
lozymes (Hamrick and Godt 1990). However, a deeper un-
derstanding of the effect of historical biogeographic move-
ments on the geographic patterning of allelic frequencies is
needed before we can disentangle current and historical ef-
fects from observed Fgt. For example, in a recent survey of
allozyme and cpDNA markers across populations of Senecio
gallicus, Comes and Abbott (1998) were unable to distinguish
the action of contemporary gene flow from the historical
biogeographical movements of this species. One possible ap-
proach to the problem is suggested by the theoretical work
of Robertson (1975), who pointed out that if populations are
historically structured, the variance of Fgt across loci would
increase relative to the equilibrium situation. The intuitive
understanding for this hinges on noting that restricted gene
flow between two groups permits gene frequencies to drift
independently in the two isolated populations. Thus, allelic
frequencies may diverge, but need not necessarily do so.
Independently drifting allelic frequencies may move in the
same direction merely by chance. The probability of observ-
ing low differentiation in spite of isolation, Pr(Fgt — 0), is
approximately related to the number (n) of subpopulations
into which the ancestral population is divided and to the
starting allelic frequencies (p) before subpopulations became
isolated:

Pr(Fsr — 0) = 3pn, 2)

where the summation is across all alleles at a locus. This
relationship is illustrated in Figure 1 for a diallelic locus. As
the number of populations increases, the probability that the
same allele will drift to high frequency in all populations
(giving low Fgt) decreases. In contrast, as the frequency of
the most common allele increases, it becomes increasingly
likely for that allele to drift to high frequency in all popu-
lations. Thus, for a species divided into two glacial refugia,
the probability of any given locus giving the misleading result
of low Fgr is at least 0.5, and frequently higher, such that
there is a high probability that some loci will show low and
some loci high values of Fgp. We applied this reasoning to
RAPD and allozyme data (Latta and Mitton 1997) collected
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from populations of limber pine along an elevational gradient
in Colorado. Fgr values varied widely among loci from 0.00
to 0.36, and suggested a historical division between eastern
and western populations during the Wisconsin glaciation.
While Robertson’s (1975) result has been observed in sim-
ulation studies (Holsinger and Mason-Gamer 1996), to date
there has been no empirical test of Robertson’s hypothesis,
in a system where there is independent evidence of the his-
torical separation. This study tests that hypothesis using the
secondary contact zone in ponderosa pine.

METHODS
The Study System

Ponderosa pine (Pinus ponderosa Laws, Pinaceae) is wide-
spread in the montane regions of the western United States,
Mexico, and Canada. Pines are particularly well suited to the
study of gene movement and historical separation for two
reasons. First, the Pinaceae show opposite uniparental in-
heritance of mitochondrial (mtDNA) and chloroplast DNA
(cpDNA). Mitochondrial polymorphisms are inherited ma-
ternally (Wagner 1992) and will be dispersed only by move-
ment of seeds. In contrast, cpDNA polymorphisms are pa-
ternally inherited (Wagner 1992), and thus cpDNA will be
dispersed through movement of both seeds and pollen. There-
fore, comparing the relative amounts of differentiation at
cpDNA and mtDNA allows an estimate of the relative rates
of gene flow through seed and pollen (Ennos 1994; McCauley
1994) and permits a complete accounting of gene movement
between the two varieties.

Second, there is biogeographic and fossil evidence sug-
gesting that ponderosa pine consists of two historically sep-
arate groups. Two varieties have been identified: P. p. pon-
derosa Laws, which grows from southern California, up the
Sierra Nevada, and throughout the northern plateau of Oregon
and Idaho; and P. p. scopulorum Engelm., which grows
throughout the interior Rocky Mountain ranges, western
Great Plains, and in isolated mountain ranges of the desert
southwest (Conkle and Critchfield 1988). These two varieties
are separated by the Great Basin, but meet in a transition
zone in west-central Montana (Fig. 2). This region corre-
sponds to a climatic shift between a relatively maritime cli-
mate west of the Continental Divide and a more continental
climate to the east (Rehfeldt 1984). Thus, gene flow between
the two varieties will introduce genes into potentially dif-
ferent adaptive regimes. The varieties are interfertile, al-
though they show some reduction of seed set on crossing
(Conkle and Critchfield 1988). Fossil evidence suggests that
ponderosa pine did not grow in the Great Basin during the
most recent glaciation (Thompson 1990). Moreover, the
spread of ponderosa pine northward was only relatively re-
cent (Barnosky et al. 1987; Betancourt et al. 1990). For ex-
ample, the range of ponderosa pine did not extend north of
New Mexico until as recently as 10,000 yr ago. Thus it seems
reasonable to postulate that the two varieties of ponderosa
pine were historically separate during the most recent gla-
ciation event and that the transition zone represents a region
of recent secondary contact between these two. Phylogeo-
graphic evidence supports this notion, indicating that the
Northern Plateau and Rocky Mountain populations of pon-
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FiG. 2. Map of the approximate distribution of ponderosa pine in
western North America. Locations of populations sampled in this
study are given with letters that correspond to Table 1.

derosa pine represent separate phylogenetic lineages (S.
Brunsfeld, pers. comm.). Therefore the transition zone can
be used as an example of secondary contact following his-
torical isolation.

Genetic Data

In September 1996, we collected foliage samples from a
transect of populations running through the transition zone.
Eight populations were sampled (Fig. 2, Table 1), two west
of, three within, and three east of the transition zone, as it
was defined by Conkle and Critchfield (1988). Foliage tissue
was collected from each tree sampled (sample sizes in Table
1), and returned to the laboratory within 1 week. Samples
were stored at 4°C until DNA extraction.

We used length (insertion/deletion) variation in the cpDNA
and mtDNA as molecular markers to track the degree of seed
and pollen introgression through the transition zone since
secondary contact. Variation in the mtDNA was assayed in
the second intron of nadl, with the primers of Demesure et
al. (1995), whereas cpDNA was found in the region between
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TaBLE 1. Number of each haplotype observed in each population
sampled in a transect through the transition zone in ponderosa pine.
Each observed haplotype is classified as being primarily eastern
(east), primarily western (west), or unknown (unk). Map codes refer
to the symbols in Figure 2. Haplotypes are illustrated in Figure 3.

mtDNA cpDNA
Map a b c a b c

Population Location code West West East West Unk East
Cascade West A 51 0 0 50 1 0
Blackfoot Range West B 0 46 0 41 6 0
Rogers Pass Trans C 0 21 0 18 2 2
Holter Dam Trans D 0 47 0 19 4 24
Monarch Trans E 0 4 35 10 3 32
Lewistown East F 0 0 50 5 3 39
Roundup East G 0 0 25 0o 2 23
Lame Deer East H 0 0 49 0 8 40

rbcL and accD (formerly ORF106) using the primers of Ar-
nold et al. (1991). Fragments were amplified in a PCR re-
action, digested with Rsa I (mtDNA) or Taqa I (cpDNA) to
increase resolution of small size differences, and separated
on polyacrylamide gels visualized with silver staining. Lab-
oratory methods were as described for limber pine in Latta
and Mitton (1997). Organellar haplotypes were treated as
alleles at a single nonrecombining locus in the analyses.

Because of time and resource constraints, allozyme data
were obtained from the literature rather than from the samples
taken from the transect. Allozyme allelic frequencies for pon-
derosa pine are summarized by Conkle and Critchfield (1988)
and Niebling and Conkle (1990) for 15 loci (Table 2). Data
are available for three populations within the western variety,
P. p. ponderosa, and of summary data for the eastern variety,
P. p. scopulorum. Robertson’s (1975) hypothesis predicts that
Fgt among the three populations of P. p. ponderosa will show
a significantly lower variance across loci than will Fgt be-
tween the two varieties. Fgr was calculated for each locus
separately using BIOSYS (Swofford and Selander 1989). The
significance of a difference between two variances can be
tested statistically using an F-ratio test (Zar 1984). However,
because Fgt is a proportion, it has a lower sampling variance
near zero or one, than at intermediate values. To correct for
the inflated sampling variance of Fgr in the between-variety
estimates, we applied an arcsine square-root transformation
to the Fgr-values before conducting the test.

RESULTS

When the second intron of nadl was digested with Rsa I,
two of the resulting fragments were polymorphic, giving
three composite mtDNA haplotypes within the transect.
These polymorphisms appear to represent length variation
due to insertion or deletion mutations, because the same size
differences were observed regardless of which restriction en-
zyme was used to digest the sample. The different haplotypes
are illustrated in Figure 3a. Two of the mtDNA haplotypes
(A and B) were observed primarily west of the transition
zone (Table 1). Both of these haplotypes share the same size
morph for the smaller fragment. The third haplotype (C) was
observed primarily east of the transition zone and differed
from the western haplotypes in both of the variable fragments.
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TaBLE2. Differentiation of allelic frequencies at cpDNA, mtDNA,
and 15 allozyme loci within Pinus ponderosa ponderosa and be-
tween P. p. ponderosa and P. p. scopulorum. Data are from Niebling
and Conkle (1990). Fgr-values were arcsine square-root trans-
formed before calculating the F-ratio.

Within Between
Fsr Nm Fgr Nm

cpDNA! 0.033 7.33 0.652 0.13
mtDNA! 1.00 0.00 1.00 0.00
Aap?2 na? 0.007 35.46
Adh2 0.032 7.56 0.212 0.92
Gdh 0.001 249.75 0.109 2.04
Gotl 0.009 27.52 0.006 41.41
Got2 0.001 249.75 0.002 124.75
Got3 0.001 249.75 0.073 3.17
Idh 0.077 2.99 0.215 0.91
Lap na 0.003 83.08
Mdh2 0.027 9.00 0.017 14.45
Mdh3 0.001 249.75 0.001 249.75
Mdh4 0.001 249.75 0.001 249.75
Mpi na 0.026 9.36
6Pgd2 0.002 124.75 0.033 7.32
6Pgd3 0.004 62.25 0.001 249.75
Pgi2 0.041 5.84 0.001 249.75
Pgm 0.047 5.06 0.282 0.63
Mean 0.0187 0.0618

Variance 0.000592 0.008595

F-ratio test for equal variances: Fy5, = 4.02, P < 0.01.

I For comparison with the allozymes, populations in the transition zone were
not included in calculating Fgr for organellar DNA.
2 Aap2, Lap, and Mpi were monomorphic within P. p. ponderosa.

A fourth mtDNA haplotype (D) was identified in samples
collected in Colorado (Latta et al. 1998), but was not ob-
served in the transect. This haplotype displayed the same size
morph at the smaller band as did the third haplotype (C).
Thus, there appear to be characteristically ‘‘eastern” and
“western” mtDNA haplotypes, which confirm the historical
east-west division in ponderosa pine as described by Conkle
and Critchfield (1988).

Only one of the restriction fragments in the cpDNA was
variable, and again appeared to contain length variation due
to insertion or deletion mutations (Fig. 3b). Three haplotypes
were observed, one that occurred primarily west of the tran-
sition zone (A), one east (C), and one that was intermediate
in size and was observed at low frequency within the tran-
sition zone (B). Some size variation was observed within
each of these groupings, but this variation was too small to
be reliably scored and was not great enough to overlap be-
tween categories.

The cline between eastern and western haplotypes in the
transition zone is very steep for both mtDNA and cpDNA
(Fig. 4). All but one population was monomorphic for
mtDNA (Table 1). The only variable population was at Mon-
arch, Montana, which is the easternmost population within
the transition zone and contained a few copies of the western
mtDNA type. The cline for paternally inherited cpDNA was
less steep, with three of the populations polymorphic. The
Holter Dam and Monarch populations in the transition zone
contained intermediate frequencies of eastern and western
types. In addition, the Lewistown population to the east of
the transition zone showed some introgression of western
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Size
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Fic. 3. Length variation at restriction fragments of (a) the second
intron of nadl (mtDNA), and (b) the noncoding region between
rbcL and accD (cpDNA).
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Fi1G. 4. Clines of haplotype frequencies through the transition zone
for (a) maternally inherited mtDNA, and (b) paternally inherited
cpDNA. Black circles indicate observed frequency of the western
haplotypes, and lines represent the 95% confidence limits (Zar
1984). The dashed vertical lines represent the limits of the transition
zone as defined by Conkle and Critchfield (1988). The western edge
of the transition zone corresponds to the Continental Divide. Pop-
ulation locations are given as distance (km) east of the middle of
the transition zone. cpDNA haplotype B could not be assigned to
either the ‘“‘eastern’ or ‘“‘western” group (Table 1) and therefore
was omitted from this figure.
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cpDNA types. These patterns are consistent with higher gene
movement via pollen than seed and suggest that propagule
movement has been greater with the prevailing wind (west
to east) than against it. Although a few pollen grains appear
to have moved from east to west (i.e., a few eastern cpDNA
haplotypes were observed at Holter Dam and Rogers Pass),
this was less frequent than west-to-east movement, and no
eastern haplotypes were observed west of the Continental
Divide (Fig. 4).

Several allozyme loci show differentiation across the tran-
sition zone, but overall differentiation is significantly lower
for allozymes than for organellar DNA (Table 2). Fgr for the
organellar DNA markers falls outside the 95% confidence
limits derived for the allozymes. Although Fgp was higher
between varieties than within, Fgr for allozyme loci was low
(Table 2) and for none of the loci was more than 30% of the
variance attributable to differences between the varieties.
However, the variance of Fgr across loci is greater for the
between-varieties measures than for differentiation among
regions within P. p. ponderosa (Table 2). There was signif-
icantly greater locus-to-locus variance in Fgy values between
the two historically separate groups than within (F5, =
4.02, P < 0.01).

DISCUSSION

Allozymes and organellar DNA show contrasting levels of
differentiation between the two varieties of ponderosa pine.
Organellar DNA shows very little introgression across the
transition zone (Fig. 4). Clearly, movement of both seed and
pollen since secondary contact has been relatively limited
and certainly has not been sufficient to homogenize the two
historically separate groups of ponderosa pine in the time
since they came back into contact. In contrast, allelic fre-
quency differentiation is minimal for most allozyme loci, a
result that would be consistent with much higher levels of
gene exchange. Nevertheless, the historical separation of the
two groups does appear to have resulted in a higher interlocus
variance in Fgp between as opposed to within varieties (Table
2).

Gene flow patterns inferred form the organellar DNA var-
iation are consistent with expectations based on the move-
ment of propagules. Both seeds and pollen are wind dispersed
in ponderosa pine. Consequently, both cpDNA and mtDNA
results suggest that movement with the prevailing wind (west
to east) has been greater than movement upwind (Fig. 4),
although this may instead reflect clines of earlier to later
flowering times (J. E. Rehfeldt, pers. comm.). In addition,
pollen movement has been much more extensive than seed
movement, which is consistent with the expected greater dis-
persal ability of the much lighter pollen. Seed movement has
been negligible through the transition zone, with the only
evidence of seed movement being the few western mtDNA
haplotypes observed in the eastern half of the transition zone.
In seven populations of limber pine, Latta and Mitton (1997)
found much greater differentiation of mtDNA than cpDNA,
which is consistent with pollen being the main agent of gene
flow. Dong and Wagner (1994) found a similar result among
populations of jack pine and lodgepole pine. Several studies
in angiosperms, in which only maternally inherited organelles
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are available, have documented higher differentiation of the
maternally inherited organelles than of biparentally inherited
allozymes, which is again consistent with pollen being the
main agent of gene flow (Ennos 1994; El Mousadik and Petit
1996).

The very limited movement of propagules, particularly
seeds, through the transition zone stands in contrast with the
apparently very rapid northward expansion of P. p. scopu-
lorum following the glacial retreat. Fossil estimates place the
northern limit of P. ponderosa at approximately northern New
Mexico as recently as 10,000 yr ago (Betancourt et al. 1990).
Thus, seed movement was sufficiently great during range
expansion to move the northern limit of ponderosa pine from
New Mexico to Montana in less than 10,000 yr. This cor-
responds to roughly 100-200 m/yr, a rate comparable to that
observed in other tree species (Davis 1981). In contrast, seed
movement between established stands of the two varieties
has been sufficiently limited to have introgressed less than
100 km in the time since the varieties came back into contact.
It is possible that seed movement into and establishment in
empty habitat is less restricted than movement into and es-
tablishment in an already existing population, simply because
recruitment is enhanced in empty habitat. Alternatively, the
introgression of genes from one variety into the other may
be constrained by selection; P. p. ponderosa is characterized
by higher relative growth rate, but lower cold tolerance than
P. p. scopulorum (Rehfeldt 1984). Thus, restricted seed move-
ment may represent local adaptation and reduced fitness of
immigrants. Under such an interpretation, the apparently
greater pollen movement would represent the ability of F,
hybrids to tolerate conditions intermediate between the two
parents and, thus, establish further from the transition zone.

Conkle and Critchfield (1988) report reduced seed set when
P. p. ponderosa was hand-pollinated with pollen from P. p.
scopulorum as compared to pollen from P. p. ponderosa. If
such an impediment to crossing occurs in nature, this could
present a significant barrier to gene flow, especially by pollen,
because pollen must contact native trees to effect gene flow.
However, most migrants are pollen grains that have mated
with native trees upon arrival and produced viable progeny.
There is no evidence of assortative mating in the organellar
DNA data presented here—the four migrant (western)
mtDNA haplotypes observed at Monarch (Table 1) carried
the nonmigrant (eastern) cpDNA haplotype. Thus, the orig-
inal immigrant seed(s) must have established and been pol-
linated by native trees to produce offspring that were sampled
in this survey.

The availability of both paternally and maternally inherited
organellar markers in the Pinaceae provides a useful check
on assumptions about gene flow and population structure. In
most plants, only maternally inherited organelles are present.
Thus, levels of pollen movement must be derived from the
difference between the amount of genetic differentiation ob-
served at nuclear markers and that at the maternally inherited
organelle (Ennos 1994; McCauley 1994). Allozyme allelic
frequencies give a misleading impression of extensive gene
flow across the transition zone. Estimates of Nm between the
varieties (Table 2) range from 0.63 (or about one migrant
every other generation; Pgm; see Table 2), to several hundred,
with a median of 14.5. Had only a maternally inherited mark-
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er been available, we would have concluded that gene flow
via migrant pollen is extensive. However, the steep cline in
cpDNA haplotype frequencies indicates that this is not the
case. Pollen movement is more extensive than seed move-
ment, but is still limited. Therefore, the two varieties do not
appear to be in migration/drift equilibrium, making it difficult
to infer levels of migration from Fgr of nuclear loci. A similar
finding was reported by Hong et al. (1994) in Bishop pine
(Pinus muricata) along a north-south transect in California.
Both cpDNA and mtDNA showed very high levels of dif-
ferentiation, but nuclear encoded allozymes were relatively
undifferentiated in this species (Millar et al. 1988).

Paradoxically, however, allozymes show less differentia-
tion than expected, rather than more. It is apparent from both
the fossil and the organellar DNA evidence that the transition
zone represents a zone of recent secondary contact between
the P. p. scopulorum and P. p. ponderosa. Thus, contemporary
gene flow, although limited, is higher than it was historically.
In this case, we would expect genetic differentiation to be
higher than what is consistent with the level of contemporary
gene flow. However, allozyme Fgr is considerably lower than
what is consistent with the gene flow patterns inferred from
the organellar DNA. There are two possible explanations for
this inconsistency, both of which relate to the rate of diver-
gence during the historical separation. First, some form of
selective sweep may have accelerated the differentiation of
the organellar haplotype frequencies. Alternatively, balanc-
ing selection may have constrained or slowed the differen-
tiation of allozyme allelic frequencies.

It is not known how long the two varieties were isolated
into separate refugia during the Pleistocene. If a generation
time of 100 yr is assumed and separation lasted 100,000 yr
(the duration of the Wisconsin glaciation), then separation
could have been as brief as 1000 generations. Very much
longer separation is possible if generation times are shorter
or if there was no contact established during the previous
(Sangamon) interglacial. Because haploid organelles have a
smaller effective population size, it is expected that their
haplotype frequencies will drift more rapidly than allelic fre-
quencies at a diploid nuclear locus. However, in a monoecious
species, the difference in effective population size is only
twofold, which seems unlikely to be enough to account for
the pronounced discordance between the allozyme and or-
ganellar results. Because the organellar DNA does not re-
combine, the rise of a novel beneficial mutation (Begun and
Aquadro 1992) or the elimination of deleterious mutations
(Charlesworth 1994) can accelerate the fixation of a particular
haplotype. In either case, this may have caused the organellar
haplotype frequencies to differentiate faster than the neutral
expectation and, thus, become fixed for alternate haplotypes
before the allozymes.

Alternatively, it is possible that differentiation of allozyme
allelic frequencies was retarded by some form of balancing
selection. This need not imply overdominant or frequency-
dependent selection at allozyme loci. Instead, it is sufficient
that: (1) different alleles have better metabolic function in
different environments; and (2) that the environmental con-
ditions fluctuate through time. This is less restrictive than
the case for an equilibrium balanced polymorphism and sim-
ply requires that fixation of one allele over the other be
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slowed long enough that it does not occur before secondary
contact. There is good evidence that different allozyme alleles
can have different metabolic activity in different environ-
ments (Hilbish and Koehn 1985; Powers et al. 1993) and the
fluctuation of the environment though time (particularly with
respect to climate) is well established (Pielou 1991).

These two hypotheses make contrasting predictions about
the distribution of coalescence times within and between va-
rieties. A selective sweep at organellar DNA would cause
coalescence times to be very much smaller within varieties
than between varieties. In contrast, balancing selection at
allozyme loci would create coalescence times that were great-
er within varieties than between.

Identifying Historical Divisions from Allelic Frequencies

Theoretical results suggest that historical separation be-
tween populations will result in a high locus-to-locus vari-
ance in Fgp (Robertson 1975, Fig. 1). To our knowledge, this
result has never been empirically tested in a system for which
there is independent evidence of a historical separation. In
ponderosa pine, morphological (Conkle and Critchfield
1988), fossil (Barnosky et al. 1987; Betancourt et al. 1990),
and phylogeographic (S. Brunsfeld, pers. comm.) evidence
all point to the transition zone being a zone of secondary
contact between historically separate varieties. Fgt calculated
for 15 loci across the transition zone show a significantly
higher variance than does Fgr calculated for the same loci
among populations within one variety (Table 2). Thus, al-
lozyme loci in ponderosa pine provide evidence in support
of Robertson’s (1975) theory.

Cavalli-Sforza (1966) and Lewontin and Krakauer (1973)
originally proposed that a high locus-to-locus variance in Fgt
could be taken as evidence that natural selection was shaping
population differentiation in at least some of the loci. It was
in response to this suggestion that Robertson (1975) devel-
oped the theory concerning historical divisions and Fgt to
demonstrate that natural selection need not be invoked to
explain discordant patterns among nuclear loci. As a greater
appreciation of the role of historical migrations in shaping
extant population structure has developed, it has become
more important that we be able to distinguish between past
and present gene flow when interpreting surveys of electro-
phoretic variation among populations. Therefore, we suggest
that the Lewontin Krakauer (1973) test could instead be used
to infer historical separation rather than natural selection.

Of course, a high locus-to-locus variance of Fgr could
result from either selection or historical division. The key
difference between the two would lie in the concordance of
the division outlined by those loci showing differentiation.
For example, Latta and Mitton (1997) found four exception-
ally differentiated RAPD loci in a survey of seven popula-
tions of limber pine. All other loci (10 allozymes and five
RAPDs) were relatively undifferentiated among populations.
Because all of the differentiated RAPD loci (as well as
mtDNA variation) gave the same division among populations
(the westernmost population vs. the rest), Latta and Mitton
(1997) inferred that the differentiation was the result of an
historical division, most likely into eastern and western gla-
cial refugia. Similarly, Karl and Avise (1992) showed marked
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variation in Fgr-values between allozyme and anonymous
nuclear DNA loci in the American oyster (Crassostrea vir-
ginica) in Florida. Although in both limber pine and oysters
the contrast between protein and DNA markers is puzzling,
in both cases the loci with high Fgr-values reveal a concor-
dant break dividing the populations into two groups (Hare
and Avise 1996), which is consistent with a hypothesis of
secondary contact following historical separation. In contrast,
in Drosophila Fyr-values vary widely among allozyme loci
(Singh and Rhomberg 1987), but do not reveal concordant
geographical divisions and are not concordant with differ-
entiation inferred from mtDNA phylogeny (Hale and Singh
1991). Thus, Hale and Singh (1991) conclude that ‘‘natural
selection. . . remains the best explanation’ for the variation
in Fgr across loci in Drosophila. A detailed analysis of a
large database of allozyme surveys (e.g., Hamrick and Godt
1990) might yield useful insights into the relative frequency
with which historical separation and natural selection create
discordant levels of genetic differentiation across loci.
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