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For neutral genes, uniparental inheritance is expected to reduce e�ective population size relative to
biparentally inherited genes. In ®nite populations, the ensuing genetic drift can cause stronger spatial
and temporal di�erentiation. An intrapopulation polymorphism in chloroplast DNA was used to
examine relative spatial and temporal population structure of chloroplast and allozyme markers in
the annual plant Phacelia dubia. There was signi®cant di�erentiation among populations at
chloroplast markers but not for allozyme loci. A ®ne-scale analysis showed signi®cant structure
among sites within populations for chloroplast markers and local heterozygote de®ciencies at
allozyme loci. These spatial analyses suggest that gene ¯ow via pollen exceeds that via seed. Temporal
variation in chloroplast markers, assessed over a 10-year period, was evident in two of four
populations, and allozyme loci were characterized by temporal variation in rare-allele frequencies.
Population structure appeared to be related to the intensity and type of human disturbance
in¯uencing each population. Habitat destruction promoted isolation and enhanced di�erentiation,
whereas mowing increased seed dispersal and reduced di�erentiation for chloroplast markers. At this
time, genetic drift appears to be the primary force shaping chloroplast gene frequencies.
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Introduction

In ®nite populations, genetic drift may be the predom-
inant force governing allele frequencies of neutral loci.
Drift e�ects include an intrapopulation temporal com-
ponent, that is populations diverge from an initial state,
and a spatial dimension in which a series of replicate
populations diverge from each other. For neutral genetic
markers, spatial di�erentiation among populations,
estimated by FST, provides an indicator of the cumula-
tive e�ects of drift and migration. Because e�ective
population size for maternally inherited organelles
(Ne,mat) is expected to be one-half or less than that for
nuclear genes (Ne,nuc), and random packaging of
genomes into gametes rather than formal apportion-
ment appears to govern chloroplast transmission pat-
terns, genetic drift is expected to play a stronger role in
governing frequencies of organelle genes compared to
nuclear genes (Birky, 1983). The resultant prediction of
stronger population di�erentiation for maternally in-
herited genes (FSTmat) relative to nuclear genes (FSTnuc)

has been borne out for mitochondrial DNA markers
compared to nuclear-encoded markers in animals such
as Hawaiian Drosophila (DeSalle et al., 1987) and brown
trout (Hansen & Loeschcke, 1996). In both species,
population bottlenecks were believed to have exacer-
bated drift e�ects. Chloroplast markers in several
¯owering plants also show substantially greater di�er-
entiation than nuclear markers (Ennos, 1994; McCauley
et al., 1996).

More pronounced temporal variation in animal mi-
tochondrial genes compared to nuclear genes is also
consistent with di�erences in e�ective population sizes
for the two genomes (DeSalle et al., 1987; Hansen &
Loeschcke, 1996). Animal mitochondrial and ¯owering
plant chloroplast transmission share uniparental inher-
itance, high genome copy number per organelle and
apparent random sorting of genomes and organelles
during gamete formation, but limited intraspeci®c poly-
morphisms in chloroplast DNA have hindered both
temporal and ®ne-scale spatial analyses in plants.
Recent studies have uncovered species that harbour
substantial amounts of chloroplast DNA variation, the
majority of which resides between rather than within
populations (Milligan, 1991; Hong et al., 1993; Levy*Correspondence. E-mail: levyf@etsu.edu
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et al., 1996). Combined analyses of spatial structuring at
nuclear- and chloroplast-encoded loci in ¯owering
plants show greater structure in the latter, which
suggests gene ¯ow via pollen exceeds that from seeds
(reviewed in Ennos, 1994; Levy et al., 1996; McCauley,
1997). In conifers, where chloroplast DNA is paternally
inherited and mitochondrial DNA is maternally inher-
ited, it is the latter which shows greater population
di�erentiation, again suggesting restricted seed move-
ment compared to pollen dispersal (Latta & Mitton,
1997).
Mating systems can in¯uence drift and migration

through their e�ects on e�ective population size and
gamete dispersal. Because plant mating systems tend to
be more diverse, within and between taxa, than those of
complex multicellular animals, generalizations concern-
ing the scale of spatial structuring and the extent of
temporal variation of animal mitochondrial genes are
not readily applicable to chloroplast genes. In this study,
we assessed temporal and ®ne-scale spatial structure in
the annual plant Phacelia dubia (L.) Fern. Phacelia dubia
has a mixed mating system of sel®ng and outcrossing
with populations consisting of temporally stable patches
(del Castillo, 1994). Halictid and andrenid bees are the
primary pollinators. Most seeds germinate in the ®rst
year but some may persist in the soil for up to seven
years (Baskin & Baskin, 1973). Both population bottle-
necks and asymmetrical seed and pollen dispersal have
been documented in the species (del Castillo, 1994).
Moreover, both forms of a chloroplast DNA polymor-
phism co-occurred in several populations surveyed by
Levy et al. (1996). Because some chloroplast haplotypes
were both restricted to particular populations and
common or ®xed within those populations, Levy et al.
(1996) suggested that interpopulation, long-distance
seed dispersal was rare. In species where gene ¯ow via
pollen exceeds gene ¯ow via seeds, ®ne-scale spatial
di�erentiation for maternally inherited genes may also
develop within populations and exceed that for bipa-
rentally inherited markers (McCauley et al., 1996). To
test for ®ne-scale di�erentiation, we used an analysis of
chloroplast DNA and allozyme gene frequencies to
compare spatial di�erentiation among local sites within
populations.
Although genetic drift is a time-dependent process,

there has been virtually no attempt to measure variation
in chloroplast gene frequencies over time. Intrapopula-
tion plastome and allozyme polymorphisms in P. dubia
provide an opportunity to assess temporal variation
directly, with the expectation that FSTmat > FSTnuc

within populations. This study represents the ®rst
analysis of long-term population dynamics for chloro-
plast markers in populations composed of completely
interfertile individuals.

Methods

Plastome polymorphism

Two major plastome lineages within the annual plant
Phacelia dubia were uncovered in an intraspeci®c survey
of chloroplast DNA variation (Levy et al., 1996). These
lineages (designated plastome types D and G) di�ered
by a suite of six restriction fragments, ®ve of which
represent base-pair substitutions and one probable
length variant. Variation among plastomes D and G
was detected with each of six restriction enzymes and
variable fragments were scattered throughout the ge-
nome. The physically dispersed nature of the variation
within genomes suggests that the split in the major
plastome lineages is not the result of a single genome
rearrangement but is more likely characterized by a
series of independent mutation events. In light of the
relatively conserved nature of the chloroplast genome,
the D and G lineages probably represent an ancient split
in the plastid phylogeny. An initial survey conducted on
samples collected in 1987 showed that plastomes D and
G coexisted in each of four populations of the narrow
endemic P. dubia var. georgiana, and in one of three
populations of the more widespread, but allopatric,
P. dubia var. dubia.

Population descriptions

Phacelia dubia var. georgiana is endemic to granite
outcrops in the piedmont region of Georgia and
adjacent Alabama. Plastome type was determined for
samples of plants from each of three populations of P.
dubia var. georgiana: Echol's Mill (EM) (Oglethorpe
Co., GA), the type locality of P. dubia var. georgiana,
consists of a mix of outcrop and forest patches that
extends over 3 km. The EM location encompasses active
granite quarries with extensive local disturbance that
results in complete destruction of some outcrop habitat.
At Echol's Mill, the `road' subpopulation (EM-Rd) is
bordered by an unpaved road and forest patches. It is a
small area of �30 m in diameter that is undergoing
succession from a plant cover dominated by low-
growing herbs to one dominated by perennial grasses.
The `river' subpopulation at Echol's Mill (EM-Rv), also
�30 m in diameter, is located 2 km from the road
subpopulation and is bordered by a small stream, an
unpaved road and active quarry operations. The
Appling population (AP) (Columbia Co., GA.) occupies
a relatively small (diameter of less than 100 m) granite
outcrop that is bordered by a paved road, a lawn and
forest. A power line crosses over the portion of the
outcrop that adjoins the road. The power line right-of-
way is regularly mowed. Kiokee Creek outcrop (KIO) is
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the most pristine Ð it is located only 3 km from the
Appling outcrop but it is completely surrounded by
relatively undisturbed forest. The outcrop is �250 m in
diameter with islands of shrub thickets on the outcrop.
Thus, two pairs of samples (EM-Rd/EM-Rv; AP/KIO)
were from areas in relatively close geographical prox-
imity, but the EM and AP/KIO regions are separated by
�75 km. Population sizes vary from fewer than one
hundred plants maturing seeds in poor years to more
than a thousand plants in favourable years.

Population samples

Plastome frequencies were assayed over an eight-year
period in each population. Spatial structure was assessed
at the local (within population) and geographical
(between populations) scales, but the detailed sampling
necessary for local analyses was carried out only during
1992 and 1994. Seed samples from 1987 and 1990 were
collected from random locations throughout each pop-
ulation, but during these years no attempt was made to
identify the collection location of plants from which
seeds were collected. Seeds that were grown and the
resultant plants that were assayed were chosen random-
ly but each was derived from a di�erent maternal
parent. On granite outcrops, individuals of P. dubia var.
georgiana are not scattered throughout the area, but are
restricted to patches or areas we term local sites. To
assess the degree of local di�erentiation within popula-
tions, in 1992 and 1994, four to seven sites within each
population were chosen to encompass the spectrum of
spatial and biological diversity. At each local site, seeds
were collected from plants within a 1 m2 area. There was
no attempt to collect from nearest neighbours or to
quantify distances between individual plants, because
the weak stems of many plants often lead to intertwining
of individuals, and the annual habit means that spatial
relationships among individuals will not persist beyond
one year.

DNA isolation and detection

All DNA samples were extracted from plants grown
from ®eld-collected seeds. For 1987 samples, cpDNA
was isolated using procedures outlined in Levy et al.
(1996). Plastome type was assayed visually by ethidium
bromide staining of puri®ed cpDNA, and for some
samples plastome types were con®rmed by Southern
hybridizations of diagnostic restriction fragments (Levy
et al., 1996). Genomic DNA was isolated from all other
plants by incubating leaf extracts for 30 min in hot
(65°C) CTAB bu�er followed by two chloroform±
isoamyl alcohol extractions. DNA was precipitated in
isopropanol, and the resultant pellet was washed in 70%

ethanol and resuspended in TE. Genomic DNAs were
treated with RNase and digested with either AvaII or its
isoschizomer, SinI. These restriction enzymes reveal two
plastome-diagnostic RFLPs; a D plastome-speci®c
9.0 kb fragment is digested to 5.3 kb and 4.7 kb frag-
ments in plastome G and another D plastome-speci®c
2.4 kb fragment is cut into 2.1 kb and 0.3 kb fragments
in plastome G (Levy et al., 1996). Resultant genomic
DNA digests were separated on 0.8% agarose gels,
Southern blotted and hybridized to a homologous
digoxigenin-labelled probe consisting of restriction-
digested total chloroplast DNA. DNA samples were
scored as either the D or G plastome from autora-
diographs.

Statistical analyses

The subdivision parameter for chloroplast markers,
FSTmat, was estimated by the AMOVAAMOVA procedure using
ARLEQUINARLEQUIN software (Schneider et al., 1997). Di�erenti-
ation was considered signi®cant when: (i) the P-value of
a permutation test (10 000 permutations using ARLE-ARLE-

QUINQUIN) was less than 0.05; and (ii) two times the standard
error derived from a jackknife estimate of the standard
deviation of FST (software provided by B. Weir) did not
overlap with zero.

Allozyme analyses

To estimate the level of geographical di�erentiation
among populations at nuclear-encoded loci (FSTnuc),
population samples from seeds collected in 1986 were
assayed for allozyme variation at 11 loci (ALD, GOT1,
GOT2, MDH, ME, PGI1, PGI2, PGM, PRO1, SDH,
SOD) using eight di�erent enzyme systems. Sample sizes
per locus within the three populations ranged from 53±
76 for AP, 34±43 for KIO and 66±72 for EM. Detailed
tissue extraction and electrophoresis methods are pre-
sented in Levy (1989). Gene diversity summary statistics
including heterozygosity were estimated from data on all
11 loci using GENESTRUTGENESTRUT software (Constantine et al.,
1994). Single-locus estimates of FSTnuc were used to test
for local di�erentiation using GENEPOPGENEPOP (Raymond &
Rousset, 1995a).

To test for temporal variation in allele frequencies,
two allozyme loci (GOT1, GOT2) that showed intra-
population polymorphism were analysed using data
from 1986 and 1992 at KIO; the temporal analyses for
EM also included data from 1994. For single-locus tests
of temporal di�erentiation, GENEPOPGENEPOP (Raymond &
Rousset, 1995a) was used to estimate FSTnuc among
years within populations. Markov chain methods were
applied to contingency tables consisting of years in
columns and alleles (or genotypes) in rows, with allele
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(or genotype) frequencies as entries to test the signi®-
cance of potential allelic and genotypic di�erentiation,
respectively (Raymond & Rousset, 1995b).
To summarize the sampling scheme, prior to 1992,

samples for both the allozyme and chloroplast analyses
were chosen randomly. Samples from 1992 and 1994
were delineated by local sites within each population,
and at EM the river and road areas were treated as
separate subpopulations.

Results

Plastome variation

Local spatial patterning within populations Most sites
within AP supported a mix of plants with plastomes D
and G during both 1992 and 1994 (Table 1). In 1992, the
frequency of plastome D varied among sites from zero
to 0.86 (Table 1) which led to signi®cant spatial
substructuring (FSTmat � 0.24; Table 2a). Although
the range in plastome frequencies was smaller in 1994
(Table 1), the heterogeneity in plastome frequencies
among sites was again signi®cant (Table 2a) but the
degree of subdivision was lower (FSTmat � 0.16). At
KIO, in both the 1992 and 1994 samples, FSTmat was
relatively high and these di�erences in plastome fre-
quencies among sites were signi®cant for both sample
years (Table 2a). Unlike AP, sites within KIO tended to
be dominated by one plastome type (Table 1). Extensive
substructuring at KIO was exempli®ed by one site that
was ®xed for plastome G, the minority type in that
population (Table 1), with a neighbouring site ®xed for
plastome D.
The most extreme population subdivision was noted

at EM, where the river site was ®xed for plastome D in

both 1992 and 1994, but where only 2 km distant, at the
road site, plastome D was found in only one of 39 plants
(Table 1). With plastome frequencies near ®xation at
each subpopulation in 1992, there was obviously no
signi®cant heterogeneity among sites within either sub-
population. The rarity within and among sites suggests
plastome D probably existed as a rare variant in the
road subpopulation rather than as a locally common
minority in 1992, but by 1994, plastome D had spread so
that the population frequency of plastome D increased
and its presence was detected at three of four sample
sites.

Geographical di�erentiation among populations Di�er-
ences in plastome frequencies among populations pro-
vided evidence of signi®cant large-scale geographical
heterogeneity during two of the four years (1992, 1994)
sampled (Table 3). Di�erentiation in 1987 must be
considered marginal because of a lower estimate of
FSTmat compared to later years and because two
standard errors of the jackknife estimate of FSTmat

overlapped zero (Table 3). Pairwise estimates of spatial
di�erentiation among population pairs in close proxim-
ity showed that the large-scale e�ect was not caused by
di�erences arising from a distance e�ect (Table 2c).
Rather, comparisons among population pairs in close
proximity were all signi®cant (Table 2c). Extreme plas-
tome frequency di�erences among the two subpopula-
tions at EM indicate that more proximal populations do
not necessarily show more similar frequencies.
Temporal patterns within populations Evidence for
temporal ¯uctuations was suggestive in the AP popula-
tion (the permutation, but not the jackknife, test was
signi®cant) compared to relative temporal stability at
KIO (Tables 4 and 2b). At AP the degree of temporal

Table 1 Spatial patterns of plastome occurrence within populations of Phacelia dubia. Frequency (p) of plastome D
among sites within each of three populations for 1992 and 1994. Each row represents a di�erent site within a population. Sites
within years arranged in ascending frequency of plastome D but sites on the same line do not represent the same sample
locations across years. n, sample size

EM

AP KIO Rv Rd

1992 1994 1992 1994 1992 1994 1992 1994

p n p n p n p n p n p n p n p n

0.00 9 0.00 10 0.00 7 0.27 11 1.00 6 1.00 9 0.00 2 0.00 5
0.25 8 0.17 12 0.33 3 0.92 13 1.00 7 1.00 15 0.00 6 0.25 4
0.40 10 0.27 11 1.00 1 1.00 8 1.00 7 1.00 20 0.00 7 0.67 3
0.50 4 0.45 11 1.00 3 1.00 10 1.00 9 0.00 8 1.00 1
0.50 6 0.58 12 1.00 3 1.00 10 0.00 9
0.86 7 1.00 4 0.14 7

1.00 14
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subdivision was not high (FSTmat � 0.16) but the
permutation test suggests signi®cant changes in plas-
tome frequencies over time. Because of the extreme
plastome frequency di�erentiation between the river and
road subpopulations at EM, temporal variation was
only considered for the two years (1992, 1994) for which
subpopulation data were available. Plastome frequen-
cies were stable at EM-Rv where plastome D remained
near ®xation (Table 4). In contrast, EM-Rd experienced
a signi®cant increase in plastome D over the two-year
time period (Table 2b). The widely divergent plastome

Table 3 Yearly estimates of chloroplast di�erentiation
among populations of Phacelia dubia (FSTmat,) with jack-
knife estimates of standard errors and probabilities
associated with permutation tests. N, number of popula-
tions

Year N FSTmat 2 ´ SE Permutation

1987 3 0.23 0.32 0.05
1990 3 )0.09 0.02 0.78
1992 4 0.60 0.29 <0.001
1994 4 0.47 0.18 <0.001

Table 2 Estimates of Phacelia dubia population subdivision at chloroplast loci (FSTmat) with two indicators of signi®cance:
two times the jackknife estimate of standard errors, and probabilities associated with permutation tests for heterogeneity:
(a) among sites within populations; (b) among years within populations; (c) among pairs of populations in close proximity. N,
number of populations or sites within populations; NA, not applicable because jackknife estimates are not possible when
comparing two populations

Population Year(s) N FSTmat 2 ´ SE Permutation

(a) Among sites within populations
AP 1992 6 0.24 0.20 0.01
AP 1994 5 0.16 0.12 0.02
KIO 1992 7 0.90 0.19 <0.001
KIO 1994 4 0.59 0.49 <0.001
EM-Rd 1992 6 )0.02 0.00 0.20
EM-Rd 1994 4 0.38 0.52 0.08

(b) Among years within populations
AP 1987±1994 4 0.16 0.24 0.002
KIO 1987±1994 4 )0.03 0.01 0.91
EM-Rv 1992±1994 2 0.00 NA NA
EM-Rd 1992±1994 2 0.32 NA 0.001

(c) Among population pairs in close proximity
AP/KIO 1992 2 0.23 NA 0.001
AP/KIO 1994 2 0.36 NA <0.001
EM: Rv/Rd 1992 2 0.97 NA <0.001
EM: Rv/Rd 1994 2 0.83 NA <0.001

Table 4 Temporal patterns of plastome occurrence. Frequency (p) of plastome D in Phacelia dubia populations in each
of four years. River (Rv) and road (Rd) subpopulations within EM were not distinguished prior to 1992. n, sample size

Population

AP KIO EM

Year p n p n p n

1987 0.25 8 0.67 9 0.13 8
1990 0.91 11 0.88 8 0.93 14

EM-Rv EM-Rd

p n p n

1992 0.39 44 0.74 35 1.00 39 0.03 39
1994 0.30 56 0.79 42 1.00 44 0.31 13
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frequencies between the 1987 and 1990 samples at EM
(Table 4) must be viewed with caution. Prior to 1992,
samples from the two subpopulations were not treated
separately, hence the variation in plastome frequency
among these two samples may simply re¯ect the e�ects
of small sample sizes, or they may result from biased
selections of seeds for collection, germination and
growth.

Allozyme variation

Allozyme spatial patterns At the broad geographical
scale, allozymes showed a virtual absence of di�erenti-
ation among populations (FSTnuc � 0.02). In fact, at
each of the 11 loci surveyed the most common allele was
the same in each of the three populations (Table 5).
Moreover, the frequency of these common alleles
exceeded 0.90 at all loci in all populations, with the
exception of one locus each in AP and KIO. In spite of
the shared common alleles, only three loci (ALD, PRO1,
SOD) were monomorphic across populations. The
allozyme pro®le in these populations can best be
characterized as one in which a common allele is
geographically widespread, but populations di�er in
the identity of rare alleles. As a consequence of these U-
shaped allele-frequency spectra, average heterozygosity
was relatively low (£0.06) within each population
(Table 5), and this may have limited our ability to
detect signi®cant trends (Leonardi & Menozzi, 1996).
After pooling genotypic classes with expectations of

®ve or fewer individuals, none of the allozyme loci in
any of the three populations showed signi®cant devia-
tions from Hardy±Weinberg expectations. Nevertheless,
the hierarchical analysis showed evidence of nonrandom
mating (FIS � 0.22) within populations, and deviations
at individual loci were invariably skewed towards
excesses of homozygotes and de®ciencies of heterozy-
gotes. This pattern, suggestive of inbreeding, is not
unexpected for a self-compatible annual plant with no
specialized seed-dispersal mechanism.
Because seed collections prior to 1992 were not

delineated by sites within populations, an analysis of
spatial variation at the local level was not possible from
the 1986 allozyme data. Furthermore, the detection of
spatial structure is di�cult when heterozygosity or
sample size is low (Leonardi & Menozzi, 1996) as was
the case for GOT1 and GOT2 in both the 1992 and 1994
samples from EM and for GOT1 in the 1992 sample
from KIO (Table 6). However, in the 1992 sample from
KIO, GOT2 alleles a and b were present at frequencies
of 0.84 and 0.16, respectively. The less frequent b allele
was absent from four of the seven sites and present at
frequencies of 0.20, 0.27 and 0.33 at the remaining three
sites. Subdivision was evident at this locus (FIT � 0.34),

but it was caused by inbreeding within sites
(FIS � 0.37) rather than nonrandom mating among
sites (FST � ± 0.04). A test of a site ´ allele contingency
table also revealed heterogeneity in allele frequencies
among sites (G6 � 16.9; P < 0.01).
Because there was evidence of spatial structuring for

both nuclear and cytoplasmically transmitted genes at
KIO in 1992, a test for nonrandom associations among
alleles of the chloroplast and nuclear genomes was
conducted. A 2 ´ 3 (two plastome types; three geno-
types at GOT2) contingency test revealed no evidence of
cytonuclear disequilibrium between plastome type and
GOT2 genotype (G2 � 5.6; P � 0.07), but there was
evidence of a plastome±genic association; GOT2 allele b
was found only in association with plastome D
(G1 � 6.72; P < 0.01).

Table 5 Allele frequencies at 11 allozyme loci in three
populations of Phacelia dubia. Sample sizes per locus: AP
(53±76); KIO (27±43); EM (56±71). Average expected
heterozygosity (Av. Hs) and average number of alleles per
locus (A/L) are shown for each population

Population

Locus Allele AP KIO EM

ALD a 1.0 1.0 1.0
GOT1 b ± 0.02 ±

c 1.0 0.94 0.96
d ± ± 0.03
e ± 0.04 ±

GOT2 a 0.98 0.79 1.0
b 0.01 0.17 ±
c 0.01 0.04 ±

MDH a 0.99 1.0 0.95
b ± ± 0.01
e 0.01 ± ±
f ± ± 0.04

ME a 1.0 1.0 0.99
b ± ± 0.01

PGI1 a ± 0.01 ±
b 0.91 0.98 0.98
c 0.01 ± ±
d 0.08 0.01 0.02

PGI2 a 1.0 1.0 0.99
c ± ± 0.01

PGM a 0.98 0.99 1.0
c 0.02 0.01 ±

PRO1 a 1.0 1.0 1.0
SDH a 0.84 0.92 0.91

b 0.11 0.07 0.09
c 0.05 0.01 ±

SOD a 1.0 1.0 1.0

Av. Hs 0.05 0.06 0.04
A/L 1.73 1.82 1.64
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Allozyme temporal patterns Of the four tests for
temporal ¯uctuations, there was signi®cant allelic vari-
ation among years at GOT2 in EM and marginally
signi®cant allelic variation at GOT1 in KIO (Table 6).
The former e�ect was caused by a progressive increase
in the rare GOT2 b allele over the 8-year sample period
(but note decreasing samples sizes over this period),
whereas the temporal e�ect at KIO was caused by the
loss of two rare alleles from the 1992 sample. At all four
allozyme loci for which temporal e�ects were examined,
the common allele at each locus remained common
throughout the sample period, and all estimates of FST

were low (Table 6).

Discussion

Limited seed dispersal contributes to genetic drift

Estimates of population di�erentiation based upon
combined analyses of either animal mitochondrial
(DeSalle et al., 1987; Hansen & Loeschcke, 1996) or
plant chloroplast (Ennos, 1994; McCauley, 1994; Levy
et al., 1996; McCauley et al., 1996) genomes are
generally lower than those of nuclear loci in corre-
sponding species. Genetic drift is the most likely factor
underlying this emerging consensus that frequencies of
cytoplasmically transmitted genes are more labile in
space and time than biparentally transmitted nuclear
genes. In Phacelia, spatial di�erentiation of a chloro-
plast marker was high, both among sites within popu-
lations as well as between populations. But there was no
evidence for a relationship between geographical dis-
tance and plastome frequencies; population pairs in
close proximity (AP/KIO; EM-Rd/EM-Rv) showed

very di�erent plastome frequencies among members of
each pair. These data suggest that isolation by distance
is su�cient to maintain maternally inherited population
di�erences over relatively short geographical distances
and that local seed dispersal with ensuing genetic drift
may be the cause of population di�erentiation.

For neutral loci in a polymorphic population, simu-
lations show that 10±30 generations of restricted
dispersal are su�cient to generate di�erentiation (Ep-
person, 1990), with the scale of di�erentiation dependent
upon the shape of the dispersal pro®le (Ibrahim et al.,
1996). When limited seed dispersal is the cause of
cytoplasmic di�erentiation, species-speci®c dispersal
pro®les should shed light on the expected scale of
di�erentiation. Because there are no special dispersal
mechanisms in P. dubia, most seeds disperse less than
0.5 m from the mother plant (del Castillo, 1994). With
such limited seed dispersal, ®ne-scale cytoplasmic dif-
ferentiation can be expected, and was observed within
populations in the current study. For example, at KIO,
neighbouring sites separated by only tens of metres
supported dramatically di�erent plastome assemblages.
Moreover, the extreme di�erentiation of the two
subpopulations at EM, and the relative temporal
stability of the di�erences between these subpopula-
tions, indicate that a distance of only a few kilometres is
su�cient to maintain long-term population di�erenti-
ation for chloroplast genes. Our inability to detect a
biosynthetic di�erence among plastome types (unpubl.
data) and an absence of evident environmental
heterogeneity suggest that a modest seed-dispersal
pro®le, rather than di�erential selection on plastomes,
may be the logical cause of such small-scale di�er-
entiation.

Table 6 Allele frequencies at GOT1 and GOT2 for each sampling year in two populations of Phacelia dubia, Echol's Mill
(EM) and Kiokee Creek (KIO). Estimates of temporal di�erentiation (FSTnuc) are shown with P values associated with
genotypic and allelic di�erentiation. n, sample size; NA, not sampled. Dashes indicate the absence of an allele from a sample

Allele frequencies Temporal e�ects

Year P value

Population Locus/Allele 1986 (n) 1992 (n) 1994 (n) FSTnuc Genotypic Allelic

EM GOT1 b ± (72) ± (25) 0.04 (14) 0.01 0.42 0.24
c 0.03 0.04 0.11
d 0.96 0.96 0.86

EM GOT2 a 1.00 (71) 0.96 (25) 0.93 (14) 0.05 0.48 0.05
b ± 0.04 0.07

KIO GOT1 b 0.02 (43) ± (43) NA 0.03 0.11 0.06
c 0.94 1.00 NA
e 0.04 ± NA

KIO GOT2 a 0.79 (43) 0.84 (42) NA )0.01 0.27 0.29
b 0.17 0.16 NA
c 0.04 ± NA
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Unlike the plastome analysis, the allozyme analysis
revealed a virtual absence of spatial di�erentiation
among populations (FSTnuc � 0.02), but the relatively
low heterozygosity that characterized each of the study
populations may have limited our ability to detect
di�erentiation (Leonardi & Menozzi, 1996). At allozyme
loci, the Phacelia populations di�ered primarily in the
identity of their respective rare alleles, a pattern that
suggests that the rare alleles represent recently generat-
ed, population-speci®c variation. It should also be noted
that an allele-frequency spectrum characterized by low
heterozygosity and an apparent excess of rare alleles is
typical of the pattern expected in populations recovering
from monomorphism following population bottlenecks
(Maruyama & Fuerst, 1984).
The di�erence in FSTnuc and FSTmat can be used to

estimate the relative magnitude of gene ¯ow via pollen
and seeds by the expression: pollen ¯ow/seed ¯ow �
[A(1 + FIS) ± 2C]/C (eqn 5a, Ennos, 1994), where A �
(1/FSTnuc ± 1), and C � (1/FSTmat ± 1).
For P. dubia, this relationship results in an estimate of

gene ¯ow via pollen that is 47.6 times greater than that
for gene ¯ow via seed dispersal. For P. dubia, the
approximation for the relative contribution of seed
dispersal to gene ¯ow is in agreement with direct
observations of more limited dispersal of seeds than
pollen (del Castillo, 1994) and supports the suggestion
that di�erences in chloroplast and nuclear population
structure are biologically meaningful.
Patterns of di�erentiation within populations parallel

those at the global level in showing relatively high
FSTmat and low FSTnuc. For nuclear-encoded loci, local
genetic structure occurs most commonly in vegetatively
spreading species of fungi (Milgroom & Lipari, 1995),
plants (Hossaert-McKey et al., 1996; Caujape-Castells &
Pedrola-Monfort, 1997) and animals (Hebert & Ward,
1976). In sexually reproducing species, local structure is
common in both plants (Bonnin et al., 1996) and
animals (Viard et al., 1997) that self, but structure is low
in obligate outcrossers (reviewed in Heywood, 1991).
Inbreeding resulting from limited pollen dispersal re-
duces Ne,nuc and promotes structure, but it has no e�ect
on Ne,mat. Phacelia dubia has a mixed mating system that
combines outcrossing with autogamy (del Castillo,
1994). In addition to del Castillo's (1994) direct
demonstration of limited pollen dispersal, a nuclear
allele/plastome association provided indirect evidence of
local pollen dispersal within populations. In KIO, the
less common GOT2 b allele showed an exclusive
association with plastome D, which suggests that the
nuclear-encoded allele has not spread to sites harbour-
ing the rarer plastome G. Populations in both del
Castillo's (1994) and our study were characterized by a
patchy structure. Although all of these populations

showed evidence of restricted pollen-mediated gene ¯ow
and inbreeding, spatial structure was quite low within
populations. The relatively high FSTmat suggests that a
pollen-speci®c characteristic, such as occasional long-
distance pollen dispersal, may be su�cient to minimize
FSTnuc. The local pattern of high FSTmat and low FSTnuc

in Phacelia was similar to observations in Silene alba,
where the estimated pollen:seed dispersal di�erential
increased with decreasing scales of analysis (McCauley,
1997). In contrast to the mixed mating system of
P. dubia, S. alba is dioecious and hence an obligate
outcrosser.

Human factors and population structure

The populations under study have been subject to
di�erent levels and manifestations of human-induced
disturbance. For example, AP is bordered by a resi-
dence, a power line and blacktop road, all of which are
maintained by mowing. In contrast, the nearby KIO
population is relatively undisturbed and shows much
greater within-population FSTmat compared to AP.
Mowing activity may be actively degrading FSTmat at
AP by extending seed-dispersal pro®les. The lesser
disturbance at KIO may account for the greater stability
of plastome frequencies over time and the presence of
local spatial structure in nuclear genes. Both the road
and river subpopulations at EM adjoin low-usage,
minimally maintained, unpaved roads, but granite
quarries in the vicinity have undoubtedly destroyed
potential habitat and subpopulations. The two subpop-
ulations that remain, maintain distinct plastome com-
positions and these di�erences may have been initiated
and/or enhanced by a reduction in gene ¯ow via seeds as
a result of habitat destruction between the remaining
subpopulations. If human activity contributes to di�er-
ences in observed population structure, the Phacelia
example demonstrates that di�erent forms of human
disturbance can have di�erent impacts on population
structure. A similar case of di�erential e�ects of
anthropomorphic disturbance occurred in Larix la-
ricina, where a population that regenerated from a seed
bank showed structure in allozyme loci, whereas a newly
colonized ®eld did not (Knowles et al., 1992).

Temporal ¯uctuations

Temporal variation in genetic structure may be shaped
by at least two forces that do not in¯uence spatial
patterning: ¯uctuations in population size over time,
and variation in seed output among plants. For each of
these, an enhanced role for genetic drift is expected
under uniparental inheritance, because of the expected
reduction in Ne,mat. The reduction in Ne,mat caused by
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di�erential seed production is analogous to the e�ects of
unequal family size on Ne for biparentally inherited
genes. In contrast to direct e�ects on temporal structure,
di�erential seed output must be accompanied by limited
seed dispersal to generate spatial di�erentiation.

Because of an annual habit, granite outcrop popula-
tions of P. dubia experience extreme year-to-year ¯uc-
tuations in numbers. In the poorest growing years at
EM-Rd, fewer than 30 plants could be found maturing
seeds, compared to the most favourable years, when
several hundred plants produce seeds (unpubl. data). In
a Virginia population of P. dubia, a population crash
reduced population size by three orders of magnitude,
but complete recovery in numbers occurred within two
years and there was no loss of allelic diversity (del
Castillo, 1994). Despite the bottleneck, a seed bank that
has been shown to maintain viable seeds for three to six
years (Baskin & Baskin, 1973) dampened temporal
¯uctuations in genotypic composition and maintained
local patch structure through transient loss of most
patches.

A highly skewed distribution of plant sizes within
populations, with many small and few large plants, may
further contribute to local cytoplasmic di�erentiation.
In P. dubia, large plants produce hundreds of seeds
whereas small ones often produce fewer than 20 seeds.
Thus, unequal maternal contributions caused by di�er-
ential seed production can result in preferential repre-
sentation of plastome types from the larger plants.
Because we have not assayed di�erential pollen success,
it is premature to speculate whether the relative e�ects of
di�erential reproduction through pollen and seeds is a
primary factor causing di�erent levels of population
structure for maternal and biparentally inherited genes.

Chloroplast markers showed wide temporal ¯uctua-
tions, most notably in the two populations (AP, EM-
Rd) subject to severe anthropomorphic disturbance. The
cause of the temporal e�ect at AP was a spike in the
frequency of plastome D in 1990. However, sample sizes
for collections prior to 1992 were relatively small, and
conclusions from these data must be viewed with
caution, because a temporal e�ect that may arise from
genetic drift may also be inferred from sampling error
associated with small sample sizes (Waples, 1989).

Of the four tests for nuclear temporal di�erentiation,
one was signi®cant (EM, GOT2) and another was
marginally signi®cant (KIO, GOT1). However, the most
apparent temporal changes at these nuclear-encoded loci
were in the presence and frequencies of rare alleles. At
EM, a rare allele at GOT2 emerged in the 1992 sample
and increased in frequency, in contrast to the loss of two
rare alleles in the 1992 sample from KIO. Rare alleles
were also subject to temporal ¯uctuations in the patchily
distributed prairie species, Asclepias verticillata (Fore &

Guttman, 1996). Although two of four allozyme loci
showed signi®cant temporal variation in a Virginia
population of P. dubia, there was no loss of rare alleles
and changes in allele frequencies were not correlated
with a documented bottleneck. Loci of both nuclear and
chloroplast genomes may be subject to temporal vari-
ation, but qualitative assessments of the relative impact
of time on the two genomes should await more extensive
intrapopulation sampling as well as data from more
species.

We have presented evidence for spatial and temporal
di�erentiation in biparentally and maternally inherited
genes at both the local and global levels. Patterns of
di�erentiation, most notably both stronger and more
®ne-scale structure for chloroplast genes, are consistent
with expectations under a model of neutral markers
experiencing genetic drift. If these inferences are correct,
the underlying cause of the observation that three of the
four localities surveyed maintain a plastome polymor-
phism remains elusive.
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