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Abstract
Aquatic plants commonly have extensive geographical distributions, implying few restrictions
to dispersal. Here we investigate the postglacial history of an aquatic plant with contrasting
sexual systems (monoecy and dioecy), which are predicted to affect dispersal ability. We
examined the distribution of cpDNA haplotypes using polymerase chain reaction–restriction
fragment length polymorphism (PCR-RFLP) among 76 populations (32 monoecious, 38 dioecious, two mixed and four undetermined populations) of Sagittaria latifolia sampled
throughout eastern North America. We also use these data to investigate the polarity of the
evolutionary transition between monoecy and dioecy. Using PCR–RFLP, we identified
eight cpDNA haplotypes. All haplotypes were found in unglaciated areas of the species’
range, clustered primarily in the southeastern United States, providing evidence that glacial
refugia probably occurred in this area. Genetic diversity (hT) was more than six times greater
among monoecious compared to dioecious populations. All seven of the haplotypes
for which the sexual system could be determined were represented among monoecious
populations. In contrast, only four haplotypes were detected in dioecious populations
and 94% of individuals from dioecious populations possessed a single haplotype. Monoecious populations possessing this widespread haplotype were restricted to the southern
portion of the range, indicating that dioecy probably originated in this region and then
spread northwards. The distribution of cpDNA haplotypes in dioecious populations
represents a subset of the variation found in monoecious populations, a pattern expected if
dioecy has evolved from monoecy in S. latifolia.
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Introduction
Aquatic plants typically have much broader geographical
distributions compared to their terrestrial counterparts.
This has led to the suggestion that there are fewer restrictions to dispersal in aquatic plants (Darwin 1859; Arber
1920; Ridley 1930; Sculthorpe 1967; Barrett et al. 1993). In
temperate regions, the dispersal ability of plants affected
their response to the cyclical advance and retreat of glaciers
in the Pleistocene (Delcourt & Delcourt 1987). Examining
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the historical patterns of dispersal provides insights into
the response of species to changes in climate (Hewitt 2000)
and can aid in the interpretation of phenotypic variation
among geographical regions (e.g. Abbott & Comes 2004).
However, for herbaceous plants in general and for aquatic
plants in particular, patterns of dispersal following the retreat
of the glaciers in North America are poorly understood.
Recent investigations of these topics have been facilitated
by the use of molecular markers (e.g. Soltis et al. 1992;
Abbott et al. 2000; Griffin & Barrett 2004).
Because reproductive systems affect the ability of plants
to establish new populations, differences in dispersal ability
will be influenced by variation in their modes of reproduction (Holsinger 1986; Barrett 1996; Heilbuth et al. 2001). For
example, plants from dioecious populations (i.e. populations
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comprised of females and males) may be less likely to
colonize unoccupied habitat than plants from hermaphroditic populations, which often require only one individual
to establish new populations (i.e. Baker’s Law, Baker 1955;
Pannell & Barrett 1998). Variation in allocation to sexual
vs. asexual propagation will also affect dispersal ability in
plants. Because clonal propagules are typically larger and
more prone to desiccation than seeds, they are usually less
important for dispersal among habitats (Abrahamson 1980),
particularly for many aquatic species with seed dispersal
by waterfowl (Santamaría 2002). As a result, plants from
sexual hermaphroditic populations might be expected
to have a dispersal advantage over plants from clonal
dioecious populations. In temperate areas, this difference
should be most pronounced at the geographical margin
of a species’ range, where variation in dispersal ability will
affect establishment during migration into previously
glaciated areas.
To examine the historical patterns of dispersal for an
aquatic plant we investigated Sagittaria latifolia Willd., a
widespread species from eastern North American occurring in both previously glaciated and unglaciated regions
of the continent (Bogin 1955; Haynes & Hellquist 2000).
This species is unusual among flowering plants because
there are both monoecious (hermaphrodites with unisexual
flowers) and dioecious populations (Wooten 1971; Sarkissian
et al. 2001; Dorken et al. 2002) determined by the simple
Mendelian segregation of alleles at nuclear loci (Dorken
& Barrett 2004). Plants of the two sexual systems have
contrasting patterns of investment in life-history traits
affecting dispersal (Dorken & Barrett 2003). In monoecious
populations, plants have greater investment in sexual
propagation than those from dioecious populations,
which are typically clonal with limited sexual recruitment.
Populations of the two sexual systems are geographically
widespread and often occur in close proximity. However,
in areas of geographical overlap, restricted gene flow maintains the integrity of the two sexual systems and mixed
populations are uncommon (Dorken et al. 2002).
The goal of this study was to examine intraspecific
patterns of chloroplast DNA (cpDNA) variation in populations sampled throughout the geographical range of
S. latifolia in eastern North America. Because the chloroplast
genome is haploid, nonrecombining and maternally inherited
through seeds, such variation should enable investigations
of the historical patterns of dispersal (e.g. Stehlik 2002), as
well as the genealogical relationships among haplotypes
(e.g. Maskas & Cruzan 2000). Specifically, cpDNA variation can be organized into ordered networks of descent,
providing a basis for understanding historical associations
between genes and geography (reviewed in Ennos et al.
1999). In addition, differences in the partitioning of cpDNA
variation between the two sexual systems in S. latifolia
may provide information on the evolutionary relationships

between monoecious and dioecious populations. In particular, because there is limited gene flow between the two
sexual systems, if dioecy is more recently derived in S.
latifolia we might predict that only a restricted subset of the
cpDNA haplotypes found in monoecious populations would
be represented among dioecious populations. Although it
is generally assumed that dioecy is the derived condition
(Bull & Charnov 1985), few studies have explicitly examined the polarity of this transition in the flowering plants
(but see Weiblen 2000; Renner & Won 2001; Jousselin et al.
2003) and none have attempted this at the intraspecific
level. Determining the sequence of evolutionary changes
in reproductive systems is important for understanding
the ecological and genetic factors involved in the evolution
and maintenance of sexual systems.
Here we use a broad geographical sample of monoecious and dioecious populations of S. latifolia to address the
following specific questions: (1) what is the genetic structure of populations as revealed by cpDNA variation, and
what does this structure indicate about the postglacial history of S. latifolia in eastern North America? (2) Are there
differences in the geographical distribution of monoecious
populations compared to dioecious populations? Specifically, in previously glaciated areas, do monoecious populations of S. latifolia occur further north than dioecious
populations, as expected if individuals from monoecious
populations have greater dispersal ability? (3) Is there a
difference in the distribution of cpDNA haplotypes among
monoecious vs. dioecious populations? If so, does this
difference reveal the polarity of the transition between
the sexual systems?

Materials and methods
Study system
Sagittaria latifolia is an emergent, clonal aquatic common to
a variety of wetland habitats throughout eastern North
America (Smith 1894; Bogin 1955). Monoecious and dioecious
populations grow in habitats that differ in the importance
of disturbance vs. competition (Dorken & Barrett 2003).
Specifically, monoecious populations occur typically in
more ephemeral and disturbed habitats, while dioecious
populations are found more commonly in extensive wetlands
associated with large river systems (Dorken & Barrett 2003;
see Wooten 1971). Corms are the sole means of perennation
in this species and can float, potentially facilitating dispersal
within wetlands. However, seeds are more likely to be
involved in dispersal between watersheds because of their
smaller size and tolerance to desiccation. Flowering shoots
produce racemes with three unisexual flowers at each
node. These flowers are visited by a variety of generalist
pollinators, including flies, bees and wasps (Muenchow &
Delesalle 1994).
© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2699–2707
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Distribution of monoecious vs. dioecious populations
To evaluate the hypothesis that monoecious populations
should occur further north than dioecious populations, we
conducted analysis of variance (anova) in latitude among
the sampled populations (see below). We chose populations
by visiting localities identified from herbarium records.
Populations that were found by driving between these
sites were also sampled, yielding a total of 76 populations
of S. latifolia from throughout the eastern United States and
southeastern Canada. Because we were particularly interested
in examining the northern half of the species’ range, and
thus the portion of the range most affected by the advance
and retreat of the glaciers in eastern North America, we
included the region in which populations were sampled
(i.e. northern vs. southern populations) as a fixed effect
in a two-way anova. We defined northern and southern
populations as those occurring north and south of the
degree of latitude midway between the southern- and
northern-most populations in the sample, respectively.
We also investigated the correlation between haplotype
diversity and latitude by dividing the difference between
the minimum and maximum latitudes by eight and assigning populations to one of these eight categories.

Tissue sampling
In July–August 2001 and August–September 2002, we
collected leaf samples from the populations described above.
We sampled tissue from eight individuals per population
and recorded the sexual system of each population. To
reduce repeated sampling of the same clonal genotype, we
collected samples at 2–10 m intervals, depending on the
spatial extent of clones. We found two populations that
appeared to contain mixtures of ‘monoecious’ and ‘dioecious’
individuals, and four nonflowering populations for which
we were unable to determine the sexual system. These
populations were removed from the analyses of genetic
differentiation between the sexual systems, yielding 32
monoecious and 38 dioecious populations in the sample.
Leaf material was dried and stored in silica gel until DNA
isolation was performed.

cpDNA isolation and polymerase chain reaction–
restriction fragment length polymorphism (PCR-RFLP)
We extracted total DNA using a simplified version of
Doyle & Doyle (1987; see Griffin & Barrett 2004 for details)
and conducted PCR–RFLP analysis to detect intraspecific cpDNA polymorphisms. We began by screening one
individual from a subset of the populations using 20
universal cpDNA primer pairs corresponding to noncoding
intergenic regions of cpDNA (Taberlet et al. 1991; Demesure
et al. 1995; Dumolin-Lapegue et al. 1997). Of these, seven
© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2699–2707

primer pairs provided reliable amplification (TFc-d,
TFe-f, CS, ML, K1K2, ST, TC). These amplified regions
were screened for polymorphisms using 16 restriction
enzymes [4-, 5- and 6-base pair (bp) cutters]. We performed
DNA amplification using a Hybaid PCRexpress® using
the following conditions: 1.5 mm MgCl2, 200 µm of each
dNTP, 0.00625 U/µL Taq, and 1 × PCR buffer; denaturing
for 1 min at 94 °C, annealing at: 56 °C for 30 s for TFc-d;
60 °C for 30 s for TFe-f; 60 °C for 1 min for CS, K1K2 and ST;
57 °C for 1 min for ML; and 58 °C for 1 min for TC; and
extension for 2 min at 72 °C for 40 cycles. We used 1.6%
agarose gels stained with ethidium bromide to assay the
cpDNA regions.
Our initial screen yielded five polymorphic regions of
cpDNA in S. latifolia. Two of these were sequence polymorphisms (gain/loss of a restriction site): TFe-f cut with
the restriction enzymes SspI and HinFI. This inference was
verified by sequencing the TFe-f fragment (Dorken 2004).
The TFc-d, K1K2 and ST amplified regions each had insertion/
deletion (indel) polymorphisms that were also resolvable
using a number of restriction enzymes; however, AluI,
Bsh1236I and MboI, respectively, provided the best resolution of differences among the fragments. To determine the
distribution of these polymorphisms within and among
populations, we screened eight individuals per population
(n = 608 individuals from 76 populations) for each polymorphic fragment × restriction enzyme combination.

Analysis of cpDNA variation
We used analysis of molecular variance (amova) as well as
measures of genetic diversity (hS, hT) and differentiation
(GST, NST) to evaluate the partitioning of haplotype variation
among populations. Our primary goal was to use these
techniques to compare patterns of haplotype variation
between monoecious and dioecious populations. amova
was conducted using the squared Euclidean distances
among 32 monoecious and 38 dioecious populations using
arlequin (version 2.000; Schneider et al. 2000). We calculated
measures of diversity (hS and hT, the gene diversity averaged
within populations and among all populations, respectively)
and differentiation (GST and NST) in the chloroplast genome
following the methods described by Pons & Petit (1995,
1996) using the program permut, where GST is based on
haplotype frequencies and NST takes similarities between
haplotypes into account. We compared values of hT between
populations occurring in the northern vs. the southern
halves of the sampled range, and values of NST between
monoecious and dioecious populations using a permutation test with 1000 permutations (Burban et al. 1999). We
also used these measures of diversity and differentiation
to examine geographical patterns in the distribution of
haplotype variation. Specifically, we compared the values
obtained for these parameters between populations from
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the northern vs. southern portion of the species’ range,
as defined above. For this analysis we also included populations for which the sexual system was unknown, yielding 31 southern and 45 northern populations. Finally, we
examined the relatedness of cpDNA haplotypes of S.
latifolia, by constructing a minimum-spanning tree using
arlequin. The reliability of this network was determined
by calculating the coefficient of cophenetic correlation
between the tree distance and raw distance matrices
(Smouse 1998).

Results
Distribution of monoecious vs. dioecious populations
As predicted, monoecious populations of S. latifolia occurred
further north than dioecious populations. Analysis of variance of population latitude revealed a significant interaction
between region (northern vs. southern) and sexual system
(monoecious vs. dioecious; F1,63 = 4.8, P < 0.05). This interaction is the result of the higher average latitude of monoecious
(average = 44.3° N ± 0.6 SE) compared to dioecious (average =
42.2° N ± 0.5 SE) populations in the northern portion of the
species range in eastern North America (least squares
means contrast: F1,63 = 7.4, P < 0.01). In the southern portion
of the species’ range, there was no difference in average
latitude between monoecious (average = 33.3° N ± 0.7)
and dioecious (average = 34.0° N ± 0.8) populations.

Table 1 Description of the RFLP haplotypes detected from four
PCR products cut with five restriction enzymes (indicated in
brackets) in Sagittaria latifolia. Columns describe the pattern of
RFLPs for each PCR product and restriction enzyme combination.
Rows describe the combined PCR–RFLP phenotype for each
haplotype

Haplotype

K1K2
(Bsh1236I)

ST
(MboI)

TFc-d
(AluI)

TFe-f
(HinfI)

TFe-f
(SspI)

A
B
C
D
E
F
G
H

1
1
1
1
1
2
2
2

3
3
3
3
1
1
1
2

2
1
2
3
2
3
1
1

1
1
1
1
0
0
0
0

0
0
1
1
1
1
1
1

estimates of genetic diversity among populations (hT = 0.46)
compared to southern populations (hT = 0.59; Table 2).
There was less than 5% overlap between permuted hT
values between the two regions, indicating that the structuring of genetic diversity differed significantly between the
two regions. Reduced diversity in northern areas also
resulted in a negative correlation between latitude and
haplotype diversity (r = −0.74; n = 8 categories of latitude;
P < 0.04). Throughout the range, there were few populations that were polymorphic for cpDNA markers, resulting
in substantial values of GST and NST (Table 2).

Geographical distribution of PCR–RFLP haplotypes
Using PCR–RFLP, we detected eight cpDNA haplotypes
for S. latifolia (Table 1). All haplotypes were represented
in the unglaciated regions of eastern North America, and
all but one haplotype could be found in the region bounded
by Alabama, Mississippi, Tennessee and Florida’s panhandle
(Fig. 1). Only two haplotypes (D and G) were found in
areas north of the last glacial maximum. Of these two
haplotypes, one (haplotype G) was widespread, occurring
in all but the northernmost part of the species’ range and
representing 64% of all individuals sampled. The other
haplotype (haplotype D) occurred almost exclusively in
glaciated eastern United States and Ontario, with one
population in unglaciated southern Indiana. Reduced haplotype diversity in northern populations resulted in lower

Distribution of haplotypes in monoecious vs. dioecious
populations
PCR–RFLP haplotypes were unequally distributed between
monoecious and dioecious populations S. latifolia (Fig. 2).
We were able to determine the sexual system for all
populations for seven of the eight haplotypes detected.
All seven of these haplotypes were found in monoecious
populations. In contrast, only four haplotypes were found
in dioecious populations, and 94% of the individuals
sampled from these populations had the same haplotype
(haplotype G). The monoecious populations representing
these four haplotypes all occurred in the southern portion
of the species’ range. The contrasting distribution of haplotypes between the sexual systems was evident from our

Region

GST

NST

hT

hS

Northern populations
Southern populations
Monoecious populations
Dioecious populations
All populations

0.95 (0.03)
0.93 (0.04)
0.97 (0.02)
0.94 (0.07)
0.95 (0.02)

0.95 (0.03)
0.91 (0.06)
0.98 (0.02)
0.96 (0.05)
0.94 (0.03)

0.46 (0.05)
0.59 (0.09)
0.70 (0.06)
0.11 (0.07)
0.54 (0.06)

0.02 (0.02)
0.04 (0.02)
0.02 (0.02)
0.01 (0.01)
0.03 (0.01)

Table 2 Differentiation and diversity (± SE)
of the chloroplast genome for 76 populations of Sagittaria latifolia in eastern North
America
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Fig. 1 Distribution of PCR–RFLP haplotypes among monoecious (circles), dioecious (squares) and mixed (triangles) populations of
Sagittaria latifolia in eastern North America. Hexagons indicate populations for which the sexual system was unknown. The grey line below
40° latitude indicates the divide between northern and southern populations in this study (see Methods). The minimum-spanning tree
indicates genealogical relationships among the PCR–RFLP haplotypes detected. The tree was a ‘good fit’ (Rohlf 1997) with the raw
haplotype distances (coefficient of cophenetic correlation: r = 0.89). The numbers below each haplotype identify the number of individuals
and populations representing a given haplotype, respectively. Black dots indicate linking haplotypes that were not detected in the PCR–
RFLP analysis. The inset map shows the distribution of S. latifolia in North America (from Haynes & Hellquist 2000). Chloroplast DNA
sequence and PCR–RFLP data from the closely related Sagittaria australis and S. cuneata indicate that haplotypes A, B and C are likely to be
most ancestral in S. latifolia (Dorken 2004).

estimate of total genetic diversity (hT). Monoecious populations had a value of hT ≈ sixfold greater than for dioecious
populations (Table 2). Genetic diversity in monoecious
populations was greater in both the northern (hT = 0.15 ±
0.11 SE) and southern (hT = 0.72 ± 0.09 SE) portions of the
sampled range compared to dioecious populations for
which no haplotype variation was found in the north,
and in the south hT = 0.34 ± 0.16 SE.
Analysis of molecular variance revealed that the disparity
in the distribution of haplotypes between monoecious and
dioecious populations of S. latifolia resulted in substantial
© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2699–2707

differentiation between monoecious and dioecious populations (Table 3). Indeed, 46% of the variation in pairwise
distances among populations was explained by differences
in the distribution of PCR–RFLP haplotypes between monoecious and dioecious populations.

Discussion
All eight PCR–RFLP haplotypes detected in S. latifolia
occurred in unglaciated regions of the species’ range. Because
of the slow rate of cpDNA evolution (Zurawski et al. 1984),
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among the majority of haplotypes is likely to have
occurred several million years ago, and almost certainly
well before deglaciation (and see Stehlik et al. 2002). If so,
the geographical distribution of haplotypes likely reflects
their sorting in eastern North America, not evolutionary
diversification following migration. Thus, for the levels of
cpDNA polymorphism found, explicit phylogeographical
approaches, such as nested clade analysis (Templeton
1998) are less appropriate than for more rapidly evolving
genomes (and see Knowles & Maddison 2002), for which
the evolutionary diversification of haplotypes in a geographical context can be explicitly studied (Avise 2000).

Geographic distribution of cpDNA haplotypes
The presence of all but one S. latifolia haplotype in the
region bounded by Alabama, Mississippi, Tennessee and
Florida’s panhandle indicates that the most important areas of glacial survival for S. latifolia were likely to
have been in this zone. This area includes the southern
Appalachians and the Mississippi Embayment, landforms
that have remained uncovered by ancient seas and glacial
ice since the close of the Palaeozoic and Tertiary, respectively (Stuckey 1993). It is therefore interesting that the
three PCR–RFLP haplotypes that appear to be most
ancestral (i.e. haplotypes A, B and C, Fig. 1) are restricted
to this area. This region was also important for the survival of terrestrial plant species (Davis 1983; Delcourt &
Delcourt 1987; Stuckey 1993; Griffin & Barrett 2004) and a
variety of animal groups (e.g. Zamudio & Savage 2003),
including freshwater fish (Bernatchez & Wilson 1998)
during the most recent glaciation.
Only two haplotypes (D and G) were found in the glaciated portion of the species’ range, consistent with the common observation that genetic variation is reduced in these
areas (Hewitt 2000). These haplotypes were also found in
unglaciated regions in areas close to where the glaciers
reached their southern limits, indicating possible northern
areas of survival during glaciation. For haplotype D, its
southernmost occurrence in the sample was in southern
Indiana. During the Wisconsinan glaciation, this region
was likely to have been dominated by boreal vegetation
(Delcourt & Delcourt 1987). Because populations of S.
latifolia with this haplotype occur in the boreal region of

Fig. 2 Distribution of PCR–RFLP haplotypes in: (a) monoecious
and (b) dioecious populations of Sagittaria latifolia. Black bars
indicate haplotypes that were found in both sexual systems, while
shaded bars indicate haplotypes that were found only in
monoecious populations.

these haplotypes probably predate the most recent glaciation. Indeed, with an average synonymous substitution
rate of 0.1–0.3% per Myr (Wolfe et al. 1987), and only four
nucleotide substitutions in a 238 bp region of cpDNA among
haplotypes of S. latifolia (Dorken 2004), the divergence

Source of variation

d.f.

Sum of
squares

Between sexual systems
Among populations within sexual systems
Within populations
Total

1
68
490
559

148.7
317.8
8.6
475.2

Variance
components

% of
variation

0.52
0.58
0.02
1.12

46.4
52.1
1.6

Table 3 Analysis of molecular variance for
32 monoecious and 38 dioecious populations of Sagittaria latifolia from eastern
North America. All fixation indices and
variance components were highly significant
( P < 0.001)

FSC = 0.97, FST = 0.98, FCT = 0.46.
© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2699–2707
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central Ontario (Fig. 1), it seems likely that they could have
survived in similar vegetation zones during the glacial
maximum. Moreover, the existence of northern refugia for
S. latifolia is supported by the close tracking of fossilized
Sagittaria pollen in lake sediments to the retreating edge of
the glacier (Dieffenbacher-Krall & Jacobson 2001). Northern
areas of survival have also been proposed for the ericaceous
shrub Calluna vulgaris, which occurs in the formerly glaciated
and unglaciated areas of Europe (Rendell & Ennos 2002).
Haplotype G is widespread in the glaciated portion
of the range of S. latifolia. However, this haplotype was
also common throughout the species’ range, occurring in
several portions of the range considered to be important
refugia for aquatic plants, including the Atlantic and Gulf
of Mexico coastal plains, the Mississippi Embayment and
the Appalachian mountains (Stuckey 1993). The presence
of this haplotype in several glacial refugia appears likely to
have facilitated its spread into previously glaciated areas.
The occurrence of widespread haplotypes combined
with the general absence of geographical clustering (Fig. 1)
suggests that dispersal is an important feature of the colonization dynamics of S. latifolia. However, high values of
GST and NST are more consistent with restricted gene flow
among populations (Table 2). This discrepancy in patterns
of genetic differentiation with the dynamics of population
turnover may be resolved by the occurrence of longdistance dispersal events in combination with founder
events. If these events were important during the colonization of eastern North America, this would explain the
absence of populations that were polymorphic for cpDNA
markers, and thus high values of GST and NST. Moreover,
patterns of allozyme variation from a subset of populations
from the species’ range in southern Ontario indicate that
there is little evidence for isolation-by-distance among
populations (Dorken et al. 2002), a finding also consistent
with the importance of long-distance dispersal and founder
events in S. latifolia.

The evolution of dioecy in S. latifolia
Although dioecy is rare among angiosperms, occurring in
only 6% of species, it is reported from 45% of flowering
plant families (Renner & Ricklefs 1995). This distribution
indicates that dioecy tends to occur in the derived portions
of angiosperm clades, an inference that is supported by
detailed investigations of the phylogenetic relations among
hermaphroditic and dioecious taxa (Weiblen 2000; Renner
& Won 2001). Indeed, Bull & Charnov (1985) considered
the evolution of dioecy to be an irreversible evolutionary
change, although more recent studies indicate that reversions
are possible (Huff & Wu 1992). Because virtually all other
species of Sagittaria are monoecious (Bogin 1955), it also
seems likely that dioecy has evolved from monoecy in
S. latifolia.
© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2699–2707

As predicted, if dioecy is the derived condition in S.
latifolia, the haplotypes found in dioecious populations
represented only a restricted subset of those found in monoecious populations. Indeed, the majority of individuals
from dioecious populations had the same haplotype (haplotype G). In contrast, there was a more even distribution
of haplotype diversity in monoecious populations (Fig. 2).
This difference in the distribution of cpDNA haplotypes
between the sexual systems was also evident from the low
values of genetic diversity in dioecious compared to monoecious populations (see values of hT in Table 2). Taken
together, these findings are consistent with monoecy being
the ancestral condition with a more recent origin of dioecy,
possibly in populations possessing haplotype G.
Non-historical mechanisms to explain the difference in
haplotype distribution between monoecious and dioecious
populations seem less likely. For example, reduced haplotype variation in dioecious populations could reflect differences in the total amount of genetic variation that can be
maintained across geographical regions at equilibrium
between the sexual systems. Specifically, if patterns of colonization and extinction differ between the sexual systems,
then differences in haplotype diversity between monoecious
and dioecious populations would be expected (Pannell &
Charlesworth 2000). Indeed, our observations from natural
populations indicate that population turnover is more
common in monoecious compared to dioecious populations
(Dorken & Barrett 2003). However, this pattern should
yield the opposite result to that found in this study, with
lower hT in monoecious, not dioecious populations. Therefore, it seems more likely that the observed differences in
haplotype distribution between populations of the two
sexual systems are the result of historical factors associated
with the origin of dioecy in S. latifolia.
Assuming that dioecy is the derived condition, when
and where did it evolve? Because dioecious populations
share the same haplotypes with monoecious populations,
it is not possible to provide an estimate of the timescales
involved using the data in this study. However, the
restricted distribution of chloroplast haplotypes in dioecious compared with monoecious populations, in spite of
complete interfertility between the sexual systems (Dorken
& Barrett 2003), suggests that dioecy has evolved recently.
Because monoecious and dioecious populations occur, for
the most part, in the same geographical regions, given
enough time, dioecious populations would be expected to
possess most, if not all, of the haplotypes found in monoecious populations if periodic gene flow occurred between
the sexual systems. Indeed, during the northward migration of S. latifolia following the retreat of the glaciers,
there should have been many opportunities for gene flow
between the sexual systems, potentially resulting in the
homogenization of haplotypes among monoecious and
dioecious populations. Even low rates of gene flow are
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sufficient for the introgression of chloroplast haplotypes
(e.g. Dorado et al. 1992). Although in S. latifolia such gene
flow appears to have been greatly restricted, it may account
for the occurrence of a dioecious population with what
appears to be an ancestral haplotype (haplotype A). The
apparent rarity of gene flow between monoecious and
dioecious populations, particularly where both sexual
systems co-occur in the same watersheds (e.g. Ontario),
indicates that there is likely to be strong selection against
the products of gene flow between monoecious and dioecious
populations (and see Dorken & Barrett 2003).
Although alternative explanations are possible, the geographical region in which dioecy originated in S. latifolia
seems likely to have been in the southern part of the species’ range. This is because, if dioecy had evolved in the
northern portion of the range, we would expect dioecious
populations to be primarily composed of haplotype D,
which is the most common haplotype in this area. The fact
that dioecious populations are instead predominantly
composed of haplotype G, and that monoecious populations with this haplotype occur only in the south of the
range supports a southern origin for dioecy followed by
subsequent migration northwards.
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