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Abstract

Genetic diversity is low in natural populations of red pine, 

 

Pinus resinosa

 

, a species that has
a vast range across north-eastern North America. In this study, we examined 10 chloroplast
microsatellite or simple sequence repeats (cpSSR) loci in 136 individuals from 10 widespread
populations. Substantial variation for the cpSSR loci was observed in the study populations.
The contrast with red pine’s lack of variation for other types of loci is likely to be due to
the higher mutation rates typical of SSR loci. The amount of variation is lower than that
generally found for cpSSR loci in other pine species. In addition, the variation exhibits a
striking geographical pattern. Most of the genetic diversity is among populations, with
little within populations, indicating substantial isolation of and genetic drift within many
populations in the southern half of the species distribution. The greatest diversity now
occurs in the north-eastern part of New England, which is especially intriguing because
this entire area was glaciated. Thus the centre of diversity cannot be the origin of postglacial
populations, rather it is likely caused by admixture, most probably because of influences
from two separate refugia. Furthermore, the pattern indicates that the spread of red pine since
the last glaciation is rather more complex than usually described, and it likely includes
more than one refugia, complex migration routes, and postglacial-retreat isolation and
genetic drift among shrinking populations in regions of the present southern range.
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Introduction

 

Red pine (

 

Pinus resinosa

 

 Ait.) has a broad natural range
across the north-central and north-eastern United States
and south-eastern Canada (Fig. 1). However, little is known
about how genetic variation is distributed within and
among populations, despite the species’ considerable
ecological importance (Spencer 

 

et al

 

. 1988). It is known
that red pine has unusually low genetic diversity for com-
monly assayed markers, and until recently no Mendelian
polymorphisms had been detected. The fact that red pine
has extremely low amounts of variation seems to conflict
with the fact that the species consists of millions of
individuals occupying a vast range. A number of studies
has shown that there is some morphological variation in

red pine, but it is much less than that for almost all other
conifers studied. Among populations, generally 

 

≈

 

 10% of
morphological variation is determined genetically by source
population, as determined in provenance tests (common
garden experiments) (Fowler & Lester 1970; Wright 

 

et al

 

.
1972). Traits studied include growth rates (Wright 

 

et al

 

.
1972; Yao 1974; Guries & Ager 1980), phenology, wood
quality and photoperiod (Fowler & Lester 1970), foliage
phenols (Thielges 1972), branching angle (Mosseler 

 

et al

 

.
1992) and seedling shoot traits (Dhir 1973), and some of
these traits are correlated with latitude. Individuals of a
small isolated population in Illinois (Fig. 1) produce white
pollen (Brenneman 1956), a unique condition in red pine,
and a rare, usually recessive, genetic condition in pines in
general ( Johnson & Critchfield 1974).

The low level of genetic variation in red pine has pre-
sumably been caused by one or a series of population size
bottlenecks, and there may have been severe bottlenecks

 

Correspondence: R. Walter. Fax: 1 517 432 1143; E-mail:
walterro@msu.edu

 

MEC1177.fm  Page 103  Friday, December 8, 2000  3:35 PM



 

104

 

R .  WA L T E R  and B .  K .  E P P E R S O N

 

© 2001 Blackwell Science Ltd, 

 

Molecular Ecology

 

, 10, 103–111

 

during the most recent glaciation. Glaciers covered almost
all of the present range of red pine. The finding of macro-
fossils, dating from 

 

≈

 

16 000 and 18 000 years 

 

bp

 

, in northern
Georgia (Jackson 

 

et al

 

. 1997, 2000; S. T. Jackson personal
communication) shows that red pine persisted in the
southern Appalachian mountains. A second population
may have existed much further north, on a series of
then-exposed and nonglaciated large islands and exten-
sions of the mainland, off the present coastline of the
eastern seaboard (Grant 1977; Ives 1978; Brookes 1982;
Pielou 1992). It is also possible that red pine may have
persisted elsewhere, for example in the Midwest. Although
the fossil pollen evidence suggests that it did not (e.g.
Yeatman 1967; Delcourt & Delcourt 1981; Davis 1983;
Watts 1983; Webb 

 

et al

 

. 1983), it cannot preclude the pos-
sibility of relatively small populations of red pine, in part
because researchers rarely distinguish between pollen
from 

 

P. banksiana

 

 and 

 

P. resinosa

 

 (for an exception see
Birks 1981). Even one small genetically distinct refugial
population could expand greatly in size as new habitat
opened up, and this could have great consequences for
the succeeding patterns of genetic variation. Different
scenarios lead to quite different expected genetic distribu-
tions at present, depending on the origins of ancestors
and how they spread. It is possible, for example, that red
pine in the north-eastern US is derived largely from
the Appalachians, and the Lake States, Manitoba and
far-western Ontario from a Midwest refugia. Refugial
populations during the Wisconsin glaciation play the
critical initial role in the distribution of genetic variation
in red pine. Each of these refugia must have experienced
considerable genetic drift. This means that each refugia
both lost genetic variation (compared with the entire
species before glaciation), and at the same time drifted

away genetically (differentiated genetically) from any other
refugia. Thus the species-wide genetic variation that exists
today is a direct outcome of the amount of variation within
and among the refugia populations. The geographical

 

pattern

 

 or distribution of genetic variation today is deter-
mined by the above process combined with how far and
by when the descendants expanded out of the different
refugia.

The level of genetic variation for most standard types
of markers is extremely low in red pine. Extensive searches
for isozyme genetic markers in red pine found no
polymorphism (Fowler & Morris 1977; Allendorf 

 

et al

 

.
1982; Simon 

 

et al

 

. 1986; Mosseler 

 

et al

 

. 1991). In contrast,
among studied gymnosperms (mostly conifers) an average
of 71% of allozyme loci are polymorphic at the species
level, with 58% polymorphic loci within populations
(Hamrick & Godt 1990). In addition, Mosseler 

 

et al

 

. (1992)
found virtual monomorphism for a number of randomly
amplified polymorphic DNAs (RAPDs), although, intrigu-
ingly, they did find a few bands that differed in New-
foundland, and these were verified by restriction fragment
length polymorphism (RFLP)–RAPD analyses (DeVerno
& Mosseler 1997). Very recently, polymorphism for chlo-
roplast microsatellite or simple sequence repeat (cpSSR)
loci was found (Echt 

 

et al

 

. 1998). This was an important
finding, but is not inconsistent with previous studies,
because cpSSRs mutate at greater rates than normal loci
(e.g. Di Rienzo 

 

et al

 

. 1994; Provan 

 

et al

 

. 1999), and hence
are typically highly variable in conifers (e.g. Powell 

 

et al

 

.
1995; Vendramin 

 

et al

 

. 1996). Echt 

 

et al

 

. (1998) studied the
patterns of variation in the northern half of the present
distribution range of the species and found that the
highest relative levels of genetic variation occurred in
New Brunswick, a location intermediate between the

Fig. 1 Distribution map of Pinus resinosa; adapted from Little (1971). The dashed line represents the boundary of the main body of the
range of red pine. Locations of the 10 sampled populations are represented by black dots. Dots occurring outside the main range
represent (sampled) isolated populations.
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Appalachian and the north-east glacial refugia area. This
suggests that separate bottlenecks occurred, but red pine
persisted and subsequently spread from the latter two
locations, and hence the population in the area around
New Brunswick is admixed.

In this study we assayed a set of populations in the
southern half of the present distributional range, includ-
ing remnants of refugial populations in West Virginia and
an especially unique isolated tiny natural population in
Illinois. We assayed 10 cpSSR loci for these. Because the
chloroplast genome does not recombine and is inherited
paternally in pines (e.g. Neale & Sederoff 1989; Wagner

 

et al

 

. 1992; Smith & Devey 1994), distinct lineages may be
represented in the data. The genome is passed on through
both pollen and seed and therefore includes dispersal of
both.

 

Materials and methods

 

Sampling

 

Vegetative buds were collected from 136 individuals
representing 10 original populations of red pine. Seven
of these were from widely separated southern sources
available from holdings in Michigan State University
provenance (common garden) plantations (Table 1, Fig. 1).
Three additional populations were sampled directly,
Illinois, West Virginia/Hardy and West Virginia/Pendleton.
For each population 14–20 trees were sampled, except for
the two West Virginia populations (eight and ten indi-
viduals), and the Pennsylvania/Wyoming (four individuals)
and Illinois populations (four individuals).

 

DNA isolation

 

DNA was isolated using a modified protocol of the
method developed by Guillemaut & Maréchal-Drouard
(1992). Bud tissue (

 

≈

 

40 mg) was disrupted using a plastic

pestle in a solution of 450 

 

µ

 

L extraction buffer [100 m

 

m

 

sodium acetate, 50 m

 

m

 

 EDTA, pH 8.0, 500 m

 

m

 

 sodium
chloride, 0.5% polyvinylpyrrolidone (

 

M

 

r

 

 360 000), 1.4%
SDS, 60 m

 

m

 

 cysteine, pH 5.3]. After homogenization, the
samples were incubated at 55 

 

°

 

C for 30 min (lysis step).
The DNA was extracted with 0.5 vol. of 3.5 

 

m

 

 potassium
acetate, pH 5.3, and incubated on ice for 20 min. After
centrifugation for 10 min at room temperature, the
supernatant was transferred to a new microfuge tube and
the DNA was precipitated with 0.6 vol. isopropanol. The
DNA was redissolved in 10 m

 

m

 

 Tris–HCl, 1 m

 

m

 

 EDTA,
pH 8.0. Quantification of the DNA was determined by
spectrophotometry, and the average yield was 7 

 

µ

 

g per
extraction.

 

Chloroplast microsatellite markers

 

We used 10 chloroplast mononucleotide SSR primers
(PT9383, PT15169, PT30204, PT36480, PT41093, PT48210,
PT71936, PT87268, PT107148 and PT110048) designed from
known sequences in black pine, 

 

Pinus thunbergii

 

 (Vendramin

 

et al

 

. 1996). Many of these primers were used in the study
by Echt 

 

et al

 

. (1998); except that they included one that
this study did not (PT26081) and this study added two
(PT48210 and PT107148). The forward strand of each
forward primer pair was labelled with one of the three
phosphoramidites: 6-FAM, HEX and TET (ABI) for detec-
tion of alleles, and this permitted multiplexing, simultaneous
analysis, of polymorphic loci which may overlap in size.

 

PCR amplification and multiplexing

 

PCR amplifications were carried out in a total volume of
10 

 

µ

 

L containing 5 ng of template DNA, 10 m

 

m

 

 Tris–HCl,
pH 8.3, 50 m

 

m

 

 KCl, 3.5 m

 

m

 

 magnesium chloride, 200 

 

µ

 

m

 

each dNTP, 200 n

 

m

 

 of each primer, and 0.4 units of 

 

Taq

 

polymerase (Perkin–Elmer). PCRs were performed on a
MJ Research PTC-100 thermocycler with a touchdown
amplification protocol: two cycles with a denaturing step
at 94 

 

°

 

C for 1 min, an annealing step at 65 

 

°

 

C for 1 min,
and an extension step at 70 

 

°

 

C for 35 s; followed by 18
cycles with denaturation at 93 

 

°

 

C for 45 s, primer annealing
at 64 

 

°

 

C for 45 s (progressive decrease of the temperature
by 0.5 

 

°

 

C every cycle until 55.5 

 

°

 

C was reached), and
primer extension at 70 

 

°

 

C for 45 s. The last 20 cycles were
with denaturation at 92 

 

°

 

C for 30 s, primer annealing at
55 

 

°

 

C for 30 s, primer extension at 70 

 

°

 

C for 60 s, and a
final extension cycle at 70 

 

°

 

C for 5 min. Individual PCR
products with different fluorescent labels and sizes were
combined in a single lane on a 0.40-mm, 6% denaturing
polyacrylamide gel (7 

 

m

 

 urea). Samples were electro-
phoresed at 2500 V/30 W for 5.5–6 h to allow the 350 bp
labelled size standard to be detected. In addition, an
external standard was applied to standardize fragment

Table 1 Sample origin locations of red pine populations (state/
county)

Provenance
Population 
code

Latitude/
Longitude

Wisconsin/St Croix 776 45°15′/92°02′
Maine/Washington 758 45°00′/67°45′
New Hampshire/Merrimack 759 43°10′/71°47′
Vermont/Chittenden 739 44°38′/73°08′
New York/Franklin 705 44°29′/74°17′
Pennsylvania/Wyoming 742 41°31′/76°09′
Pennsylvania/Clinton 732 41°16′/77°48′
West Virginia/Hardy WVH 39°00′/78°45′
West Virginia/Pendleton WVP 38°45′/79°15′
Illinois/LaSalle ILL 41°32′/88°42′
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sizes and correct for possible gel-to-gel variations. Labelled
DNA fragments were analysed on a 373 ABI sequencer
using 

 

genescan

 

. Under these conditions 1 bp differences
were resolved. PCRs and gel runs for all individuals which
had variants from the common allele were repeated at
least once, and these and all other replications gave
completely consistent values for fragment sizes.

 

Statistical analysis

 

Of the 10 primers, three revealed polymorphism in our
samples (PT71936, PT87268, PT110048). For these, diversity
measures and 

 

F

 

-statistics (Wright 1965) were computed
using the Lewis & Zaykin (2000) GDA program (version
1.0 d15), calculated directly on the haplotype frequencies.
We cannot formally combine our data set with that
published earlier for the northern populations (Echt 

 

et al

 

.
1998), because we used some different primers, and because
PCR and gel conditions were considerably different,
although we can make a number of strong qualitative
comparisons and contrasts between the two studies. It is
also worth noting that some special diversity statistics
designed to exploit differences in the sizes (i.e. numbers
of repeats) of alleles (e.g. 

 

R

 

ST

 

, Goldstein 

 

et al

 

. 1995; Slatkin
1995) are inappropriate for our data, because loci either
had only two alleles, or at most three alleles with at least
one of those in very low frequency. Thus, there cannot be
substantial additional information to exploit, and hence it
is not helpful or necessary to assume a specific (‘stepwise’)
mutation model, unknown violations of which may be
misleading. The following diversity statistics for the haplo-
types in each population sample were calculated: number
of haplotypes and effective ‘heterozygosity’, 

 

H

 

E

 

 (Weir
1996). We also calculated genetic distances between pairs
of populations using the measures of Nei’s (1978), and
Weir’s (1996) 

 

θ

 

 estimate of the theoretical parameter 

 

F

 

ST

 

.
It was not possible to construct meaningful UPGMA

dendrograms of the genetic distances for the set of popu-
lations, because some pairs had undefined distances,
owing to the occurrence of fixations for opposite or
identical haplotypes, and there were also many ‘ties’. It
is worth noting that treating the data as independent
allele frequencies for alleles among specific loci would be
inappropriate. All variant haplotypes observed differed
from the most common by a single variant at one of the
three polymorphic loci, thus, virtually all of the information
on alleles is contained in the haplotypes. Moreover, alleles
at different loci are completely dependent with respect to
dispersal and drift, because there is no recombination.
Treating haplotypes as ‘alleles’ is proper under the infinite
alleles assumptions, and, for example, Nei’s measure is
linear with time, under the standard model of mutation
and drift but no migration (the latter is technically invalid
in most studies of genetic variation within species).

 

Results

 

Three (for primer pairs PT71936, PT87268 and PT110048)
of the 10 (30%) SSR loci were polymorphic in our samples,
having either two or three alleles (Table 2). The relative
sizes of fragments scored for the seven monomorphic loci
are 92, 123, 140, 142, 78, 91 and 123 bp for PT9383, PT15169,
PT30204, PT36480, PT41093, PT48210 and PT107148, respect-
ively. For the total sample, the average number of alleles
was 1.5 for all loci and 2.7 for polymorphic loci.

A total of six haplotypes was found, of a theoretical
maximum of 18 (3 

 

×

 

 3 

 

×

 

 2) based on the numbers of alleles
(Table 2). One of these, haplotype I, is particularly com-
mon, having a total frequency of 0.78 for the combined
samples (Table 3). Haplotype I was the predominant
haplotype in every population sample except two (742
and WVH), both of which were small samples fixed
for another haplotype. All other haplotypes differ from

Table 2 Haplotype definitions, with fragment sizes for polymorphic
cpSSRs, and measures of differentiation (θ) in the study populations

Haplotype

cpSSR locus PT No.*

71936 87268 110048 θ

I 149 164 95 0.57
II 148 164 95 0.39
III 149 164 96 0.26
IV 149 164 94 –0.03
V 149 162 95 –0.03
VI 149 163 95 1.00
Combined 0.56

*As identified by Vendramin et al. (1996).

Table 3 Frequencies and diversities of haplotypes within study
populations

Population

Numbers of each haplotype

I II III IV V VI A* HE†

Wisconsin 19 0 0 0 1 0 2 0.097
Maine 7 3 6 0 0 0 3 0.653
New Hampshire 17 1 1 1 0 0 4 0.277
Vermont 12 2 0 0 0 0 2 0.254
New York 20 0 0 0 0 0 1 0
Pennsylvania (W.) 0 4 0 0 0 0 1 0
Pennsylvania (C.) 19 1 0 0 0 0 2 0.097
West Virginia (H.) 0 0 0 0 0 10 1 0
West Virginia (P.) 8 0 0 0 0 0 1 0
Illinois 4 0 0 0 0 0 1 0
Total/mean 106 11 7 1 1 10 1.8 0.138

*Number of different haplotypes. 
†Effective heterozygosity of haplotypes.
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haplotype I by a difference at a single locus, and all except
one (the 162 allele of PT87268, which distinguished haplo-
type V) were caused by a single base pair change. Thus
haplotype I is not only clearly the consensus ‘sequence’ it
is also the most common. Haplotype II, the second most
frequent (0.08), occurred in five populations centred in
New England, and haplotype III (0.05) occurred in the
two most easterly populations. Haplotypes IV and V were
each present only in single individuals (0.01) in New
Hampshire and Wisconsin, respectively. Finally, haplo-
type VI occurred in only the 10 individuals sampled
from one of the West Virginia populations (WVH). The
geographical pattern is apparent; haplotype I occurs
throughout, haplotype II is centred in New England, and
haplotypes III and IV have more sharply limited areas in
north-eastern New England, whereas haplotypes V and
VI are ‘private’ haplotypes in Wisconsin and West Virginia.

Genetic diversity is greatest, by a good margin, in Maine,
followed by New Hampshire and Vermont, as measured
by 

 

H

 

E

 

 (Table 3). Two other populations (Wisconsin and
the more western Pennsylvania population, 732) have a
single variant (

 

H

 

E

 

 = 0.097), and the remaining five popu-
lation samples are fixed for one haplotype. Similar trends
are observed for the actual numbers of haplotypes present
in the samples (Table 3). Mean 

 

H

 

E

 

 is 0.138.
The overall value of Weir’s 

 

θ

 

 (Weir 1996), which is a
standard measure of the theoretical value of Wright’s 

 

F

 

ST

 

measure of population differentiation under the ‘island
model’, is 0.56, although it varies widely among haplo-
types (Table 2). Extremely small values must result when
a haplotype occurs in only a single individual (haplo-
types IV and V). Extremely large values result for the case
in which a sample is fixed for a private haplotype (WVH
for haplotype VI). Intermediate values result for haplo-
types II and III, because, although rare, they occur in
more than one population. These results for haplotypes II–IV
indicate that the data do not fit the equilibrium island

model, rather there is spatial pattern indicating a lack
of equilibrium. The value of 

 

θ

 

 for haplotype I (0.57) is
probably a reasonable estimate of the overall degree of
differentiation, arising from the combination of mutation,
drift and migration, and it is very close to the estimate for
all haplotypes combined.

The same pattern of differentiation of haplotypes is
reflected in Nei’s (1978) genetic distances based on dif-
ferences in haplotype frequencies between pairs of popu-
lations (Table 4). Three populations (WVP, ILL and 705)
were fixed for haplotype I and thus there is no genetic
distance among them. Because WVH is fixed for a
private haplotype (VI) it has undefined distance with the
other populations. There are a few other cases in which
the pair is fixed for nonidentical haplotypes. Among the
remaining pairs there is a wide range of distances, from
slightly negative estimates up to 2.944, and the smaller
values tend to occur in those pairs which involve at least
one population with relatively high genetic diversity (758,
759 and 739), or pairs in which both are nearly fixed for
haplotype I. Most remarkable is the quite large values
between polymorphic populations in New England, despite
short distances of separation. In total, this pattern
indicates admixed areas centred around north-eastern
New England, with other populations forming satellites,
some of which are fixed or almost so for haplotype I or
fixed for haplotype VI (WVH).

 

Discussion

 

Substantial variation for chloroplast microsatellite (SSR)
loci was observed in the study populations, despite red
pine’s lack of variation for other types of loci, and the
difference is likely to be due to the higher mutation rate
typical of SSR loci. However, the amount of variation is
much lower than that for cpSSR loci in other pine species
(e.g. Powell 

 

et al

 

. 1995), and our cpSSR data clearly indicate

Table 4 Genetic distances* based on haplotype frequencies

776 758 759 739 705 742 732 WVH WVP ILL

776 — 0.297 0.000 0.008 0.000 ∞ 0.000 ∞ 0.000 0.000
758 — 0.224 0.236 0.297 1.144 0.275 ∞ 0.297 0.297
759 — –0.002 0.000 2.834 –0.003 ∞ 0.000 0.000
739 — 0.008 1.800 –0.001 ∞ 0.008 0.008
705 — ∞ 0.000 ∞ 0 0
742 — 2.944 ∞ ∞ ∞
732 — ∞ 0.000 0.000
WVH — ∞ ∞
WVP — 0
ILL —

*Pairs denoted by ∞ were fixed for different haplotypes, thus Nei’s (1978) measure is undefined. Values of 0 occurred for pairs fixed for 
identical haplotypes. Elsewhere numerical values are given to the third decimal.
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that the species as a whole has lost variation through
bottlenecks. Moreover, the variation indicates strong
genetic differentiation with a striking geographical pattern,
and this pattern indicates that the spread of red pine since
the last glaciation is rather more complex than is usually
described. Most importantly, the pattern suggests that
there were at least two refugia that contributed substantially
to the present variation of red pine. However, our results
indicate that the expansion must have involved many
processes that affected genetic variation, including popu-
lation growth, details about the paths of dispersal and
exactly how dispersal proceeded, mutations, and likely
regionalized or localized population contractions in the
south, after expansion. The genetic aspects of expansions
could be influenced by many factors. For example, if
expansion was typically dominated by low-frequency,
long-distance seed dispersal, much greater loss of genetic
variation would precipitate compared with the alternative
of essentially the edge of a red pine dominated forest
moving via massive, although shorter distance, seed
dispersal. The point is, as the glaciers retreated, and
environmental factors became favourable, precisely how
did red pine spread to those areas? The pollen fossil
record suggests that the range of red pine (and many
other tree species) spread an average of 200–300 m per
year (e.g. Davis 1983), and this seems near the limit
potential for dispersal. Thus, this pattern of dispersal
could be expected to involve events of relatively long-
distance (e.g. Epperson & Allard 1989; Epperson 1992,
1993) dispersal of seed and hence subsequent localized
founder effects on genetic variation.

Three of the 10 loci were polymorphic in the total of
study populations. Over the entire set of study popula-
tions, the level of variation is similar to that observed for
red pine in the study by Echt et al. (1998). For the eight
loci that were common to both studies, PT9383, PT15169,
PT30204, PT36480, PT41093, PT71936, PT87268 and PT110048,
Echt et al. (1998) found that all were polymorphic with an
average of 2.7 alleles (22/8). However, most of the differ-
ence is caused by alleles that are unique or extremely
rare. Similarly, based on these same eight loci, we found
six haplotypes, compared with their 19. Again most of the
additional haplotypes they found are very rare, and for
example we observed an HE value for the total sample of
0.375, which is comparable with their value of 0.570
(excluding the one polymorphic locus we did not assay).
In contrast, average HE within populations was 0.138 in
our study populations, and this is much smaller than in
the north, 0.543 (Echt et al. 1998). In addition, we found
a very large amount of differentiation among our study
populations, total θ = 0.56, and this is much larger than
the value of the closely related estimator (Nei 1987),
GST = 0.12, found in the study by Echt et al. (1998). Some of
the difference may be due to extremely small population

sizes (N = 4 in the Illinois population) or sample sizes
(n = 4, in population 742), but heterozygosity is also low
within other of our ‘southern’ populations (e.g. WVH,
WVP and 705) and many are highly differentiated from
the others. Thus, overall, we see levels of genetic vari-
ation in our study populations similar to those in the
more northern populations, and it is certainly not greater,
although it could be slightly lower. However, the vari-
ation is structured differently in the southern populations,
it is more differentiated among populations, with less
variation within populations. In those cases in which our
populations are relatively near the study populations of
Echt et al. (1998) we find very similar amounts of vari-
ation within and between populations. Indeed, this is also
observed on an allelic basis (discussed below).

Among the study populations, far greater variation is
found in the north-eastern regions of New England, i.e. in
Maine, New Hampshire and Vermont. This is especially
intriguing because this entire area was glaciated. More-
over, among the study populations of Echt et al. (1998), the
one with the greatest diversity was in New Brunswick,
the nearest to these three. Throughout the species range,
the greatest diversity now occurs in an area that was
glaciated. Thus the centre of diversity cannot be the origin
of modern populations, as often presumed in genetic
studies. For example, in modern humans, the centre of
diversity is considered as supportive evidence of the Out
of Africa Hypothesis (e.g. Stoneking et al. 1997), although
such data have recently been interpreted by some as
evidence for admixture from a more recent immigration
into Africa (e.g. Hammer et al. 1998; Epperson 1999). The
simplest explanation for the pattern in red pine is that the
region has become admixed, from red pine descended
from the Appalachians and those descended from a
second refugia, most likely somewhere in the glacial
refugial area off the north-eastern seaboard, for example
just east of New Brunswick.

One of the most striking features of the pattern is the
preponderance of haplotype I throughout the study popu-
lations, and its near-monomorphism in most, especially
in the more southern and western populations (Wisconsin,
Illinois, and one each of the populations in Pennsylvania
and West Virginia, and that in New York). This pattern
suggests a common lineage. Moreover, as discussed below,
haplotype I almost certainly corresponds to ‘haplotype II’
of Echt et al. (1998), and the latter haplotype predominates
in a north-western region extending throughout Ontario
and the Great Lakes States.

Our results reveal sometimes remarkable differenti-
ation on a very small spatial scale. One example is the
contrast between the two Pennsylvania populations. More
important is the differentiation of the two West Virginia
populations. One population is fixed, or almost fixed, for
the common haplotype I, the other is fixed, or almost
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fixed, for a private haplotype, VI. The two haplotypes
differ by a single allele variant. This indicates one of
two possibilities. The first is that the populations of the
Appalachian refugium area were differentiated, and the
individuals that successfully dispersed northward were a
subset of those, and more closely related to individuals
today in Pendleton county than those in Hardy county,
West Virginia. Alternatively, the Hardy county population
experienced a recent, essentially postglacial mutation,
which has become frequent through genetic drift. In either
case, the two populations have had little genetic exchange
for a considerable period, either since before the end of
the glaciation, or since the mutation. Clearly many of the
southern populations have experienced considerable
genetic drift with relatively little gene flow among them.

It is noteworthy that the Illinois population has no
detected difference from the others, it is fixed for haplo-
type I. Thus there is no evidence that there was a separate
refugia in the central or Midwestern US that had genetic
influence on the present distribution. However, it should
be pointed out that the Illinois population must have been
quite small and isolated for a very long time, probably
thousands of years. Although we cannot know the exact
size of the population during that time, up to the European
settlement, at present the population consists of four
trees, separated from any other red pine populations
by hundreds of kilometres. Thus, given the widespread
nature of haplotype I, even if other signature variants of
another refugia were present there would be considerable
chance of fixation for haplotype I.

Because we used different gel conditions, in particular
different internal size standards (which we know affects
the absolute but not the relative sizes of alleles within our
study) and binning procedures, we cannot match our
alleles with those in the study by Echt et al. (1998), based
on scored fragment sizes alone. However, both studies
showed predominating alleles study-wide, and thus we
may presume that our most common alleles are the same.
Consequently, our alleles 92, 123, 140, 142, 78, 149, 164
and 95 would match their alleles 91, 122, 140, 141, 78, 147,
163 and 95, for PT9383, PT15169, PT30204, PT36480,
PT41093, PT71936, PT87268 and PT110048, respectively.
Note that in all cases except one our values are the same
(small fragments), or 1 bp larger (large fragments). The
exception, for PT71936, has our 149 compared with their
147, and it is possible that our allele 148 is their 147
because our 148 is concentrated in the more north-eastern
samples among ours. In any case, this one exception does
not affect our conclusions.

Given that haplotype I dominates elsewhere, the high
incidence of variant types in and around New Hampshire,
Maine and New Brunswick is particularly striking. More-
over, if we assume the allele assignments between the
two studies, we find the same allele variants in this region

in both studies. Our haplotype III is a +1 bp variant of
PT110048 found only in New Hampshire and Maine. Echt
et al. (1998) found three haplotypes with the same +1 bp
variant, one of which was found only in New Brunswick.
The other two, which may represent a separate mutation,
were found in low frequencies in Wisconsin and nearby
in western Ontario. Our haplotype IV, which was only
found in the New Hampshire sample, is a –1 bp variant
of the same locus, and the only corresponding variant in
the other study occurred in two haplotypes that were
found only in Nova Scotia. The –1 bp variant of PT71936,
which characterized haplotype II, a New England region
haplotype, is more difficult to interpret, because it was
found in many haplotypes in the study by Echt et al.
(1998). The –2 bp variant of PT87268 found in a single
tree in the Wisconsin sample was not found in the study
populations of Echt et al. (1998). Finally, the –1 bp variant
we found fixed in the Hardy county population of West
Virginia corresponds to a variant found in two haplotypes,
each in a single tree, in the sample of Echt et al. (1998).

There seem to be only two plausible explanations for
the observations of relatively high variation in a con-
strained area centred near Maine and much lower levels
of variation everywhere else. One is that there was a sep-
arate red pine population in the north-eastern seaboard
refugial area, and genetic variation is the result of admix-
ture between that and the spreading populations descended
from the refugial area in the Appalachians. The other
possibility is that in one way or another genetic variation
was lost elsewhere but for some reason maintained in the
area around Maine. It is somewhat likely that some of the
other populations, particularly those in our study that are
highly isolated today in the south, could have lost genetic
variation due to small population sizes, but it is more
difficult to understand patterns in some of the other
populations, e.g. New York and Wisconsin. It becomes
even more complicated to explain the lack of variation
throughout Ontario and the Great Lakes States observed
in the study by Echt et al. (1998), and more so if one
considers that the types in Ontario are almost certainly
the same as those in the southern populations. Today,
there are very large populations of red pine throughout
much of Ontario and the Great Lakes States, which now
must experience negligible genetic drift. Moreover, even
if these populations lost genetic variation as they moved
westward from New England, chances are that they would
not have become nearly fixed for the same haplotypes
as found in one of the West Virginia populations and
elsewhere in the southern range today. The pattern of
genetic distances among pairs of study populations seems
to favour the admixture hypothesis. The set of values
is multimodal and wide-ranging, and this is opposite to
expectations from models of population expansion or
contractions (Slatkin & Hudson 1991).
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