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Abstract

Jack pine (

 

Pinus banksiana

 

 Lamb.) is a broadly distributed North American conifer and its
current range was covered by the Laurentian ice sheet during the last glacial maximum.
To infer about the history and postglacial colonization of this boreal species, range-wide
genetic variation was assessed using a new and highly variable minisatellite-like marker
of the mitochondrial genome. Among the 543 trees analysed, 14 distinct haplotypes were
detected, which corresponded to different repeat numbers of the 32-nucleotide minisatellite-
like motif. Several haplotypes were rare with limited distribution, suggesting recent muta-
tion events during the Holocene. At the population level, an average of 2.6 haplotypes and
a mean haplotype diversity (

 

H

 

) of 0.328 were estimated. Population subdivision of genetic
diversity was quite high with 

 

G

 

ST

 

 and 

 

R

 

ST

 

 values of 0.569 and 0.472, respectively. Spatial
analyses identified three relatively homogeneous groups of populations presumably
representative of genetically distinct glacial populations, one west and one east of the
Appalachian Mountains in the United States and a third one presumably on the unglaci-
ated northeastern coastal area in Canada. These results indicate the significant role of the
northern part of the US Appalachian Mountains as a factor of vicariance during the ice age.
A fourth distinct group of populations was observed in central Québec where the continen-
tal glacier retreated last. It included populations harbouring haplotypes present into the
three previous groups, and it had higher level of haplotype diversity per population
(

 

H

 

 = 0.548) and lower population differentiation (

 

G

 

ST

 

 = 0.265), which indicates a zone of
suture or secondary contact between the migration fronts of the three glacial populations.
Introgression from 

 

Pinus contorta

 

 Dougl. var. 

 

latifolia

 

 Engelm. was apparent in one western
population from Alberta. Altogether, these results indicate that the mitochondrial DNA
variation of jack pine is geographically highly structured and it correlates well with large-
scale patterns emerging from recent phylogeographical studies of other tree boreal species
in North America.
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Introduction

 

During the Pleistocene, strong climate oscillations affected
dramatically the living world, resulting in the repetitive

advance and retreat of the polar ice sheet on circumpolar
region. The ensuing cycles of contraction and expansion
of natural ranges may have further resulted in reduced
genetic diversity and/or altered geographical distribution
of genetic diversity in postglacial populations of the
surviving species (Hewitt 1996; Perron 

 

et al

 

. 2000). Phylo-
geography attempts to unravel spatio-temporal dynamics
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of populations and their consequences for evolution (Avise

 

et al

 

. 1987; Cruzan & Templeton 2000; Petit 

 

et al

 

. 2004).
Two complementary approaches have been followed for
reconstructing species history: inferences from (i) the fossil
record (Davis 1983; Jackson 

 

et al

 

. 1997) and from (ii) the
distribution and geographical patterns of genetic variation
of living organisms (Hewitt 1996; Petit & Vendramin 2005).
Molecular markers, especially cytoplasmic markers, have
been previously used to deduce the location of glacial
populations and postglacial colonization paths for different
forest tree species in Europe (Dumolin-Lapègue 

 

et al

 

. 1997;
Sinclair 

 

et al

 

. 1999; Soranzo 

 

et al

 

. 2000; Gugerli 

 

et al

 

. 2001;
Burban & Petit 2003; Palmé 

 

et al

 

. 2003; Heuertz 

 

et al

 

. 2004).
For most of the tree species surveyed, the analysis of their
population structure indicated fragmentation from disjunct
glacial populations or refugia. Recently, a mitochondrial
DNA (mtDNA) study of the biogeography of black spruce
[

 

Picea mariana

 

 (B.S.P.) Mill.], a North American conifer
species with transcontinental distribution, indicated four
genetically distinct glacial populations (Jaramillo-Correa

 

et al

 

. 2004). In other North American plant species studied
at the range-wide or regional levels, glacial populations
correlating in location with those observed in transcon-
tinental black spruce have also been recently reported
(Tremblay & Schoen 1999; Mitton 

 

et al

 

. 2000a; Griffin &
Barrett 2004). North American tree species with large
distribution have only received limited attention and their
phylogeographical study should help to shed light on
past population fragmentation patterns and causes of
vicariance at the continental level.

Jack pine (

 

Pinus banksiana

 

 Lamb.) is a hard pine typical
of the boreal forest in North America, with nearly trans-
continental distribution. Pines are abundantly represented
in the fossil record by their pollen, which they produce
usually in large amounts (Critchfield 1985). According to
palynological studies, hard pine species dominated the
forests of southeastern United States at the Wisconsin
glacial maximum, 18 000 years before present (

 

bp

 

) ( Jackson

 

et al

 

. 2000; Williams 

 

et al

 

. 2004). However, in most palyno-
logical studies (Davis 1983; Ritchie 1987; Jackson 

 

et al

 

. 1997),
it was not possible to distinguish well the pollen of jack
pine from that of the partially sympatric red pine (

 

Pinus
resinosa

 

 Ait.) (Whitehead 1964), causing the lumping of
these two species (e.g. Watts 1979; Jackson 

 

et al

 

. 1997). In
addition, the number of genetically distinct glacial popula-
tions could not be inferred from the sole study of the pollen
or macrofossil records and in jack pine, no evidence
for geographically distinct glacial populations has been
observed from the palynological record (Ritchie 1987;
Jackson 

 

et al

 

. 2000; Williams 

 

et al

 

. 2004).
In Pinaceae, mtDNA is maternally inherited and dis-

persed through seeds (Dong & Wagner 1993). This mode of
dispersion should lead to reduced gene flow and higher
population structure, compared to biparentally inherited

nuclear DNA or chloroplast DNA (cpDNA) markers
which, in Pinaceae, are paternally inherited and dispersed
through pollen and seed (Neale & Sederoff 1988). Recently,
such a contrast has been repeatedly documented for a vari-
ety of conifers species (Wu 

 

et al

 

. 1998; Gugerli 

 

et al

 

. 2001;
Sperisen 

 

et al

 

. 2001; Burban & Petit 2003; Gamache 

 

et al

 

.
2003; Petit 

 

et al

 

. 2005). In a phylogeographical context,
maternal inheritance implies that the imprint of ancient
genetic structures established at the time of glacial periods
should remain for longer periods of time with mtDNA
markers than with cpDNA or nuclear DNA markers in
Pinaceae. However, in conifers, only low levels of variation
have been observed in mtDNA (Jaramillo-Correa 

 

et al

 

.
2003), which has hampered the development of informa-
tive markers. In addition, the conifer mitochondrial genome
appears to be very large (in excess of 750 kb in 

 

Larix

 

,
Kumar 

 

et al

 

. 1995) and in angiosperms, it has a high rate
of structural rearrangement (Palmer & Herbon 1988).
Generally, the mitochondrial genome has also the lowest
sequence mutation rate among the three genomes present
in plants (Laroche 

 

et al

 

. 1997). These features represent
major obstacles to the design of markers of more variable
intergenic regions that could be easily transferable
between species. In addition, in jack pine, a previous study
could not reveal any clear large-scale geographical struc-
ture using mtDNA restriction fragment length polymorph-
isms (Dong & Wagner 1993).

In the present study, we report on a new and highly vari-
able marker from the mitochondrial genome of jack pine.
We have further used this marker to assess the modern
population structure of the species across its natural range
and to infer the number and location of glacial populations
and postglacial colonization routes and patterns. The wide
distribution of jack pine should allow useful phylogeo-
graphic inferences at the continental level, in search of
correlated patterns with other widely distributed plant
and tree species in North America.

 

Materials and methods

 

DNA isolation and detection of mitochondrial 
polymorphism

 

A total of 543 mature jack pine trees from 35 seed sources
distributed throughout the species range were sampled in
three provenance tests located in Québec and Ontario.
Seed sources were composed from 8 to up to 100 trees each.
For each sampled tree, needles were collected, put on ice
and then stored at 

 

−

 

25 

 

°

 

C until DNA extraction. Total DNA
was extracted from 40 mg of ground needle tissue using
the DNeasy Plant Mini Kit (QIAGEN) and following
manufacturer’s instructions. A preliminary test for detecting
mtDNA polymorphism was conducted using an explor-
atory panel of 22 out of the 543 sampled trees. Each tree
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was selected from a different population and the sample
covered most of the natural range. Fourteen primer pairs
specific to plant mtDNA were tested to detect polymor-
phisms: 

 

coxI

 

 intron 1, 

 

matR

 

 intron 1, 

 

mh05

 

, 

 

mh09

 

, 

 

mh33

 

,

 

mh44

 

, 

 

nad1

 

 intron b/c, 

 

nad3-rps12

 

 intergenic-region, 

 

nad3

 

intron 1, 

 

nad5

 

 intron 1, 

 

nad5

 

 intron 4, 

 

nad7

 

 intron 1, 

 

rpl5

 

and 

 

SSU rRNA

 

 region V1 mitochondrial regions (see
Table 1). DNA was amplified in a PTC-225 thermal cycler
(MJ Research) with 25–50 ng of DNA template, 0.2 

 

µ

 

m

 

 of
each primer, 0.2 m

 

m

 

 of each dNTP, 1

 

×

 

 of reaction buffer,
1.5 m

 

m

 

 MgCl

 

2

 

, and 0.65 unit of Platinum 

 

Taq

 

 DNA poly-
merase (Invitrogen). Polymerase chain reaction (PCR)
conditions were as described in Jaramillo-Correa 

 

et al

 

.
(2004). To detect the presence of indels, PCR products
were electrophoresed through 2% agarose gels with TAE.
Monomorphic PCR products were further digested with
different restriction enzymes (

 

Cfo

 

I, 

 

Hae

 

III, 

 

Rsa

 

I, 

 

Sau

 

3AI,
and 

 

Taq

 

I) and separated through 8% nondenaturating
polyacrylamide gels (in TBE) in order to detect putative
cleaved amplified polymorphic sites (CAPS). The
undigested monomorphic PCR products were also
denatured for 5 min at 94 

 

°

 

C and separated through 6%
polyacrylamide gels at 10 mA and 10 

 

°

 

C for 18 h to detect
possible single-strand conformation polymorphisms
(PCR-SSCP).

Of the 14 primer pairs tested, polymorphism was
observed for only one pair. Using the conditions and
primers of Jaramillo-Correa 

 

et al

 

. (2004), a minisatellite-like
motif was detected for the intron 1 of 

 

nad7

 

 after migration
on agarose gel. Given the large size of some of the variants
obtained (up to 1500 bp) and the inconsistent presence of a
second but weak amplification product of smaller fixed
size, which was not observed in black spruce ( Jaramillo-

Correa 

 

et al

 

. 2004), and given the objective to sequence
the various fragments, we designed two new internal
primers for this locus: 

 

nad7

 

(intron1)-internal-forward
(5

 

′

 

-GAGGGACAACCCTGGAATACT-3

 

′

 

) and 

 

nad7

 

(intron1)-
internal-reverse (5

 

′

 

-AAGGCCTCTCCATTTCCAAT-3

 

′

 

). PCR
amplification was conducted with 25–50 ng of DNA tem-
plate using 0.2 

 

µ

 

m

 

 of each primer, 0.2 m

 

m

 

 of each dNTP, 1

 

×

 

of reaction buffer, 2.4 m

 

m

 

 of MgCl

 

2

 

, and 0.65 unit of Plati-
num 

 

Taq

 

 polymerase (Invitrogen). The amplifications were
performed in a PTC-225 thermal cycler (MJ Research) with
the following program: a first step of 94 

 

°

 

C for 2 min
followed by 35 cycles of 94 

 

°

 

C for 30 s, 69 

 

°

 

C for 15 s, and
72 

 

°

 

C for 1 min, followed by a final extension step at 72 

 

°

 

C
for 5 min. The use of these new primers and higher anneal-
ing temperature permitted to eliminate the inconsist-
ent presence of the smaller and weak fragment of fixed
size sometimes observed when using the original primers
of Jaramillo-Correa 

 

et al

 

. (2004).
The observed variants were verified at the DNA

sequence level, by direct sequencing of the two DNA strands
using an automated DNA sequencer (ABI 377, Applied
Biosystems), the dideoxynucleotide chain-termination pro-
cedure, the appropriate primers and a Sequenase GC-rich
kit (Applied Biosystems). The identity of the sequences
obtained was also compared to the GenBank nonredundant
nucleotide sequence database by using 

 

blastn

 

 (Altschul

 

et al

 

. 1990). Individuals from different populations bearing
the same putative allele were also sequenced to detect pos-
sible homoplasy in fragment length, resulting in a total of
90 distinct DNA fragments sequenced on both strands.

In order to verify the presence of the minisatellite-like
polymorphism in other pines, a screening was conducted
for three hard pines, 

 

Pinus contorta

 

 Dougl. Ex Loud. var.

Table 1 Target regions, annealing temperatures and expected size of PCR products for primer pairs used to amplify mtDNA regions
 

 

Genomic region Annealing temperature (°C) PCR product size (bp) Primer source

coxI intron 1 58 750 (m.f.)† Lu et al. 1998
matR intron 1 58 500 Jaramillo-Correa et al. 2003
mh05 54 NA Jeandroz et al. 2002
mh09 52 300 Jeandroz et al. 2002
mh33 52 150 (m.f.)† Jeandroz et al. 2002
mh44 56 not amplified Jeandroz et al. 2002
nad1 intron b/c 58 ∼3000 Demesure et al. 1995
nad3-rps12 (i.r.)* 58 350 Soranzo et al. 1999
nad3 intron 1 58 250 Soranzo et al. 1999
nad5 intron 1 62 900 Jaramillo-Correa et al. 2003
nad5 intron 4 61 900 Wu et al. 1998
nad7 intron 1 57 900–2000 Jaramillo-Correa et al. 2004
rpl5 50 580 Duminil et al. 2002
SSU rRNA region V1 64 380 Duff & Nickrent 1999

*Intergenic region.
†Multiple fragments.
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latifolia Engelm., Pinus resinosa Ait., Pinus sylvestris L., and for
one soft pine, Pinus strobus L. About 25 individuals of vari-
ous populations for each species were amplified using the
first set of primers and PCR conditions above for P. resi-
nosa, P. sylvestris, and P. strobus, and using the second set of
primers and PCR conditions above for P. contorta. The PCR
products were visualized on 2% agarose gels with TAE.

mtDNA diversity

Mitochondrial DNA diversity was estimated using
two different parameters, the number of haplotypes per
population (nh) and the total mtDNA diversity per
population, H (equivalent to expected heterozygosity HE
or HS for diploid data; Weir 1996). The index of among-
population differentiation (GST) was also determined among
the 35 seed sources sampled and following a hierarchical
design where the total population was divided in a
number of regions delineated by spatial analysis of genetic
diversity (see below). RST, which is a measure of population
differentiation that takes into account the similarity in
haplotype size (Slatkin 1995), was also estimated. An RST
significantly higher than GST would indicate that mutations
following a stepwise-mutation model (SMM) contributed
to population differentiation. The test was conducted with
1000 permutations using the program cpssr, a modifica-
tion of the program hapstep (Pons & Petit 1996) (http://
www.pierroton.inra.fr/genetics/labo/Software/CpSSR/
index.html).

Analysis of geographical structure

Different numerical analyses were used to decipher
geographical population structure and to identify possible
zones of suture between glacial populations. The first two
methods used, Bray–Curtis ordination (Bray & Curtis 1957)
and cluster analysis using the unweighted pair-group
method with arithmetic averages (upgma) (Sneath & Sokal
1973), are based on the analysis of a distance matrix without
consideration of the geographical location of populations.
Such distance methods would allow for the clustering of
geographically distant populations with similar genetic
structure. The other two methods used, spatial analysis of
molecular variance (samova) (Dupanloup et al. 2002) and
Monmonier analysis (Monmonier 1973), are spatially con-
strained methods based on connection networks between popu-
lations. Their aim is to identify most differentiated groups
of populations that are as spatially clustered as possible.

For Bray–Curtis ordination and upgma, a matrix of
pairwise relative Sorensen distances (McCune et al. 2002)
between populations was estimated. This distance is a
metric based on the sum, over the haplotypes, of the pair-
wise differences in haplotype frequencies between popu-
lations such as:

where  is the relative Sorensen distance between
populations x1 and x2, p is the number of different haplotypes
in the populations, j varying from 1 to p, y1j is the number
of individuals with haplotype j in population x1, and y2j is
the number of individuals with haplotype j in population
x2. It is constrained between 0 when the haplotype fre-
quencies are identical between two populations, and 1
when the populations have no haplotypes in common.
Contrary to some other distances, it makes possible to
estimate divergence even when populations are fixed for
different haplotypes. Bray–Curtis ordination and upgma
analyses were performed using the pc-ord software version
4.25 (MjM Software Design 1999).

samova was conducted using the software samova ver-
sion 1.0 (http://web.unife.it/progetti/genetica/Isabelle/
samova.html). This method is based on a simulated
annealing procedure which aims to maximize the propor-
tion of total genetic variance due to differences between
groups of populations (Dupanloup et al. 2002). A Delaunay
triangulation (Delaunay 1934) was constructed from the
geographical location of the 35 populations to ensure that
the inferred groups were composed of adjacent populations.
An arbitrary partition of the sampling in K groups was ini-
tially made (initial K-values were set between 2 and 12). An
FCT index (Wright 1978) associated to genetic differentiation
among the initial K groups was then computed and an iterative
simulated annealing process made it possible to obtain the
optimal configuration of the groups as well as the final FCT
values. The simulated annealing process was repeated 10 000
times and it was conducted with a speed constant set to
0.9158. The new K groups were accepted with a probability
of 1% if the new FCT value was lower than that obtained in
the previous iteration by 0.001. In order to make sure that
the final configuration of the K groups was not affected by
the initial configuration, the entire procedure was repeated
100 times with a randomly picked different initial configu-
ration of groups, as suggested by Dupanloup et al. (2002).
The configuration with the largest FCT value among the 100
tested was retained as the best grouping of populations.

The Monmonier algorithm (Monmonier 1973) was also
used to detect spatial structure in the mtDNA dataset. The
method allows defining zones of maximum genetic change
along a network of connecting populations, i.e. the 35 jack
pine populations sampled. First, a Delaunay triangulation
network (Delaunay 1934) was created to connect the adjacent
populations. A set of Voronoi polygons was further super-
imposed on the corresponding Delaunay network. Pairwise
relative Sorensen distances were then calculated between
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populations that were connected by direct edges in the
Delaunay network. The last step was to apply the maximum-
difference algorithm of Monmonier to identify zones of dis-
continuity. A barrier was initiated by tracing a line on the edge
of a Voronoi polygon that was associated with the highest
distance between two neighbouring populations. The
barrier was then extended progressively to the adjacent edge
that was associated to the highest distance until it reached
the edge of the network, or until it closed a circle around
one or more populations. This analysis was performed
with the software barrier version 2.2 (Manni et al. 2004).

Results

mtDNA variation

Of the 14 regions of the mitochondrial genome tested, only
the intron 1 of nad7 showed length polymorphism in jack

pine. Five fragment length variants were detected with the
exploratory panel of 22 trees. Nine more length variants
were found when the DNA from the 521 remaining trees
was surveyed, for a total of 14 haplotypes. Their length was
found to vary between 323 and 803 bp. Sequencing of each
length variant observed in each population resulted in the
sequencing of 90 distinct DNA fragments, for an average of
6.4 sequences per length variant. The fragment length poly-
morphism was found to be caused by variation in the number
of copies of one perfect tandem repeat of 32 nucleotides
(5′-TCTCCTTATCAGTCGAGCCTGCTTGCGCATCC-3′).
No polymorphism was found in the sequence motif of the
repeat among the 90 haplotypes sequenced. The number of
copies of the tandem repeat varied from 3 to 18. None of
the 543 sampled individuals harboured the 4x and the
15x repeat variants (Fig. 1A). The sequences for the first
intron of nad7 are available on GenBank (Accession numbers
DQ060039–DQ060052). For the other four pine species

Fig. 1 (A) Haplotype network of the 14 mtDNA haplotypes found in jack pine. The size of circle is proportional to the relative frequency
of haplotype in the study (for exact frequencies, see Table 2). Stars represent intermediate haplotypes not found in the sample.
(B) Geographical distribution of mtDNA haplotypes in jack pine populations. The colours correspond to the haplotypes in Fig. 1A.
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Table 2 Haplotype frequencies and genetic diversity estimates in 35 populations of jack pine
 

 

#
Population 
name

State or 
province*

Latitude 
(°N)

Longitude 
(°W)

Sample 
size 

Haplotype counts

nh† H‡ III V VI VII VIII IX X XI XII XIII XIV XVI XVII XVIII

1 Schoodic Head ME 44.35 68.05 15 0 11 0 0 0 0 0 0 0 3 0 0 0 1 3 0.418
2 Birchtown Brook NS 43.82 65.38 13 0 10 0 0 0 0 0 0 0 3 0 0 0 0 2 0.355
3 Durell Island NS 45.33 61.00 15 0 2 0 0 0 0 3 0 3 7 0 0 0 0 4 0.684
4 Cape Breton H. P./Neils H. NS 46.80 60.33 19 0 16 0 0 0 0 0 0 0 3 0 0 0 0 2 0.266
5 East Bideford PEI 46.62 63.88 15 0 0 0 0 0 0 0 0 0 15 0 0 0 0 1 0
6 Cains River NB 46.50 65.88 15 0 0 0 0 0 0 0 0 0 15 0 0 0 0 1 0
7 Lobster Lake ME 45.85 69.55 20 18 0 0 0 0 0 1 0 0 1 0 0 0 0 3 0.185
8 Patapedia Depot QC 48.12 67.50 16 0 16 0 0 0 0 0 0 0 0 0 0 0 0 1 0
9 Whiteworth/St-Alexandre QC 47.71 69.49 15 0 0 0 0 0 1 11 0 3 0 0 0 0 0 3 0.418
10 Little Calumet River QC 49.67 67.25 15 0 0 0 0 0 0 15 0 0 0 0 0 0 0 1 0
11 Welch Mt. NH 43.92 71.58 15 9 3 0 1 0 0 0 0 0 0 0 0 0 2 4 0.578
12 St-Louis de France QC 46.42 72.58 15 0 3 0 0 0 0 0 0 10 0 0 2 0 0 3 0.498
13 Château d’eau QC 46.85 71.42 15 0 12 3 0 0 0 0 0 0 0 0 0 0 0 2 0.320
14 Port Alfred QC 48.25 70.88 15 0 4 0 0 0 2 3 1 0 1 4 0 0 0 6 0.791
15 Lake Valade QC 47.30 73.87 14 0 2 0 0 0 1 3 1 7 0 0 0 0 0 5 0.673
16 Ducharme River QC 49.37 73.97 15 0 3 0 0 0 1 4 0 7 0 0 0 0 0 4 0.667
17 Twin Lakes ON 44.65 77.88 15 0 7 8 0 0 0 0 0 0 0 0 0 0 0 2 0.498
18 Kaladar ON 44.65 77.13 15 0 13 0 2 0 0 0 0 0 0 0 0 0 0 2 0.231
19 Constance Bay ON 45.52 76.10 15 0 12 0 0 0 0 0 0 0 0 0 0 0 3 2 0.320
20 McKinnon Lake QC 47.97 75.37 15 0 6 0 2 0 0 2 0 5 0 0 0 0 0 4 0.693
21 Kanaaupscow Lake QC 54.03 76.52 9 0 4 0 0 2 3 0 0 0 0 0 0 0 0 3 0.642
22 Kettle Point ON 43.22 81.95 15 0 0 0 0 0 12 2 1 0 0 0 0 0 0 3 0.338
23 Miller Lake ON 45.13 81.45 15 0 2 0 0 0 12 1 0 0 0 0 0 0 0 3 0.338
24 Dunbar Forest ON 46.43 84.27 20 0 0 0 0 0 8 7 1 4 0 0 0 0 0 4 0.675
25 Mosinee WI 44.83 89.67 15 0 0 0 0 0 12 1 2 0 0 0 0 0 0 3 0.338
26 Freesoil MI 44.13 86.12 15 0 0 0 0 0 0 15 0 0 0 0 0 0 0 1 0
27 Terrace Bay ON 48.78 87.37 20 0 0 0 0 0 20 0 0 0 0 0 0 0 0 1 0
28 Brainerd MN 46.33 94.17 15 0 0 0 0 0 15 0 0 0 0 0 0 0 0 1 0
29 Fort Frances ON 48.77 93.50 14 0 1 0 0 0 12 1 0 0 0 0 0 0 0 3 0.255
30 Hadashville MB 49.50 95.75 15 0 0 0 0 0 10 1 4 0 0 0 0 0 0 3 0.480
31 Red Lake ON 51.02 94.12 15 0 0 0 0 0 14 0 1 0 0 0 0 0 0 2 0.124
32 Cowan MB 52.05 100.38 15 0 0 0 0 0 15 0 0 0 0 0 0 0 0 1 0
33 Kississing Lake MB 55.12 101.15 20 0 1 0 0 0 19 0 0 0 0 0 0 0 0 2 0.095
34 Lac la Biche AB 55.23 111.92 13 0 0 0 0 0 4 0 7 1 0 0 0 1 0 4 0.604
35 Fort McMurray AB 56.63 111.88 20 0 0 0 0 0 20 0 0 0 0 0 0 0 0 1 0
Total — — 543 27 128 11 5 2 181 70 18 40 48 4 2 1 6 2.6§ 0.328§

*States/Provinces abbreviations: AB, Alberta (Canada); MB, Manitoba (Canada); ME, Maine (USA); MN, Minnesota (USA); MI, Michigan (USA); NB, New Brunswick (Canada); NH, 
New Hampshire (USA); NS, Nova Scotia (Canada); ON, Ontario (Canada); PEI, Prince Edward Island (Canada); QC, Quebec (Canada); WI, Wisconsin (USA).
†Number of distinct haplotypes per population.
‡Haplotype diversity.
§Average.
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tested (P. contorta var. latifolia, P. resinosa, P. sylvestris,
and P. strobus), positive amplification was obtained but
fragment length polymorphism was only detected for
P. contorta var. latifolia, a species closely related to P.
banksiana (Dancik & Yeh 1983; Wagner et al. 1987) (data not
shown).

Haplotype diversity and distribution

The number of distinct haplotypes per population (nh)
ranged from 1 to 6 with an average value of 2.6 (Table 2).
The average diversity index (H ) per population ranged from
0 to 0.791, with an overall average value of 0.328 (Table 2).
The geographical distribution of haplotypes was clearly
not random in jack pine (Fig. 1B). Population differentiation
was quite high among the 35 populations, with GST and RST
values of 0.569 and 0.472, respectively. When excluding
presumed zones of secondary contact between ancestral
populations (populations in central Québec and from the
easternmost part of Maine and Nova Scotia, see below),
the GST and RST values increased to 0.669 and 0.618,
respectively, among the 23 remaining populations.

Haplotypes V, IX, X, XII, and XIII (with roman numbers
corresponding to the number of minisatellite repeat
motifs) were the most abundant (Fig. 1A). Altogether, 86%
of the sampled individuals had one of these haplotypes.
Variation among populations and regions was evident for
these haplotypes (Fig. 1B). The ‘medium size’ haplotypes
(IX, X, and XI repeat motifs) were mainly present in the
western part of jack pine natural range (i.e. Alberta to
Ontario and the adjacent United States) with some occur-
rence in central Québec. Comparatively, in the eastern part
of the species’ range (i.e. eastern Ontario, Québec, the
Maritime provinces in Canada, and Maine and New Hamp-
shire in the United States), the distribution of haplotypes
was more heterogeneous. Haplotype XIII was fixed in
populations of New Brunswick and Prince Edward Island
and it was also present in each of the easternmost popu-
lations (#1 to #4, Fig. 1B). Haplotype XII, a likely close
relative of haplotype XIII, was mainly located in central
Québec. The short haplotype V was widespread in the
eastern region, with a major concentration in southern
Québec and eastern Ontario where it was also found with
other short and likely closely related haplotypes (III, VI,
and VII). Moreover, haplotype diversity was higher in the
eastern than in the western part of the continent: all haplo-
types but one (haplotype XVII) were observed in eastern
populations (#1 to #21, average number of haplotypes per
population = 2.8) in contrast to only six distinct haplotypes
observed in western populations (#22 to #35, average
number of haplotypes per population = 2.3).

The rare haplotypes VIII, XIV, XVI, and XVII were each
found in only one population, i.e. populations #21, #14, #34,
and #12, respectively. Other rare haplotypes (III, VI, VII, and

XVIII) were clustered in two or three more or less adjacent
populations.

Distance analyses

The Bray–Curtis ordination obtained was consistent with
the geographical distribution of the haplotypes described
above (Fig. 2A). All western populations, except population
#26, were clustered together in the lower-left corner of
the graph (group W, Fig. 2A) because of the similarity of
these populations regarding their haplotype composition
(dominance of haplotypes IX, X, and XI). Another cluster of
populations, at the other end of the first ordination axis (X-
axis), was located on the right side of the scatter plot in the
reduced space. Most of these populations were mainly
composed of individuals carrying haplotype V and associ-
ated rare haplotypes III, VI, and VIII (group S, Fig. 2A). The
third distinct group of populations on the graph was made
of populations #3, #5, and #6, with the last two populations
being fixed for haplotype XIII (group E, Fig. 2A). They
were distinct from other populations relative to the
third ordination axis (Z-axis). Populations with the largest
number of haplotypes were scattered in the middle of
the graph between the groups of populations previously
described (group C, Fig. 2A) Populations #9, #10, and #26
stood apart on the second ordination axis (Y-axis), due to
the high prevalence of haplotype X (group A, Fig. 2A).

upgma cluster analysis made it possible to distinguish
six main clusters if we arbitrarily retain groups with
average population divergence smaller than 50% (Fig. 2B).
These clusters were consistent with those delineated by the
Bray–Curtis ordination. upgma separated eastern popula-
tions #5 and #6 from the rest (cluster E, Fig. 2B). A second
group was composed of all western populations (#22 to
#35) (cluster W, Fig. 2B) except populations #26 and #34.
Populations #9, #10, and #26 formed the third cluster (clus-
ter A, Fig. 2B). Another cluster contained populations
bearing the haplotype V with a frequency of 75% or more
(cluster S, Fig. 2B). Another cluster included populations
from central Quebec carrying haplotype V at low frequen-
cies, together with the co-occurrence of other haplotypes
(generally haplotypes IX and XII) (cluster C, Fig. 2B). A
final group was made of populations #7 and #11, which
presented a high prevalence of haplotype III (cluster B,
Fig. 2B).

Spatial analyses

For samova, we repeated the analysis by increasing the
value of K (2 to 12) until the FCT value reached a plateau at
K = 8. At this level, some groups were made of only one
population, which implied that the geographical structure
disappeared (Heuertz et al. 2004). Indeed, for all values
of K ≥ 6, some groups were made of only one population.
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Fig. 2 (A) Bray–Curtis ordination of jack
pine populations based on pairwise relative
Sorensen distances estimated from mtDNA
haplotype frequencies. The X, Y, and Z axes
explained 42%, 21%, and 13% of the total
variation, respectively. (B) upgma dendro-
gram of jack pine populations based on
pairwise relative Sorensen distances. Groups
were arbitrarily delineated with average
population divergence smaller than 50%.
(C) Genetic boundaries (bold lines a and b)
obtained with Monmonier’s maximum
difference algorithm. The solid lines represent
the Delauney triangulation and the dashed
lines represent the Voronoi tessellation.
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Thus, the grouping pattern corresponding to K = 5
was considered as valid and retained for interpretation
(Table 3). As for upgma and Bray–Curtis ordination, four
of these five clusters corresponded to the western, south-
eastern, central Québec, and easternmost groups of
populations, plus a fifth group containing populations #7
and #11 characterized by the presence of haplotype III. A
maximum FCT value of 0.500 was estimated between these
five groups delineated by samova.

Monmonier’s maximum difference algorithm identified
two main genetic boundaries (Fig. 2C) that were previously
delineated by other analyses. By definition, boundaries
correspond to zones of most abrupt genetic change in
space and are identified in a descending order. The first
boundary (a on Fig. 2C) separated the eight easternmost
populations of the Maritime provinces of Canada and
Maine from the 27 others located west of this first group.
All populations (except population #7) located eastward of
this boundary harboured individuals with haplotype XIII.
The second boundary (b on Fig. 2C) separated the 27
remaining populations in a central group (populations #9
to #21) and a western group (populations #22 to #35). The
average diversity indices (H ) estimated for each of the
three main groups delineated by the Monmonier spatial
analysis were 0.239, 0.487, and 0.232, respectively, from
east to west. Thus, the large central group was the most
heterogeneous.

Discussion

Mitochondrial DNA variation and mutational model

In this study, we detected a minisatellite-like motif in the
intron 1 of nad7 after screening for length polymorphism in
14 introns and intergenic regions of the mitochondrial
genome of jack pine. No other length polymorphisms were
observed and the sequencing of 90 individuals did not
show any point mutation in the minisatellite repeat. Other
minisatellite-like variation of mtDNA have been reported
in the intron b/c of the gene nad1 in Picea abies (Gugerli
et al. 2001; Sperisen et al. 2001) and in three species of Pinus

(Mitton et al. 2000b), and for the locus mh44 in Picea abies
(Bastien et al. 2003). Between 10 and 18 size variants were
observed for these two loci in Pi. abies, and they allowed
for the characterization of the geographical structure of
Norway spruce. However, the mutational mechanisms
responsible for minisatellite-like patterns have not been
clearly established yet (Lunt et al. 1998). Previous plant
studies using this type of markers assumed an SMM
(Bastien et al. 2003; Cozzolino et al. 2003).

However, it has also been shown that the model of muta-
tion for minisatellites may deviate in the direction of an
infinite allele model (IAM), especially for repeats of size
observed in the present study (Shriver et al. 1993). In our
study, haplotypes with similar number of repeats tended
to cluster in areas not affected by Holocene secondary con-
tact between ancestral populations, for instance the clus-
tering of haplotypes IX, X, and XI in western and central
Canada, the clustering of haplotypes XII and XIII in eastern
Canada, or the clustering of haplotypes III, V, VI, and VIII
in the southeast part of the natural range. Such spatial clus-
tering of haplotypes of similar size would lend support to
the SMM model. However, RST, which takes into account
size differences between haplotypes, was not higher
than GST, even when Holocene contact zones between pre-
sumed ancestral populations were excluded from the ana-
lysis. Such a result goes against SMM. Outside these suture
zones, there were obvious cases where minisatellite-like
variation did not seem to follow SMM. For instance, within
the southeast part of the range, the occurrence of the large
size haplotype XVIII with small size haplotypes III and V
in populations #11 and #19 suggests that the mechanism
that is generally presumed to lead to minisatellite-like
patterns, slipped-strand mispairing, may also produce
multistep mutations (Shriver et al. 1993). Alternately,
the presence of these widely different haplotypes in the
same populations could also result from ancient mix-
ing between different ancestral populations well before
the Holocene. Altogether, these observations suggest that
when evidence for putative mixing between ancestral popu-
lations is taken into account, SMM might hold reasonably
well for our data. Indeed, when excluding altogether the
zones of Holocene contact between ancestral populations
and populations harbouring haplotype XVIII, a significant
difference (P < 0.05) was observed between GST and RST,
with respective values of 0.685 and 0.861 among the 21
remaining populations analysed.

Ancestral vs. more recent haplotypes

The frequencies of the 14 nad7 intron 1 size variants were
highly structured at the geographical level, resulting in
useful inferences about the glacial and postglacial history
of jack pine. Because the linear haplotype network did not
allow for the formal recognition of ancient haplotypes from

Table 3 Group structure and genetic diversity indices estimated
by samova
 

 

Group Populations H* FCT†

1 22, 23, 25, 27, 28, 29, 30, 31, 32, 33, 34, 35 0.214 0.500
2 1, 2, 4, 8, 17, 18, 19, 21 0.341
3 9, 10, 12, 13, 14, 15, 16, 20, 24, 26 0.474
4 7, 11 0.381
5 3, 5, 6 0.228

*Average haplotype diversity per population in each group.
†Differentiation among the five groups.
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their more recent derivatives, only tentative interpretations
of the relative age of haplotypes remained possible based
on their abundance (Crandall & Templeton 1993). For
instance, the frequent haplotype IX [frequency ( f ) = 0.33]
might be ancestral to the less frequent haplotypes X and
XI, which were often found with haplotype IX and which
could represent more recent derivatives. The same rationale
could apply to the rare haplotypes VI and VII, which were
geographically strongly associated with the frequent and
likely more ancient haplotype V ( f = 0.24). Similarly, the
rare haplotypes VIII, XIV and XVI had presumably
mutated recently from the more abundant and widely
dispersed haplotypes IX, XII, or XIII.

Geographical structure and gene flow

The overall differentiation among populations of jack pine
estimated from the mtDNA minisatellite was rather high
(GST = 0.569), especially when excluding putative zones of
suture (see below) between ancestral glacial populations
(GST = 0.669). Such level of population differentiation are
comparable, albeit in the lower average of that reported for
conifer and angiosperm maternally transmitted markers
(Petit et al. 2005). For example, a range-wide investiga-
tion on the mtDNA population structure of black spruce, a
North American transcontinental conifer species sympatric
to Pinus banksiana on most of its range, resulted in a GST
of 0.671, with strong geographical structure suggestive of
several disjunct glacial populations (Jaramillo-Correa et al.
2004). In contrast, limited population differentiation was
previously observed at the regional scale in jack pine using
nuclear or cpDNA markers. For instance, GST or FST values
derived from allozyme markers ranged between 0.021 and
0.070 among populations from Alberta (Dancik & Yeh
1983), from Manitoba (Ross & Hawkins 1986), from Ontario
(Danzmann & Buchert 1983), from Québec (Gauthier et al.
1992), from the states of New Hampshire and New York

(Misenti & DeHayes 1989) or from Wisconsin (Sáenz-
Romero et al. 2001). In our study, if we were to estimate GST
among populations within regional groups delineated
by all our analyses (Table 4), we would obtain values in
the range of 0.265 to 0.597, which is much higher than
preceding values derived from allozyme markers.

The relatively high value of GST estimated in this study
indicates that gene flow by seed is much restricted in jack
pine. Gene flow was estimated at Nm = 0.379 migrant per
generation, using the overall GST estimate as an indirect
measurement of gene flow (Takahata & Palumbi 1985).
This level of gene flow is below that necessary to counter-
act the effects of genetic drift and it indicates that gene
flow is much restricted at the level of mtDNA in jack pine,
as previously noted for other conifers (Latta et al. 1998;
Gamache et al. 2003). Despite such low levels of gene flow,
there was some evidence for long-distance seed dispersal
in the present study. Haplotypes V and XII were most
abundant in the southeastern parts of Ontario and Québec
as well as in central Québec, respectively. Their rare pres-
ence in some populations from Ontario (populations #24
and #29) and northern Manitoba (population #33) (Fig. 1B),
where no close-relative haplotypes were noted, could be the
result of long-distance dispersal from eastern populations
where they were abundant. It has been argued that such
long-distance migration could have played a major role in
the colonization of several tree species (Petit et al. 1997; Clark
et al. 1998; Cain et al. 2000) but in our case, these haplotypes
did not spread. The rare occurrence of haplotypes V and
XII in central and western Canada could also reflect their
ancient presence in more than one genetically distinct
glacial population. Alternatively, it is also possible that
the rare occurrence of haplotype XII in population #24 is
indicative of parallel evolution resulting from a mutational
event from haplotype XI, also present in the population.

Spatial analyses also indicated a strong geographical
structure, which is most likely related to ancestral glacial

Table 4 Genetic diversity indices for groups of populations delineated from interpretation of the results of Bray–Curtis ordination, upgma
clustering, Monmonier, and samova spatial analyses
 

 

Region Populations N* nh† A‡ H§ GST¶

West 22–35 227 6 2.3 0.231 0.419
Southeast 8, 11, 13, 17, 18, 19 91 5 2.2 0.324 0.345
Easternmost 1–7 112 6 2.3 0.273 0.597
Central Québec 9, 10, 12, 14, 15, 16, 20, 21 113 10 3.6 0.548 0.265
Total 543 14 2.6** 0.328** 0.569

*Sample size.
†Total number of haplotypes observed in each region.
‡Average number of haplotypes per population in each region.
§Average H over the populations contained in each region.
¶Differentiation among populations in each region.
**Average.
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populations. Monmonier analysis regrouped populations
in three main clusters which corresponded to the western,
central-eastern, and eastern regions. These regions were
each characterized by one of the few most abundant
haplotypes (IX/X, III/V/VI, and XII/XIII, respectively). In
addition, the Bray–Curtis ordination, upgma, and samova
revealed a fourth group of heterogeneous populations in
the large region of central Québec (Table 4). This group
was characterized by higher genetic diversity at the intra-
population level (H = 0.548) and lower population dif-
ferentiation (GST = 0.265), as compared to the other three
regions (Table 4). The preceding considerations indicate
that, most likely, three distinct glacial populations existed
in jack pine, each dominated by a major haplotype and its
length derivatives, one western population with haplo-
types IX/X, a second population in the central-east with
haplotypes III/V/VI, and a third population in the east
with haplotypes XII/XIII. Merging fronts between these
three putative distinct glacial populations are apparent in
central Québec. In Nova Scotia and in the easternmost part
of Maine, there is also evidence that the group dominated
by haplotype V and that dominated by haplotypes XII/
XIII had merged to some extent.

The reconstitution of postglacial history from fossils and 
molecular evidence

Fossil data indicate that the northern hard pines P.
banksiana and P. resinosa have been abundantly distributed
from the Atlantic coastal and interior highland regions
during the last glacial maximum (LGM) (Rudolph &
Yeatman 1982). This area corresponds approximately to
the states of Tennessee, South and North Carolina, Alabama,
Georgia, and northern Mississippi ( Jackson et al. 2000).
The presence of jack pine north of 34° latitude at the LGM
is corroborated by macrofossils (needles) found in eastern
Tennessee (Delcourt 1979) and northwestern Georgia
(Watts 1970). Some authors have put forward that northern
hard pines could have survived the glaciation as south as
Florida (Jackson et al. 2000). The lower concentration
of Pinus pollen and the absence of macrofossil in the mid-
continent regions suggests that these species were absent
or scattered in these regions (Jackson et al. 2000). Biomes
reconstitution from fossils of the LGM suggested the
presence of a conifer forest along the Atlantic coast and
the existence of a steppe in northern-central United States
(Williams et al. 2000).

Simulation maps of the postglacial recolonization of the
modern range of several eastern North American trees
have been constructed from the fossil record (Davis 1983;
Webb 1988; Jackson et al. 1997). They indicate that northern
hard pines had spread rapidly northwards and westwards
from 14 000 to 10 000 bp. By 12 000 bp, the abundance of
Pinus pollen in palynological records had declined in the

midcontinent, but remained high along most of the Atlan-
tic coast ( Jackson et al. 1997). By 10 000 bp, northern hard
pines were a significant component of the vegetation from
the Atlantic coast of Canada to west of the Great Lakes
region (Webb 1988).

Despite that the fossil record revealed no clear evidence
of fragmented glacial populations (Ritchie 1987; Jackson
et al. 2000; Williams et al. 2004), the various qualitative and
quantitative analyses conducted herein showed that the
current genetic structure of jack pine natural range would
result from colonization by three genetically distinct
and presumably disjunct glacial populations. All numerical
analyses have put populations from the west in a same
group, those harbouring haplotypes IX/X (e.g. popula-
tions #25 to #33). This pattern supports the hypothesis that
they could have all emerged from a sole genetically distinct
western glacial population. The fossil data of the western
part of United States do not suggest the possibility of a dis-
tinct refuge for jack pine as west as on the western coast of
North America where the area is rather occupied by the
closely related P. contorta (Critchfield 1985). Moreover,
palynological studies in western Canada (Saskatchewan,
Alberta, and Northwest Territories) showed a clear pro-
gression of jack pine from central Canada to the west after
the retreat of the ice sheet (McLeod & MacDonald 1997),
which suggests that a genetically distinct glacial popula-
tion might have existed in the Midwest or at least, west of
the Appalachian Mountains. The great glacial lake Agassiz
had probably constituted a physical barrier to the north-
ward progression of animal and plant taxa until 10 000 bp
(Dyke & Prest 1987). Thus, according to pollen data, jack
pine would have colonized Manitoba 10 000 bp ( Jacobson
et al. 1987) from that genetically distinct midwestern gla-
cial population and later moved to northern Alberta
around 8000 bp (McLeod & MacDonald 1997).

It should also be noted that population #34 has a genetic
composition dominated by haplotype XI and the presence
of haplotypes XII and XVII, in sharp contrast to other
nearly monomorphic jack pine populations from Alberta
and western Manitoba. These haplotypes could result from
mutational events or long-distance seed dispersal from the
east. However, some of these haplotypes (XI) and other
ones of similar size (XIII and XVI) were also observed at
a relatively high frequency in the preliminary screening
of five populations of lodgepole pine in western Alberta
(data not shown, population samples obtained from R.
Beaudoin, MRNF, Québec Government). Such a presence
of these haplotypes in lodgepole pine suggests that they
might be ancestral and that mtDNA introgression might
have taken place between jack pine and lodgepole pine,
which are known to hybridize naturally (Dancik & Yeh
1983; Wagner et al. 1987). These observations suggest that
the presence of haplotypes XI, XII, and XVII in population
#34 of jack pine might result from seed dissemination from
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P. contorta, followed by backcrossing into the nuclear back-
ground of P. banksiana.

The geographical structure of haplotype diversity in the
southeastern range of jack pine suggests the colonization
by two genetically distinct and presumably disjunct glacial
populations, followed by the establishment of a zone of
secondary contact in Nova Scotia and another larger one in
central Québec (Fig. 3). These ancestral populations would
have been located in the east and in the southeast of North
America: a southeastern population likely located east of
the Appalachian Mountains, which would have been
characterized by a high abundance of haplotype V and the
presence of haplotypes III and VI, as observed today in
populations #8, #11, #13, #17, #18, and #19, and an eastern
coastal refuge, which would have been dominated by
haplotype XIII, as seen in populations #5 and #6.

The hypothesis of a distinct eastern coastal refuge has
also been suggested for P. resinosa, another northern hard
pine (Walter & Epperson 2001, 2005), and also for
black spruce (Jaramillo-Correa et al. 2004). This refuge
could have been located on the emerged coast on the con-
tinental shelf along Nova Scotia and Magdalen Island in
the Gulf of St Lawrence (Dyke et al. 2002). These areas were
exposed during the last glaciation because of the lower sea
level at LGM, which was approximated at −120 m (Piper
et al. 1986).

According to this hypothesis, the glacial population from
the eastern coastal refuge would have initially expanded
inland from the coastal line, and establishing itself in
Prince Edward Island, New Brunswick, and Nova Scotia
(Fig. 3). It would have been followed by a second wave of
migrants bearing haplotypes V and related haplotypes
from the more southern glacial population presumably
located east of the Appalachian Mountains. The expansion
of this southeastern population in southern Québec and
Ontario through the Adirondack Mountains, and in Nova
Scotia following the coastal line, would have been favoured
by higher summer insolation between 10 000 and 7500 bp
(Guiles Ellis et al. 2004), which would have increased the
frequency of fires (Carcaillet & Richard 2000) and enhance
the release of jack pine seeds. In Nova Scotia and in the
easternmost part of Maine (populations #1 to #4), a zone of
secondary contact would have occurred between these
populations and the eastern coastal populations domi-
nated by haplotype XIII.

A less parsimonious scenario, not requiring the exist-
ence of a genetically distinct glacial population in the east,
would imply the colonization of southern and central
Quebec through a northward-advancing migration front
carrying simultaneously the major haplotypes V and XII
from the United States, together with a long-distance coloni-
zation event from the southeast and ensuing expansion
leading to the presence of haplotype XIII in the Maritime
provinces of Canada. This scenario appears less likely,

given that neither trace of haplotype XII nor haplotype XIII
was found in populations from southern Québec and
Ontario (populations #11, #13, #17, #18, and #19).

A zone of secondary contact is also evident in central
Québec where haplotype diversity was the highest and
population differentiation was the lowest (Table 4). Because
of the remnants of the ice mass over central and northern
Québec up to 6000 bp (Matthews et al. 1989), central Québec
was among the last Canadian regions colonized by jack
pine. Two postglacial colonization fronts, one from the
south with haplotype V dominating and one from the east
with haplotype XII dominating, presumably entered the
region early. The Champlain Sea, which was well in place
by 11 000 and up to ∼10 000 bp (Dyke & Prest 1987), could
have restricted the progression of the trees carrying haplo-
type V in their northward advance. These two migration
fronts would have been followed later by a third front of
migration dominated by haplotypes IX/X from the west,
after the drying of the Holocene inland sea south of James
Bay (Lake Ojibway) at approximately 8500 bp (Dyke &
Prest 1987; Matthews et al. 1989).

Similar areas of great diversity resulting from a suture
zone between two migration fronts were also observed in
European trees (Petit et al. 2003), such as for white oaks
(Dumolin-Lapègue et al. 1997) and for other organisms
(see Taberlet et al. 1998). Such a region of suture was also
observed in northeastern Québec between three genetically

Fig. 3 Summary of the major inferred phylogeographical
processes that led to the current distribution of mtDNA diversity
of jack pine across its natural range. Glacial populations (circles)
and postglacial recolonization routes were inferred from fossils,
palynological, and genetic data. The grey colour in central Québec
and Nova Scotia indicates the zones of secondary contact between
ancestral populations.
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distinct migration fronts in black spruce ( Jaramillo-Correa
et al. 2004). Contrary to documented beliefs that colonization
process may incur loss of genetic diversity (Hewitt 1996),
the present data suggest that it could also act as a factor of
increased genetic diversity in particular areas. These
zones of increased genetic diversity should be taken into
consideration in programs aimed at conserving genetic
resources.

The current observation of genetically distinct glacial
populations in jack pine parallels other observations from
studies on quantitative traits. Variability was reported to
increase in all directions from Lake States to maximum
phenotypic variability on the east coast, in the southern
Lake States, and at the western border of the species
(Schoenike 1976). Abrupt boundaries were also observed
in Michigan (Arend et al. 1961) and Ontario (Skeates 1979).
These boundaries were interpreted as a consequence of
different postglacial history. Consistently with our obser-
vations from mtDNA, all these studies have proposed a
distinct lineage for the populations located west of the
Great Lakes.

The presence of genetically distinct glacial populations
east and west of the Appalachian Mountains and the Great
Lakes has also been suggested for black spruce from the
study of mtDNA variation ( Jaramillo-Correa et al. 2004).
These observations together with ours suggest a correla-
tion between species in the vicariance factors favouring
genetic isolation and drift. It could be proposed that the
northern part of the Appalachian Mountains and Adiron-
dacks in the United States could have constituted a
long-lasting physical barrier and hampered seed gene
flow between glacial populations located east and west of
the mountain range.

Evidence is also accumulating for a correlation between
species for an eastward glacial refuge along the coast or on
now submerged lands, but the exact location for such a
refuge seems variable from one species to the other. The
possibility of a glacial population along the coast of north-
ern Newfoundland or Labrador has been inferred for black
spruce (Jaramillo-Correa et al. 2004). Such a glacial popula-
tion would have been located much more north than that
proposed for jack pine in the present study. Contrary to
black spruce, jack pine never reached Newfoundland or
Labrador during the present interglacial. Therefore, the
presumed eastern glacial population of jack pine would
have to be located on emerged lands presumably off the
coast of Cape Breton Island of Nova Scotia or in the Gulf
of St Lawrence near perhaps Magdalen Islands. Limited
refugia are also thought to have existed along the continental
shelf on the eastern and western coasts of Nova Scotia,
which were occupied by arctic and boreal plants and
animals during the ice age (Pielou 1992). Botanists and
entomologists consider the existence of such refugia to be
essential to explain the present-day distributions of arctic

and boreal species in Nova Scotia (Anderson 1985;
Hamilton & Langor 1987).
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