
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films the

text direetly trom the original or copy submitted. Thust sorne thesis and

dissertation CXlpies are in typewriter face, while others may be trom any type of

computer printer.

The quallty of thi. reproduction is dependent upon the quallty of the copy

submitted. Broken or indistind print, colored or poor quality illustrations and

photographs, print bleedthrough, substandard margins, and improper alignment

can adversely affect reproduction.

ln the unlikely event thal the author did not send UMI a complete manuscript and

there are missing pages, these will be neted. AllO, if unauthorized copyright

material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning

the original, beginning at the upper left-hand corner and continuing from 18ft ta

right in equal sections with small averlaps.

Photographs induded in the original manuscript have been reproduced

xerographically in this copy. Higher quality 6- x 9- black and white photographie

prints are available for any photogl'llphs or illustrations appearing in this copy for

an additional charge. Contact UMI directfy to order.

Bell & Howellinfonnation and Leaming
300 North Z8eb Raad, Ann Arbor, MI 48106-1348 USA

UMI
e

800-521-0600





•

•

•

MOLECULAR PHYLOGEOGRAPHY OF DRYAS INTEGRIFOLIA:

GLACIAL REFUGIA AND POSTGLACIAL RECOLONIZATION

Nicolas-olivier R. Tremblay

Department of Biology

McGill University, Montréal

November 1997

A thesis submitted 10 the Faculty of Graduate Studies and Research in partial fulfilment of

the requirements of the degree of Master ofScience

Nicolas-Qlivier R. Tremblay

© 1997



1.1 National Ubrary
of Canada

Acquisitions and
Bibliographie Services

395 Wellington Street
Ottawa ON K1A ON4
canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue Wellington
Ottawa ON K1 A ON4
canada

Our fWI Notre 1.!fjrfltlCll

The author bas granted a non
exclusive licence allowing the
National Library ofCanada to
reproduce, loan, distribute or sell
copies of this thesis in microfonn,
paper or electronic fonnats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts trom it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur fonnat
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

0-612-44301-9



•

•

•

ABSTRACT

This thesis addresses the consequences of the last glaciation on the distribution and genetic

diversity of arctic fiora. The principal aim is to infer the full-glacial and postglacial

migrational history of Dryas integrifolia M. Vahl. (Rosaceae) from the intraspecific

phylogeny of cpDNA haplotypes, along with pollen and macrofossil distribution data. The

results suggest that four refugia existed during the last glaciation and that each served as

significant sources of recolonization when the ice retreated. The two most important

refugia are located in the northwestem Arctic (Beringia and the High Arctic), with two other

refugia located southeast of the ice sheet and along the coastal regions of the eastem Arctic.

High genetic substructure among populations is Iikely attributable to past vicariance and

recent recolonization events, whereas high local diversity is probably indicative of

recolonization from severaI sources and high gene tlow in recent time.
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RÉSUMÉ

Cette thèse évalue les conséquences de la dernière glaciation sur la distribution et la diversité

génétique de la flore arctique. Le but principal est de recoostIUire l'histoire pléoiglaciaire et

postglaciaire de la migration de Dryas integrifoiia M. Vahl. (Rosacée), en utilisant la

phylogénie intraspécifique d'haplotypes d'ADN chloroplastique ainsi que les données

polliniques et macrofossiles sur la distribution passée de l'espèce. Les résultats suggèrent

qu'il y avait quatre refuges durant la dernière glaciation et que chacun a contribué

significativement à la recolonisation une fois les glaciers retirés. Les deux refuges les plus

importants se trouvent dans le nord-ouest de l'Arctique (Béringie et Haut Arctique); les

deux autres se trouvent au sud-est de la calotte glaciaire et dans les régions côtières de l'est

de l'Arctique. La distribution hautement structurée de la diversité génétique entre les

populations est vraisemblablement attribuable à un épisode de vicariance dans le passé ainsi

qu'aux récents épisodes de recolonisation, tandis que la diversité locale élevée suggère une

recolonisation à partir de plusieurs sources et un flux génique actuel élevé.
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INTRODUCTION

1have tried to prove that mast arctic and numerous bareal plants radiated[rom the

Bering Sea area.

Eric Hultén 1937 (p. 141)

Aretie Clfmate Change and Plant Distribution

Glaciations have had a profound influence on the present distribution and genetic diversity

of allliving taxa in the northem hemisphere: birds (Bermingham et al. 1992), mammals

(Graham et al. 1996; Macpherson 1965), invertebrates (Weider and Hobœk 1997), marine

organisms (Ounton 1992), boreal and temperate plants (Hewitt 1996; Soltis et al. 1991),

and of course arctic plants (Ritchie 1981) underwent important migrations in reaction to

these major climatic changes.

Glaciations have long been suspected of playing a central role in the evolutionary history of

arctic tlora. Datwin (1859) for instance was struck by the similarity of the alpine and arctic

tlora of Europe. He suggested lbat the coming and going ofglacial periods offers a simple

explanation of these plant distributions. Ourlng wanner periods, cold-Ioving plants

occurred near the pole, but during colder periods, they migrated south. As the climate

improved, they migrated back north, as weil as to higher altitudes in southem regions.

Nowadays, there is renewed interest in the biogeagraphy of tundra plants, as the possibility

of significant climatic change prompts study of the fragile arctic ecosystem, one that is

more susceptible than athers ta climatic variation (Spicer and Chapman 1990; Walker

1995).
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The effect of climate change is thought to he greatest at higher latitudes because minor

changes in global temperatures are magnified in the Arctie (Cuffey et al. 1995). Any

annual variation, even of a single degree, means important changes in plant phenology,

reproductive suceess, and possibly survival in a region where the Mean daily temperature

sometimes exceeds O°C only in July and August (Scott 1995). The imminence of a quick

and significant global wanning has therefore stimulated a great amount of research effort in

the Arctic sinee the beginning of the decade (e.g., the International Tundra Experiment,

Molau and Molgaard 1996; Chapin nI et al. 1992; Chapin nI and Komer 1995;

Environment Canada (996). Warming May have numerous consequences, both ecological

and economic, such as the invasion of new species and the extinction of sorne northem

ecotypes (Crawford and Abbott 1994; Environment Canada 1996; Hewitt 1996; McGraw

1995; Pitelka and the Plant Migration Workshop Group 1997; Spicer and Chapman 1990).

Studying the history and evolution of the arctic fiora is therefore essential, especially in

relation to past glaciations, because it May provide clues about the response of the entire

ecosystem to environmental shifts.

This thesis therefore concems the study of the biogeographic distributional consequences

of the last glaciation on arctic Oora. In particular, the principal aim is to trace the full-glacial

(duriog the maximum extent of glaciation) and postglacial (after the ice retreated)

migrational history ofone commonly occurring arctic plant species, Dryas integrifolia. The

full objectives and results are presented after the following review of what is known about

the recent history ofarctic climate and 001'8.
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History of Arctic Climate and Flora

History ofglaciation

Change rather than stability has been the mie for the Earth's climate throughout geological

.time. The global climate has been shown to have been generally much warmer in the past

than it is today. In fac~ during 80% of the last 500 million years (My), the Earth has been

in a "greenhouse" mode (Spicer and Chapman 1990), interrupted by a number of cold

periods, termed "glacial ages", lasting 10 My or more each (Pielou 1991). Within each

glacial age, there were numerous intensely cold periods referred to as "glaciations" t each

lasting 60,000 ta 90,000 years. Glaciations are characterized by the building of ice-eaps

over temperate regions, like those found in polar latitudes taday (e.g., Antarctica). They

are separated by short, comparatively mild respites caIIed "interglacials", each lasting

10,000 ta 40,000 years (Pielou 1991).

In North America the last glacial age started around 1.8 to 2.4 My ago (Pielou 1991).

Traditionally, four glaciations have OOen recognized in the Pleistocene period in North

America, each lasting about 100,000 years and referred to as the Nebraskan, Kansan,

Illinoian and Wisconsinan glaciations, from the most ancient to the Most recent (Flint

1971). The Wisconsinan glaciation is by far the oost known. Il occurred from 65,000 to

10,000 years aga and extended over Most ofCanada and the northem United States (Dyke

and Prest 1987a). The remnant of the great ice sheet (called the "Laurentian" ice sheet)

covering Northem Québec disintegrated sorne 7,000 years aga.
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Origin ofarcticflora

Compared ta temperate and tropical taxa, high-Iatitude fiora are extremely reeent (Spicer

and Chapman 1990). North Ameriean arctic fiora is of multiple origins, comprising some

elements that evolved in situ and others that migrated over time from different places.

The ftrSt arctic plants evolved at the highest latitudes at the end of the Tertiary period

(especially the Pliocene epoch, 5-2.4 My ago). At the time, a coniferous woodland

covered these latitudes. The ancient forest included sorne floristic elements we recognize

today as part of the tundra. These forests disappeared progressively as the climate chilled

and glaciation started. Certain plants, those pre-adapted to the habitats destined to become

more widespread during the Quatemary period~ remained after the forests disappeared. To

this group ofarctic plants were added 1ater immigrants that had evolved during the Tertiary

period in the high mountain system of Central Asia and western NoIth America. Finally,

sorne new species evolved in situ during the Pleistocene and Holocene epochs from

existing arctie species (MuITaY 1987, 1995).

The tlora of the Arctic reacted to the repeated advanee and retreat of glaciation by

undergoing major migrations and recolonizations. Unlike the boreal elements whose full

glacial and postglacial histories are weil documented thanles to countless palynological

studies, the exact details of arctic plant glacial history remain largely unknown (Ritehie

1992). In fact, the locations where arctic plants survived the last glaciation and how they

recolonized the Arctic when the ice retreated have been poorly investigated. This is because

of limitations inherent in the type of information provided by poUen and macrofossil

remains and phytogeographical data, on which inferences about the history of arctic taxa

have been based sa far.
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Refugia (or where arctic species survived)

We know that glaciations forced major migrations and redistributions of aIl plants and

animaIs that survived at the periphery of the ice. Areas where plants and ather taxa

sUlVived and from which œcolonization proceeded are known as "refugia".

In 1937, Eric Hultén was among the tirst ta propose that ice-free regions between Alaska

and Siberia---ealled Beringia- could have been a refugium for arctic plants (Figure 1). In

fact, during full-glacial time, sea level was approximatively 80 metres below the present

level, thus uncovering a large continental bridge between Asia and America. This land

bridge remained largely unglaciated throughout the most recent glaciation. Toward the end

of the glaciation, around 11,000 years aga, the sea level rose, and the connection between

Asia and America was cut off (Elias et al. 1996). At present, the two continents are split by

the Bering Strait (hence the name of the region, Beringia). Initially deduced from the

pattern of plant distributions, the existence of Beringia was later supported by fossil and

geological evidence (Hopkins et al. 1982; Ritchie 1987).

Olher possible refugia

Apart from Beringia, four other areas have been proposed as possible refugia: an area

southeast of the ice sheet, the High Arctic, the southem Rockies and the eastem Arctic

coastaI region (Fig. 1).

Tbere are severa! types of evidence supporting the existence of these putative refugia.

First, since the early 1960s, numerous fossils of plants with arctic affinities have been

recovered in sites formerly located south of the ice sheet (e.g., Argus and Davis 1962), and

it was concluded tbat a refugium could have been located in that area (Ritchie 1987). This
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refugium would have been restricted ta a thin band of tondra immediately south of the ice,

extending from Iowa to New Jersey (Fig. 1) (Ritchie 1992). The presence of disjunct

populations of arctic plants in the northeastem United States and southeastem Canada

supports the existence of this secondary refugium (e.g., Morisset 1979, Roberts 1965).

Second, in the High Arctic Archipelago, one hypothesis is that the islands were covered

only by small independent ice caps (instead of a massive ice sheet), and that some ice-free

areas existed where terrestrial and aquatic life remained (Fig. 1) (Edlund 1994; Gray 1994;

HogsoR 1991). Third, the high elevations found in the southem Rockies could also have

hosted arctic plant during the last glaciation (Fig. 1) (Mooney and Billings 1961). Fourtb,

ail glacial margins were certainly punctuated by ice-free oceanic headlands and mountain

peaks (collectively called "nunataks") that could have supported arctie plants (Murray

1987). Such areas extended from Baffin Island southward to the Gulf of St. Lawrence in

the east, as weil as to both western and eastem Greenland (Fig. 1) (Funder 1979; Holland

1981; Murray 1987). Coastal regions of southeast Alaska have alsa been proposed as

refugia (Soltis et al. 1997), but mostly for boreal plants, whieh are not of central concem

here and will not he discussed in further detail.

The existence of these four other possible refugia is not as weil supported as the existence

of Beringia. For instance, no fossils were found to support their existence (except in the

southeast). At best, the existence of the High Arctic, coastal and southeast refugia is

suggested by the present-day distribution of some species of rare mosses. The

distributions of these masses indicate that they could he glacial relics, Le., they survived

the Wisconsinan glaciation at or near the sites where they are round today. This may

explain the disjunct distributions of isolated populations found in the Gulfof St. Lawrence

region, Newfoundland, Labrador, and the High Arctic and west Greenland (Helland 1987;

Belland 1994; Belland and Brassard 1988; BeUand and Favreau 1988; Belland et al. 1992;
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Hedderson and Brassard 1992a; Hedderson and Brassard 1992b; Mogensen et al. 1997).

More evidence is needed ta confinn the existence of these four refugia.

Postglacial recolonization

About 18,000 years ago, the Laurentian ice sheet started to melt. As saon as this

happened. arctie plants began to recolonize the Arctic from refugial area(s). Note that being

a refugium and being a source of massive recolonization are two different things. The first

does not necessarely entail the second, as explained below.

Hultén (1937) suggested that Beringia served as the Most important source area for

restocking arctie and possibly boreal fiora. Taday, this hypothesis is weil aecepted, even

though it has oever been tested (Ritchie 1992). Hence, in the case of Beringia and the ather

possible refugia. it is not known whether they aeted as source areas or whether the

populations underwent regional extinction (J.C. Ritchie personal communication). The

southeast refugium provides a good illustration. In the southeast, it appears that aretic

elements elosely followed the retreating ice margin at least sorne distance inland (Flint

1971). However, the final extent of this migration, and whether it reaehed the present

arctie biome, is not known. Arctic plant populations May have become extinct, either due

to competitive exclusion by more agressive temperate and boreal taxa in early postglacial

time (Given and Soper 1981), or because significant population reductions may have

diminished their genetie variability and thereby also presumably reduced their capacity to

colonize new habitats (Hultén 1937).
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Means of Investigation

As traditional means of investigating the glacial history of arctic plants provide only

încomplete answers, other tools are needed to infer their biogeographical and evolutiooary

past. Since the 19805, molecular genetic data have been used to complement data from

fossils and biogeography, in particular to infer the demographic history ofsPecies (e.g., the

geographical origin of modem humans, Cann et al. 1987). The use of molecular markers

to reconstruct the phylogenies and ta study the genetic structure of the populations provides

a oovel source of information.

lntraspecific phylogeography

The fusion of population genetics, molecular systematics and biogeography led to the

creation a new discipline: phylogeography (Avise 1994; Avise et ai. 1981). The discipline

involves the study of the principles and processes goveming the geographic distribution of

genealogicallineages (phylogenies), including those at the intrasPecific level. In practical

terms, it has been noted that many genetic Iineages are geographically localized and that

they share a common evolutionary bistory, sueh as episodes of vicariance (Le., the

separation of a group of organisms by a geographic barrier), major migration and recent

expansion. Phylogeographic studies enable the researcher to reeognize differenees in

various populations of a species that would otherwise seem monomorphic. These tools

have been applied successfully to a variety of studies involving plants and animais Ce.g.,

Avise 1992; Bematehez and Dodson 1991; Demesure et al. 1996; Soltis et al. 1992a).

Phylogeographie principles can he summarized in three main postuJates (Avise 1994; Avise

et al. 1987; Riddle 1996). First, most species are composed of geographic populations

whose members occupY different branch tips of an intraspecific, phylogenetic tree.
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Second, species with limited or shallow phylogeographic population structure have life

histories conducive to dispersal and have occupied ranges free of long-standing

impediments to gene flow (Figure 2a). Third, populations separated for a long time by

geographic barriers to gene flow should accumulate distinctive mutations in their genome

and therefore should constitute groups distinguished by deep phylogenetic gaps (Fig. 2b).

Two important corollaries of this third postulate are (a) if the banier to gene flow is

sufficiently significant, then it should mould the genetic stnlcture of independently evolving

species in concordant fashion (across taxa); and (b) phylogenetic gaps within species

should tend to be geographically concordant with boundaries between traditionally

recognized biogeographic provinces.

Reconstruction ofa phylvgeny

Using the principles of phylogeography requires the availability of a phylogenetic tree for

the species studied. Cytoplasmic DNA (mitochondrial or chloropiast DNA) has become the

tool of choice for sucb analysis. For plant studies, restriction site analysis of chloroplast

DNA (cpDNA) has emerged as the most popular technique for phylogenetic reconstnlction

below the family level (Soltis et al. 1992b). The use of cpDNA has many advantages

reviewed in detail by Hillis et al. (1996), Olmstead and Palmer (1994), and Soltis et al.

(1992b). One important advantage for pbylogenetic studies is the uniparental mode of

inheritance of cpDNA. Chloroplasts are matemally inherited, present in ovules but not the

pollen. In theory, this allows migration patterns based on seed dispersal to he studied apart

from gene t10w caused by exchange of pollen (McCauley 1995). Another advantage is the

non recombining nature of cpDNA.

Despite its relatively slow rate of silent substitution (compared to the more frequently used

mitochondrial DNA in animal studies), the cpDNA genome has provided useful
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intraspecific variation in sorne species investigated (Olmstead and Palmer 1994). Recently,

the production of universal PCR (polymemse Chain Reaction) primers for highly variable

non-coding regions of the chloroplast bas provided an important additional tool for the

study of intraspecific variation. The primers are located in conserved regions flanking

regions of relatively high substitution rate.

Analysis ofgenetic diversity and genetic structure

Phylogeogrnpbic principles are not the ooly tools available to reconstruct the evolutionary

bistory of a species; the distribution and structure of genetic diversity cao aIso be useful.

For example, it is expected that a source of recolonization should exhibit more diversity

than recently recolooized areas because of the loss of variation accompanying successive

founding events in the recolonized areas (Hewitt 1996). It is also thought that expansion

occurs by the founding of new, small populations, which in tum expand to become the

source of the next dispersal and founding event (Cwynar and MacDonald 1987). This

observation is based on several studies of boreal and temperate taxa from North America

(Cwynar and MacDonald 1987; Lewis and Crawford 1995) and Europe (Demesure et al.

1996; Fenis et al. 1995). This phenomenon bas also been observed in mammals (Sage and

Wolff 1986), invertebrates (Boileau and Hebert 1991; Weider and Hobzk 1997), and 6sh

(Dematchez and Dodson 1991). In the study of the origin of modem humans (where the

highest level of mitochondrial DNA polymorphism is found in Africa), it is the most

convincing argument supporting the hypothesis of an African erigin for humankind (Avise

1994; Bowcock et al. 1994). The same pbenomenon may also help to locate arctic plant

refugia.

Populations of nearly ail species exhibit at least some degree of genetic differentiation

among geographic locations (Avise 1994). The extent of geographic differences results
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from a balance between forces tending ta produce local genetic differentiation and forces

tending to produce genetic homogeneity (Slatkin 1987). Mutation, genetic drift due to

fmite population size, episodes of vicariance, and naturaI selection favouring adaptation to

local environmental conditions will alilead to genetic differentiation of local populations,

while the movement of gametes, individuals and even entire populations-eollectively

called gene flow-will oppose that differentiation. The challenge is to identify the

evolutionary forces responsible for the observed geographical association and ta tease apart

their relative influence (Avise 1994). Furthennore, sorne factors prominent in the past May

not he active today and vice versa.

Dryas integrifo/ia as a modelorganism

To sludy the consequences of glaciation (essentially the last one) for arctic fiora, Dryas

integrifolia M. Vahl. (Rosaceae), also known as arctie avens, was selected as a model

organism (Figure 3). This was done for severa! reasons. First, D. integrifo/ia is believed

to be representative of many other arctic taxa. For instance, it covers the whole Arctic and

extends further south in high altitudes in the Rockies and in specialized habitats in

southeastem Canada (Ontario, Québec and New Brunswick, Fig. 4), like Many other

members of the arctic-alpine fiora. Il exlends from 83°N ta 45°N, encompassing the whole

range of arctic conditions (temperatures, moisture and photoperiods). Second, it is easily

dislinguished from related species, and its seeds are readily collected and grown in

greenhouse conditions.

In its habitat, Dryas integrifoiia is a successfullow mat-forming shrob; il is a long-lived

perennial, distributed widely across the northem half of North America and the coasta!

areas of Greenland (Hultén 1959; Porsild 1947). It is a ubiquitous pioneer species,

distinctIy calciphilous and most abundant on barren, rocky or gravelly substrates such as
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river Oa18. It is less common in tundra heath where it cannot withstand competition from

more aggressive tundra plants (Porsild and Cody (980). The species is dependent on

insec18 for maximum seed-set but cao develop seeds autogamously (Kevao (972). The

fruits are hard, dry and single seeded, with a feathery style (part of the pistil, see Figure 3)

that can assist in wind dispersal (Krannitz 1996). Many subspecies have been described

and are located primarily in Alaska, Yukon and the Rockies (porsild and Cody 1980). The

species presents no major taxonomie difficulty. It is known ta hybridize freely with ather

species of the genus Dryas (D. octopetala L. and D. drummondii Richards.) in areas of

sympatry, mostly in the Rockies and Alaska (Hultén (959).

Researcb objective

The central research objective was to test Hultén's hypothesis that Beringia was the

principal refugium and the main source of recalonization for arctic plants. Under this

hypothesis, results similar to those presented schematically in Figure 2a would be

expected. Altematively, ifpresent-day arctic populations of Dryas inlegrifolia originated

from many refugia, results similar to those presented in Fig. 2b would he expected. In

other words, the question is whether there was one refugium or many.
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MATERIALS AND METRons

Fossil Data

Studying the past distribution of the species cao provide information about how the present

day distribution came about. The past distribution of Dryas integrifolia is revealed by two

sources: macrofossils and pollen remains. Macrofossils are especially abundant because

the tough leaves of Dryas are preserved extremely well in sediments (e.g., Miller and

Thompson L979). The advantage of macrofossils is that they are generally identifiable with

certainty to the species level, which is not always the case for fossil remains in general.

Macmfossil data (locality and age of deposits) were gathered from the literature. The

literature review was completed, in part, with assistance of S.T. Jackson (University of

Wyoming), who is responsible for the North American Macrofossil Database (NAMD), an

exhaustive review of all existing studies involving macrofossil analysis in North America.

Pollen data are also infonnative regarding the past distribution of the species, but they are

not as precise as macrofossil data for two reasons. First, pollen cao be reliably identified

oruy at the generic leve!. Hence, the pollen grain ofD. integrifolia is hardly distinguishable

from the pollen the two other species of Dryas-D. octopetala L. and D. drummondii

Richards (Hebda et al. 1988). Second, most researchers use the identification key from

. Faegri and Iversen (1975), which identifies Dryas pollen under the name IlDryas-type", a

category that may include other members of the Rosaceae such as Prunus. Fortunately,

species Like Prunus, a temperate taxon, do not occur in the arctic environment, so the

possibility of errer is generally small. Pollen data (Iocality and age of deposits) were

obtained from the North American Pollen Database (analogous to the NAMD) and cao he

considered exhaustive up to 1995.
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Collection of Live Plant Material

Seeds were collected acmss the entire range of the species during the summers of 1995 and

1996. Collection was performed by the author and by numerous collaborators in Canada,

the United States and Europe (Table 1 and Figure 4). Potential collaborators, most ofthem

involved in arctic research, were contacted during the preceding winter to ask their

assistance in collecting Dryas integrifolia from localities that were not accessible ta the

author. Of the 120 potential collaborators contacted, about 80 replied positively. The

collaborators were then sent a collecting kit that included envelopes for seeds and a small

plant press for preservation of voucher specimens (see Appendix A); 56 kits were retumed.

Not all samples were analysed owing ta time constraints: a total of42 localities were kept

for analyses of molecular variation (Fig. 5). As collecting localities were distant from one

another (average distance 1918 kilometres, ±996 km), each collecting locality can safely be

assumed to contain a different population.

Since the genotyping of individuals is labour-intensive, an average ofjust two individuals

per population were used for the molecular analysis. Though smalI, this sampling strategy

is recognized as optimal for detecting genetic 5ubstructure in species with a wide

geographical range. In other words, for a flXed sample size, it is more efficient to increase

the number of populations sampled rather than of number of individuals per population

(pons and Petit 1995; Templeton et al. 1995). With the more widespread spatial coverage

that 5uch a collection allows, one May he able to discriminate continuous range expansion

from long-distance colonizatioD.
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Lab Techniques for Genetic Analysis

The procedure outlined below describes the techniques used to isolate specifie regions of

the chloroplast genome as weil as the tools used to characterize the differences between

these regions.

A mini-genomic DNA extraction was performed on 10-15 mg of fresh or frozen leaves,

seeds, or dried flowers, using the protocol of lobes et al. (1995). The protocol was

modified in three major ways (detailed procedure in Appendix B). First, it was adapted ta

process very small amounts of tissue. Second, the DNA extraction medium proposed in

the lobes et al. protoeol was replaeed by a solution of 2% CTAB

(eethyltrimethylammonium). Third, two potassium acetate purifications were performed,

instead ofjust one, in arder to separate the DNA extnlction from a mueilaginous layer that

formed during the frrst steps of the extraction and interfered with dissolution of the DNA in

subsequent stages.

The Polymerase Chain Reaction (PeR) technique was used to isolate specifie non-eoding

regions of chloroplast DNA (cpDNA) (Table 2). Six different pairs of universal primers

were used, as described in Demesure et al. (1995), Dumoulin-Lapègue et al. (l99Th), and

Taberlet et al. (1991). The PCR mix was as follows: 18.25 J.lL of double distilled water;

0.25 IJL (0.875 unit) of Taq polymerase (Expand™ Long Template PCR System from

Boehringer Mannheim); 2.5 IJL of lOx Buffer #1 (reeommended buffer); 0.25 JJL (400

mM) ofeach dNTP; 1 J,lL (8 nM) ofeach primer; and 1 JJL of extracted DNA (final volume

of 25 ilL). Amplifications were perfonned using a Sttatagene RoboCycler® Gradient 96.

The procedure was as follows: an initial denaturation of4 minutes at 95°C was foUowed by

35 cycles of denaturation (1 min. al 9S0C), annealing (1 min. at 40-60°C; optimal
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temperature varies with the primer used), and extension (2 min. at 68°C). The reaction was

completed by 7 minutes ofextra extension at 68°C. See Appendix B for full details.

The PCR products (5-10 JlL) were digested overnight using 2 uoits of each of different 4

bp cutter restriction enzymes (Table 2). Resulting fragments were separated using 3.5-8%

polyacrylamide gels run for 5-7 hours at 160 V. The various gel concentrations and

migration times were adjusted to optimize the resolution of the bands of interest (AppendL~

B). The gels were stained using ethidium bromide, visualised under UV light and

photogmphed with Polaroid 6671S0 3000/36°, Professional Coatterless B&W Instant Pack

Film (8.5 x 10.8 cm). Band size was estimated by regression analysis of migration

distances of fragments of known length (Gibco 1Kb Ladder).

Composite haplotypes for the cpDNA of each sample were based on the presence and

absence of bands of different sizes and were designated on the basis of the digestion

profiles from a11 polymorphie combinations of PCR primers (Table 3). In other words,

each haplotype is defined by a unique combination of leogth variations when ail amplified

fragments are compared simultaneously.

Analysis of Data

Phylogenetic relationship among haplotypes and populations

A phylogenetic reconstnlction is necessary to infer the evolutiooary relationship between

individual haplotypes and between populations. There are two main approaches to

reconstrocting phylogenies: quantitative (phenetic) and qualitative (cladistic) methods

(Avise (994). It is usually recommended that multiple methods of data analysis be
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attempted. Congruent results between the two methods reinforce the conclusions (Avise

1994).

The phenetic method chosen was Neighbour-Joining, which is cooceptually related to

cluster analysis. As applied here, this method requires a 42 x 42 matrix of pairwise

population genetic distances on which the analysis is performed. The genetic divergence

between aoy two populations, expressed as the number of net restriction fragment

polymorphisms, is calculated using haplotype frequencies together with the haplotype x

haplotype divergence matrix. The exact calculation follows Nei (see Nei, 1987, equation

10.21) and was performed with the Restriction Enzyme Analysis Package (McElroy et al.

(991). The resulting pairwise distance matrix was used for the Neighbour-Joining analysis

itself, performed using the program PHYUP version 3.52 (Felsenstein (993).

The cladistic method used was Wagner parsimony, whieh minimizes the total number of

character state changes in the tree (Avise (994). Each polymorphie restriction fragment

was eonsidered to be a different character. For eaeh charaeter, the different length variants

are considered to represent different character states. Length variants were coded by

numbers that do not imply any evolutionary direction. The data were scored as unordered

multistate charaeters in the computer algorithm. The analyses were conducted using

PAup· for Macintosh (test version 4.0d57), written by D.L. Swofford (Smithsonian

Institution, personal communication). This version is similar to version 3.1.1 (Swofford

1993).

Analysis ofpopulation substructure

Genetic diversity was quantitied using indices of population diversity and subdivision for

haploid loci (since cpDNA is assumed to be uniparentally inherited) (Nei 1987; Pons and
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Petit 1995). In this study, strict maternaI inheritance is assumed rather than demonstrated.

It appears to he a reasonable assumption, as the uniparental, maternai inheritance of the

chloroplast is nearly universal among flowering plants, where it has been studied in a

reasonably large and diverse number of species (Birky 1995), although there are sorne

exceptions (Reboud and Zeyl 1994).

Two haplotype diversity analyses were conducted. In the tirst aoalysis, each haplotype

was treated as a separate allele at a single haploid locus. The average intrapopulation

diversity (hs), total diversity (ht), and degree of substructure (Gst) were calculated using

procedures appropriate for haploid loci (Pons and Petit 1995). Note that Gst depends only

on the frequencies of the haplotypes and not 00 their similarities. In the second anaIysis,

the distances, Pij, between haplotypes (number of mutational steps separating the ith and jth

haplotype, normalized by the average pairwise number of mutational steps in the ovemll

sample of haplotypes) were calculated. This allowed calculation of intrapopulation

diversity (vs), total diversity (Vt), and degree of substructure (Nsr) taking iota account

degree of haplotype divergence (Pons and Petit 1996). Nst is thus influenced by bath

haplotype frequencies and the mutational distance between haplotypes. Statistical tests for

departure of diversity parameter estimates from zero were performed by bootstrap

resampling of populations (Efron 1982).

The diversity measures considered above (GSl and Nst> deal ooly with the frequencies and

divergences of haplotypes in the populations, but do not integrate the geographical

information, namely, the geographical distance between each pair of populations. The

Manters test procedure outlined below includes this infonnation.
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Mantel test: re/ationship between genetic divergence and geographical distance

A Mantel test was used to compare geographical distance with genetic distance for

individual population pairs (ManteI1967). The test detennines whether the genetic distance

between populations is related to geographical distance. In other words, the test shows

whether the observed geographical distribution of haplotypes departs significantly from

random (Sokal and Rohlf 1995).

First, pairwise geographical distances were calculated for each of the 42 populations using

a trigonometric formula that assumes the earth is perfectly spherical (P. H. Dana,

University of Texas, personaI communication). The distance d between two points A and

B is calculated in kilometres, using the latitude and longitude of each point (degrees

converted to radian) and taking the measure of Earth radius (6378.137 km) at the equator.

Hence, d = acas [sin (latitude A) * sin (latitude B) + cos (latitude A) * cos (latitude 8) *

cos (longitude point B - longitude point A)] * 6378.137. Pairwise genetic distances

between populations were calculated, as previously described for the Neighbour-Joining

method, using equation 10.21 in Nei (1987).

The Mantel test then proceeds by calculating the sum of the products ofelement by element

multiplication for the geographic and genetic distance matrices (Mantel 1967). Significance

testing is conducted by Monte Carlo procedures: rows and columns of one of the two

matrices are randomly permuted, and the sum of the products of element by element

multiplication is recorded. This is done 1,000 times, and the distribution of the randomized

cross-product distribution is compared with that obtained from the actual (non-randomized)

data matrices (Smouse et al. 1986). The whole Mantel test procedure was performed using

an algorithm programmed by D. J. Schoen (McGill University, personal communication).
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Co"espontience with biogeographical provinces or paJeoecologicalfactors

If population diversity is not randomly disbibuted (reveaJed by the Mantel test for instance),

then one May ask how the distribution is organized; i.e., which factors (past or present)

could have influenced the distribution of the diversity? In other words, does the

geographical distribution of the genetic diversity correspond ta the actual boundaries of

predefined ecological or paleoecological regions?

On an ecological basis, the Arctic can be divided in three major biogeographical regions: the

high Arctic polar desert, the Low Arctic, and the boreal forest (the region below the

northemmost limit of forest). The boundaries between these ecoclimatic provinces were

determined based on climatic and major vegetation types following Scott (1995) (Figure 3).

On a paleoecological basis, it is interesting to know whether the past positions of the ice

sheet had any significant influence on the distribution of the genetic diversity that would

still be visible today. It is thought that the age of the terrain (Le., how long it has been

unglaciated) may have had a significant effect, since regions recently recolonized are

generally less diversified than those that have been unglaciated for a longer period or were

never glaciated (Hewitt 1996). Thus, the study area was divided in two regions-glaciated

vs. unglaciated-at three different time periods: 18,000, 12,000 and 8,400 years before the

present, following Dyke and Prest (1987a; 1987b). Results from such an analysis should

provide insight into the majors factors shaping the genetic differentiation and distribution in

the Arctic.

Haplotype frequencies between the different groups were compared using a X2 (chi-square)

test. Small sample size, however, makes analysis of geographic or temporal variation in

cpDNA problematic. This is particularly ttue if the restriction-enzyme swvey reveals many

relatively rare variants (Roff and Bentzen 1989). One solution to this problem is to
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generate the distribution of X2 expected if the null hypothesis were tlUe for the particular

data set under study. This can be approximated by a Monte Carlo approach, using a

computer method for generating such null distributions (Roff and Bentzen 1989). A DOS

program (RXC.EXE), based on the algorithm by Roff and Bentzen (1989), was used for

this purpose. It was obtained from G. Carmody (Carleton University).
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RESULTS

Fossil Record

A map showing the distribution of macrofossil records is presented in Figure 6. Details of

the locality, age of deposits and references for these records are presented in Appendix C.

Macrofossils are present in two major groups that are spatially and temporally distinct. Ali

sites reliably dated in the southeast are from the last glaciation, from 25,000 ta 2,000 yBP,

and are progressively younger from south to north, suggesting that Dryas integrifolia

closely followed the ice retreat in space and in time. In the Arctic, sites are of various ages,

dating from the Pliocene epoch ta the present, including sorne interglacial deposits,

comfmning that D. integrifolia probably evolved in that region at the end of the Tertiary

period.

The pollen distribution record (Figure 7) is not only concordant with the macrofossil

record, supporting the existence of two refugia during the full-glacial period, but also

provides additional distributional infonnation. The new information added is the presence

of the genus in the Rockies, in the continental part of the Northwest Territories, and in

Labrador. Only two localities in the Arctic Archipelago have been described, principally

because of a lack of investigation in the ares. In ail cases, the data show a rapid

recolonization of Dryas sp. following retteat of the ice. The presence of Dryas sp. in

Labrador around 19,000 yBP suggests the existence of a refugium along the North Atlantic

coast during the full-glacial period. Finally, it is possible that the pollen record in the

Rocldes may retlect the presence of the related species D. oetapeta/a, which is much more

abundant in that region today than is D. integrifoiia.
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Haplotypes

While no restriction site variation (i.e., point mutation) was observed, many short length

variants were present (e.g., Figure 8). Based on the presence or absence of these different

length variants, 20 distinct cpDNA haplotypes were detected among the 79 sampled

individuals from 42 populations. The description of the haplotypes is summarized in

Tables 2 and 3 (and detailed in Appendix 0).

The geographic distribution of haplotypes is presented in Figure 9. Nine haplotypes were

present at more than one site. Among these, only a few haplotypes are widespread:

haplotypes A, D, and K. athers are restricted ta a particular region: haplotype E to the

western ArctÎC and the Rockies; haplotype H to the Arctic Archipelago; haplotype L to

Greenland; and haplotype P to the eastem Arctic. Finally, other haplotypes exhibit disjunct

distributions: haplotype B (Hudson Bay area and the Rockies); and haplotype C (Alaska

and Hudson Bay). Eleven haplotypes were restricted to a single population. They are

located in three different regions. First, in the eastem Arctic, haplotypes l, Q, S, T, U and

V are restricted ta coastal regions. Second, in the western Arctic, haplotypes G, M and N

are restricted ta the high elevations of the Yukon and British Columbia. Finally, two

haplotypes, a and R, are found in the Arctic Archipelago.

It is notable that many-nearly two-thirds-of the populations sampled show more than

one cpDNA haplotype. The homogenous population samples are mostly from the Low

Arctic region.
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Phylogenetic Analysis

Cladistic and phenetic analyses were conducted to infer relationships among haplotypes and

also among populations. By combining infonnation on the geographic distribution of each

clade with infonnation on the fossil record and on the distribution and ages ofglaciers, one

cao infer the geographic origins of the different clades. These results are presented below.

Phylogenetic analysis ofhaplotypes

A Wagner parsimony analysis produced over 10,000 Most parsimonious haplotype trees.

The small number (seven) ofcharacters that could he found and on which to reconstruct the

phylogeny May account for these results. The 50% majority-rule consensus tree is

presented in Figure 10 for the first 5,000 trees. Five clades of haplotypes can he

distinguished. Four smaH clades are composed of two haplotypes each: D, L (eastem

Arctic and Greenland); E, N (Rockies and western Arctic); H, R (High Arctic); and 1, P

(eastem Arctic). Members ofeach pair are always geographically close to each other. The

fifth and largest clade is composed of seven haplotypes: B, C, 0, M, S, T and V. The

common feature to these haplotypes is that they are alilocated on the continental part of the

range of D. integrifolia (Le., none in the Arctic Archipelago); they are spread out over a

vast area, from Alaska ta Newfoundland. Within this last clade, two sub-clades cao be

distinguished: Q, M (Rockies) and S, T (northem Quebec). Ail remaining haplotypes (A,

K, 0, Q and U) are not c10sely related ta each other.

A Neighbour-Joining analysis ofhaplotyPes was perfonned using the "distance" option of

PAUP* (Figure Il). Distance was expressed in tenns of the number of mutations

separating haplotypes from one another. Four groups of haplotypes can he clearly

distinguished. The first group, containing haplotypes D, K, L, and Q, is round primarily
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in the east (haplotypes K, L and Q) and from the centre of the Arctic southeastward to New

Brunswick (haplotypes K and D). One noteworthy exception in this distribution is the two

disjunct individuals with haplotype K found in the western Arctic (populations 16 and 19).

The second major group contains haplotypes E, H, and R. This group is found along the

Rocky Mountains (E) and in the northem Archipelago (H and R). A third small group

found in the eastem Arctic contains haplotypes 1 and P. Finally, a more cosmopolitan

group is made of haplotypes found over a very large area (B, C, G, M, S, T and V); it is

identical to the one revealed by the Wagner parsimony technique and contains the same sub

groupings (G, M; and S, T). The remaining haplotypes form two groups of more distantly

related haplotypes (N, U; and A, 0)

The Wagner parsimony and Neighbour-Joining analyses of haplotypes generally produced

condordant results. This conftrnls the validity of the phylogenetic reconstruction.

Phylogenetic analysis ofpopulations

Figure 12 presents the results of the Neighbour-Joining analysis of populations. This

analysis takes into account not only the number of mutational differences between

haplotypes, but also the haplotype frequencic=s in populations.. Five major groups of

populations can he distinguished (Fig. 13). Three groups come from Beringia: one is made

up of the populations cOlnposed of haplotype A only, which has its source in Beringia and

reaches the eastem coast of Hudson Bay; a second group is restricted to the continental

area, and the third splits in two directions, northward in the archipelago and southward

along the Rocky Mountains. A fourtb distinct group is composed of populations having

their source a10ng the eastern coast and possibly the southeast refugia (as suggested by

fossit and pollen data). Finally, the fifth group is fonned of the remaining isolated

populations (40, 42,44, 57 and 65). From this latter group, population 42 supports the
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existence of the High Arctic refugium; population 44 supports the existence of the eastem

coastal refugium; and populations 40, 57 and 65 are composed of haplotypes of different

origins, suggesting that they were founded by immigrants from different sources.

Genetîc Structure and Diversity

Comparison between aU populations

Significant subdivision of population genetic diversity was detected using bath Gst and

Nst analyses. This indicates that haplotype diversity among populations is significant

(Table 4). However, the difference Nst - Gst, was not significantly different from zero.

This indicates that at the local scale there is no statistically significant tendancy for

haplotypes that are less divergent than average to co-occur in the same populations (where

divergence is expressed in terms of numbers of mutational steps). In other words,

haplotypes found in the same population are not always strongly related. Possible

explanations for such a pattern are discussed below.

The Mantel test shows that geographical and genetic distance matrices were significantly

correlated. The observed SUffi of cross-products (=469,972) fell into the top 1%of the

randomized cross-product sums (Figure 14). In other words, at the regional scale, there is

a significant relationship between the genetic distances observed and geographical

distances, so that haplotypes are not randomly distributed but are in fact geographically

structured.
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Comparison between predefined regions

The chi-square analysis compared the haplotype frequencies between the different

ecological and paleoecological regions (Table 5). The haplotype frequencies between

ecological provinces depart significantly from a random distribution. The comparaison

between glaciated and unglaciated areas was significantly different from random al 12,000

yBP, but not at 8,400 or 18,000 yBP. Thus, both actual and past ecological factors may

have influenced haplotype frequencies over the entire range of Dryas integrifolia (see

discussion).

Genelic diversity

As mentioned above, it was anticipated that unglaciated areas might be more genetically

diverse than recently recolonized areas. This assumption couId not be tested, however,

because of the small sample size.
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DISCUSSION

The central objective of this study was to apply molecular population genetic data to the

question of whether one or Many arctic plant refugia existed during the last glaciation and,

if there was more than one refugium, to what extent each contributed to the recolonization

of the Arctic after the ice retreated. The present work provides information both from

molecular analyses and from the reconsideration of other available evidence (fossil record,

taxonomic diversity, and plant distribution). Together, this has allowed the evolutionary

and biogeographic history of Dryas integrifolia to be examined, starting from the lime of

maximum extension of the last glaciation and extending to the present.

The results suggest that Beringia was not the only refugium; up to four refugia existed

during the last glaciation-Beringia, the High Arctic, the eastem Arctic coast and the

southeast-and they aU made a significant contribution to present-day arctic populations.

Furthermore, the available evidence also indicates that the four refugia cao best be seen as

two complexes of two refugia each. Beringia and the High Arctic form the fll'St complex; it

seems to have been the source of most of the populations studied here, covering almost

two-thirds of the Arctic. The eastem Arctic coast and the southeast fonn the second

complex; il seems to have conttibuted to the populations of about a third of the territory.

Finally, it appears that the areas recolonized by each refugium overIap, Le., many

populations contain individuals whose ancestors survived in different refugia. The next

two sections discuss the details on which these conclusions are based.
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Evidence Concerning Each Possible Refugium

Beringia

With regard to Dryas integrifolia in Beringia, the molecular data strongly support Hultén's

proposition that this region was the most significant refugium and the mast important

source for the recolonization of the Arctic at the end of the last glaciation (Hultén 1937).

At least two groups of haplotypes and three groups of populations have their origin in or

near Beringia. A group of haplotypes or populations is presumed to have originated from a

particular refugium if it extends from a refugium toward the formerly glaciated areas.

Another, less parsimonious interpretation would be that it migrated from another refugium

where it left no descendants and progressed Litrough glaciated areas ta the refugium where

populations are found today. Fossil evidence aIso supports the claim that Dryas integrifolia

survived glaciation in Beringia (e.g., pollen remains dating from 43,000 yBP have been

found in Alaska). Interestingly, ail fossil evidence originates from the northern pan of

Beringia. This provides support for Hultén's suggestion that D. integrifolia was part of a

group of plants that emigrated from "Northem Beringia" (Hultén 1937).

Molecular data from this study confmn that Beringia was not ooly a refugium, but also a

source of widescale recolonization: populations originating in Beringia now occur over

large geographical areas, ceveriog mest of the Arctic. Tbese populations are distributed

along the Rocky Mountains and in the continental part of the Northwest Tenitories, aemss

the Arctic to Baffm Island and the eastem side of Hudson Bay. There is also an

intermediate level ofconnection with the High Arctic. Figure 1S presents the possible route

of migration deduced from the molecular data.
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According to the diversity argument (Le., the argument that source populations should

exhibit higber genetic diversity than sink populations, the latter presumably founded from a

few individuals), we would expect Beringian populations of Dryas integrifolia to be more

diversified than those in other regions. This expectation seems to hold true at the

morphological level, wbere most subspecies of D. integrifolia are located near or in

Beringia: D. integrifolia Vahl. ssp. crenulata (Juz.) Scoggan, D. integrifo/ia Vahl. ssp.

chamissonis (Speng.) Scoggan, and D. integrifolia Vahl. ssp. sylvatica (Hultén) Hultén

(Mclannet et al. 1993). It is also true for the congeneric species D. octopetala (six

subspecies or hybrids are found in Beringia) (porsild and Cody 1980). However, this was

not found at the molecular genetic level: Beringian populations of D. integrifolia do oot

show higher levels ofcpDNA diversity than those located elsewhere. This may he because

higher variability went undetected in the relatively small number of populations colleeted

from the unglaciated regions of Beringia. It is also possible that extensive gene tlow within

this large refugium and between Beringia and neighbouring regions in early postglacial time

led to the widespread dispersal of diverse Beringian haplotypes. The ooly case ofextreme

geoetic differentiation near Beringia is found in population 23 from the Rockies, where two

unique haplotypes were found (haplotypes Gand M). However, the specimens colleeted in

that region correspond ta the weil differentiated subspecies D. integrifolia ssp. sylvarica,

which may expIain the high level of divergence.

The High Arctic refugium

Much evidence suggests that the High Arctic was a refugium during the last glaciation. In

partieular, the High Arctic region contains just as much taxonomie diversity of Dryas

integrifolia subspecies and species as Beringia. Three taxa have been described from the

region north of Ellesmere Island: one new species, Dryas incisa (closely related to D.

integrifolia); one subspecies, D. integrifolia Vahl. ssp. chamissonis (Speng.) Scoggan; and
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one variety, D. integrifolia var. canescen (Edlund 1994). Furthennore, one rare haplotype

(haplotype R, population 68) is restricted to the same region. Finally, population 42

distinguished itselfamong ail other populations in the Neighbour-Joining analysis.

The claim that the High Arctic was a refugium would oot have been entirely surprising to

Hultén, who suspected ~at the High Arctic had remained unglaciated and that sorne plants

might have survived the glaciations there, but he stated that "as the Arctic Archipelago does

oot possess any endemic plants of its own, it has played hardly any part as a centre [of

dispersion]" (Hultéo 1937). According to Hultén, survivors in that region became adapted

to the very severe conditions north of the ice and had no capacity for spreading southward.

However, one distinct group of haplotypes (H, R) originates in the High Arctic. It is found

throughout the Arctic Archipelago, as far south as Cambridge Bay and Igloolik

(populations 40 and 51). This suggests that sorne populations may indeed have survived

glaciation narth of the ice and retained their capacity ta spread south (Figure 15).

Unfortunately, no fossil evidence is available ta support the claim that Dryas illtegrifo/ia, or

any other arctic plant, survived glaciation oorth of the ice (Blake 1974). Blake suggested

that climatic conditions 20,000 years aga may have been too severe for plants ta survive in

the High Arctic, as suggested by the very low paleotemperature recorded in neighbouring

Greenland-21 ta 22°C calder than present (Cuffey et al. 1995; Johnsen et al. 1995). If

50, this means that ail extant High Arctic populations originate from Beringia and thal the

observed morphological and molecular variation found ooly in the High Arctic today would

have arisen during postglacial lime, in about the last 10,000 years (Nordal 1987).

However, this explanation seems quite unlikely because of the very slow rate of cpDNA

evolutioD. Furthermore, if such a rapid rate of evolution occurred, then similar postglacial

differentiation would have been observed in other regioDs, such as the Rockies, which is

not the case (see below). Postg1acial differentiation therefore seems unlikely. However, it
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is admittedly impossible to distinguish it from in situ differentiation during the full-glacial

period.

In conclusion, if the refugium did in fact exist, why have no fossils been found? There are

three possible explainations. First, there is the generaJ lack of investigation in the area.

Second, it is aIso possible that the most likely sites for the refugium were near the coast at

the time and that they are not accessible today, having been flooded as a result of sea level

rise when the ice melted. Finally, it is possible that thin deposits from the time of the

maximum extent of glaciation have been eroded (Blake 1974). Similar reasons may also

expIain the absence of fossils in other refugia (see below).

The southeast refugium

Unlike the other possible refugia, the area of the putative southeast refugium is not

inhabited today by Dryas integrifolia. Therefore, it is difficult to say with cet1ainty that any

present-day populations of D. integrifolia originate from the southeast refugium. The

closest populations ta the southeast refugium are located further north, in fonnerly glaciated

areas in southem New Brunswick, Québec and Ontario. In theory, these disjunct

populations are either long-distance immigrants from the north, or populations left behind

during a migration from a southem refugium. The evidence gathered in this study supports

the latter explanation.

The wealth of fossil remains round from New Jersey to Québec strongly supports the

existence of the southeast refugium during the full-glacial period. Furthennore, the fossit

record and the presence of the disjunct populations of Dryas integrifolia suggest that the

species followed the ice retreat northward. Finallyt molecular evidence (two groups of

populations and one group of haplotypes linked to the disjunct populations 35 and 41)
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suggests that the southeast refugium was the source of many populations found today in the

eastem and central Arctic. The migration probably took place either via northem Québec or

via the western side of Hudson Bay, as shown by the distribution of fossils in Ontario

(Figures 6 and 7) and the presence ofhaplotype 0 in population 10 (Fig. 15).

The coastal refugium/rom eastern Aretle

No biogeographic or fossil evidence supports the existence ofa coasta! refugium: Le., there

are no fossils nor any evidence of disjunct populations. Molecular evidence, however,

supports the claim that the coastal region was a refugium, but the evidence is weaker than it

is for the other refugia. Only two small groups of haplotypes and one group of populations

are exclusive to that region. However, genetic diversity along the east coast ofCanada and

west coast of Greenland is much higher than anywhere else: eight rare haplotypes are

restricted to that region (haplotypes l, L, P, Q, S, T, U and V). The high local diversity in

Greenland suggests that that area could even be considered a distinct refugium.

Following the ice retreat, it seems that survivors from these regions did not spread very far

into the Canadian Arctic (Figure 15). There are two possible reasons: firs!, the prevailing

winds likely to assist dispersal blow from the northwest, across the Canadian Arctic toward

Greenland (Environment Canada, personal communication). Second, westward dispersal

was probably blocked by the Arctic Cordillera, a chain of mountains ronning north-south

and traversing Ellesmere Island, Baffin Island and Labrador (the Tomgat Mountains).

The southem Rocky Mountains refugium

There is no evidence in either the molecular or the fossil data to support the existence of a

refugium in the Rocky Mountains south of the ice. The disjunct population in Montana is
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genetically closely related to populations found in Beringia. Thus, unlike those in eastem

Canada, this disjunct population seems oot he a southem survivor, but rather the result of

dispersal from the oorth. If some populations did in faet survive in this refugium, they

appear ta have left no fossils and 00 descendants; or, their contribution is so small that it

went undeteeted in this study.

Complexes 01 Relugia

The previous section descrihed in detail the evidence supporting the existence of four of the

five putative refugia. These four refugia not ooly aIlowed the survivai of Dryas inregrifolia

during glaciation, but aIso served as important sources for restocking the Arctic with this

species. Moreover, the refugia were not completely isolated from each other, and it seems

more accurate ta see them as complexes of refugia rather than as discrete entities. Two

complexes can he identified: the BeringiaIHigh Arctic complex and the eastem Arctic

coastlsoutheast complexe The reasons for these groupings are presented below.

BeringialHigh Arctic comp/ex

The refugia of Beringia and the High Arctic can he considered part of the same complex for

several reasons. First, the outline of the ice sheet 18,000 years aga shows a geographic

connection hetween the two refugia, and this is even more pronooced in early postglacial

time (Figure 1). Populations would have heen isolated enough to develop sorne unique

features, but perhaps not enough to be totally differentiated. Thus, on one hand,

populations in these areas share sorne characteristics: the two refugia share the subspecies

D. inregrifolia ssp. chamissonis; and the haplotypes E from Beringia and H, R from the

High Arctic are closely related, although their distributions do not overlap. On the other
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band, the High Arctic refugium has sorne intrinsic features, such as some unique variants

ofDryas and sorne haplotypes exclusive to that region. Descendants from individuals that

survived in this complex are found today over most of the Arctic (Fig. 9 and 13).

Eastern Arctic coastlsoutheast comp/ex

As explained in relation ta the BeringialHigh Arctic complex, populations from the coastaI

and southeast refugia were probably oot totally isolated from each other, even if they

developed some unique feature. First, there was a geographic connection between the

southeast refugium and the eastem coast, via the exposed region of the continental shelf

between Nova Scotia and Newfoundland (Pielou, 1991). This connection became more

and more important as the ice started to melt, from 18,000 to 8,000 years BP (Figure 1).

The close connection between the two refugia is supported phylogeographically by the

intimate relationship between the populations and haplotypes from the areas coocemed

(Fig. 10, Il and 12). The contribution to present-day populations from this complex is

apparently more modest than the contribution from the BeringiaIHigh Arctic complex (Fig.

9 and 13).

Over/ap in the major complexes

There is overlap in the distribution of populations that trace their origin to one of these two

major refugial complexes. Even within sorne populations, there are individuals that trace

their origins to different refugia (populations 40, 57 and 65). These populations of mixed

origin are usually found in the central Arctic, at the intersection of possible migrational

routes (Figure 15).
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Persistence ofthe refugia over successive glaciations

Is it possible that the two complexes existed during previous glaciations? It is likely that

Beringia and the High Arctic refugia existed for more than one glaciation. That would

expIain, for instance, the very high level of morphological differentiation observed there.

These differentiations would have been reinforeed through successive periods of isolation,

from one glaciation to the next. By contrast, the coastal and southeast refugia May not have

existed during previous glaciations, since no unique morphological variants were observed

there, and the limited evidence available suggests that tnlly arctic taxa like Dryas integrifolia

were oot found in the south during previous glaciations (Fliot 1971).

Dow Representative is Dryas 1ntegrifolia?

It could he argued that Dryas integrifolia is not representative of other arctic plants in terms

of its biogeographic history hecause it has been shown that plants react individualistically to

climate change (Pielou, 1991). However, as in the case of Dryas integrifolia, a review of

studies of other arctic plants and animais suggests the presence of up ta five refugia during

the last glaciation. Even if ail these plants or animaIs do not show the same pattern of

distribution, these results suggest that indeed Many refugia for plants and animais probably

existed around the ice.

First, many studies (see Appendix C) suggest that Dryas integrifolia is not the only arctic

species to bave survived in the Beringian and southeast refugia during the last glaciation.

Fossils of arctic plants like Sa:cifraga oppositifolia, Vaccinium uliginosum and SaUx

herbacea are found fossilized along with D. integrifoiia in the deposits from these regions.

Second, a study by Mooney and Billings (1961) suggests that Beringia was the source of
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most of the recolonization in the Roeldes. They concluded that ail the populations living

today in the fonnerly glaciated Rockies are composed ofphotoperiod-tolerant biotypes from

Beringia. Their findings are consistent with the results of this study. They aIso found that

sorne populations survived in the south, but these populations seem not to have migrated

very far north (i.e., did not reach Canada); they may have been confined to more southerly

mountain ranges by post-Wisconsinan aridity baniers. There is no support for the

existence of the eastem Arctic coast and High Arctic refugia simply because these regions

were not part of the investigations mentioned above.

Although animai dispersal is different from that of plants, comparison of the results of this

study with those of arctic animal species is infonnative, because the existing studies were

conducted over a range similar to lbat of the present study. These studies aIso suggest that

many refugia existed, with general locations eorresponding to those proposed here for

Dryas integrifoUa. First, Dematchez and Dodson (1991) identified four distinct

phylogeographie assemblages for the fish Coregonus clupeaformis (one in Deringia and

three in the southeast). Second, Macpherson (1965) suggested that much of the current

geographic diversity of Canadian arctic mammaJs resulted from isolation in refugia during

the last glaciation. A recent study of collared lemmings (Eger 1991) confirms

Macpherson's initial proposition. Eger found that lemmings survived in four refugia:

Beringia, the High Arctic and two southem periglaciaJ refugia in eastem and western North

America. A study of caribous suggests that populations on Baffin Island could have

originated from a different refugium than the mainland populations (Ferguson 1996).

Third, a series of studies bas identified many possible refugia for the fresb water

invertebrate genus Daphnia (whieh is widespread in the Arctic): in Beringia, the southwest,

the southeast, the High Aretie, and the coastaI regions of Baffin Island and western

Greenland (Boileau and Hebert 1991; Van Raay and Crease 1995; Weider and Hobzk

1997; Weider et al. 1996).
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Genetic Structure and Evolutionary Forces

The values ofOst and Nst (Table 4) are indicative of relatively high genetic differentiation

among populations. This suggests that factors increasing genetic substnlcture (vicariance,

adaptation to local conditions and founding events) are more important overall than factors

decreasing structure (essentially gene flow). Lineage sorting also probably contributed to

the structure. This section describes in detail the relative importance of these factors in the

evolutionary history of D. integrifolia.

Vicariance

Episodes of vicariance, resulting from the presence of the ice sheet for more than 55,000

years in the case of the last glaciation, probably contributed the most to genetic

differentiation across the range of Dryas integrifolia. Vicariance created in the past by the

ice sheet is of course no longer active today, but the strength of this historical factor is

likely sufficiently important ta have had a lasting effect, even if counterbalancing factors

like gene flow (discussed below) may have been more important in recent times (Slatkin

1993).

Selection

Selection favouring different alleles in different locations will contribute ta produce

differences retlecting genetic adaptations ta local conditions (Slatkin (987). Such a

situation is expected from a species occupying such a wide geographic range with strikingly

different climatic conditions in different areas. Murray (1987) argued that species thal are

found in a variety of habitats most likely consist of populations of ecotypes or local races.

In tbis study, il appears that haplotype H, restricted to the High Arctic t might he an example
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of such a local ecotype. The significant differences in haplotype frequencies between the

three major ecological regions (High Arctic, Low Arctic and boreal forest) May aIso be

indicative ofecotypic adaptation.

Founding events

The cumulative effect of successive founding events can also contribute to genetic

differentiation among populations (Le Corre et al. 1997). For plant populations that have

passed through recent episodes of range expansion, long-distance dispersal events are

probably the most important factors in differentiation, especiaIly for matemaIly inherited

genes studied at small or medium geographic scaIes (Le Corre et al.. 1997). In this regard,

it is notable that the Mantel test (Figure 14) shows a highly significant stnlcture at the

regionaI scale. It also appears that populations founded less than 12,000 years aga have

significantly different haplotype frequencies than populations that have been established for

longer periods (Table 5).

Cumulative founding events may aIso lead ta decreased genetic diversity of individual

populations, as has been observed in boreal and temperate taxa, e.g., pine (Cwynar and

MacDonald 1981), beech (Demesure et aI. 1996), Polygonel/a (Lewis and Crawford 1995),

and a variety of taxa in the Pacifie northwest (Soltis et aL 1997). However, this

phenomenon was not detected in this study. On the contrary, the populations studied are

mosdy heterogeneous for haplotypes. In addition, the value of Gst - Nst = 0 indicates that

within a population, individuals are often not closely related. Similar high local diversity

has been observed in populations of another arctic species, Saxifraga oppositifolia from

Spitsbergen (Norway, 78°N) (Abbott et al. 1995). This bigher than expected local diversity

may he a sign of recolonization from more than one source (Abbott et al. 1995; Ritchie
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1992), in contrast to boreal taxa, which generally derive from a single southern source, as

well as an indication of a high level of gene tlow between populations (see below).

Geneflow

Gene tlow, arising from either seed or pollen dispersal, is the main factor contributing to

reduction in genetic differentiation between distant populations (Slatkin 1987). In the

present case, pollen dispersal is likely to be fairly limited, because Dryas is entomophilous,

so the grains travel short distances (Ritchie 1987). On the other hand, Dryas May have an

immense potential for seed dispersal because its seeds are light and abundant and possess a

long plumose style weil adapted for wind dispersal (Krannitz 1996). Wind dispersal is

especially favoured in the Arctic environment, because barriers to gene flow are limited in

this open, windy habitat, especially in the winter, over flat snow-covered landscapes

(Bonde 1969; Glaser 1981; Miller and Ambrose (976). Seeds can be dispersed potentially

over thousands of kilometres (Savile (972), mostly from west to east as a result of major

wind patterns (Abbott et al. 1995; Crawford and Abbott (994). Animal transport is also

thought to be important because of the synchronous timing of seed production with bird

migration from north to south (Abbon et al. 1995; Crawford and Abbott 1994). Rapid

recolonization of deglaciated areas, bath in the past and in the present (Matthews 1995;

Pielou (991), confmns the great capacity of Dryas, and other arctic plants, for quick and

efficient long-distance dispersal.

Given the enonnous potential of seed dispersal of the species, the estimates ofGst and Nst

probably underestimate the present-day value of gene flow. This discrepency with reality

could he explained by the inherent inertia of genetic substrocture, which reflects the past

more than it does recent population history (Slatkin 1987). Past episodes of vicariance

resulting from glaciation may provide an explanation of why genetic structure is so

46



•

•

•

pronounced. This inertia May he enhanced because of the long-lived nature of Dryas

integrifolia, which can live up ta one hundred years (e.g., a similar situation has been

observed with oak in Europe, Dumoulin-Lapègue et al. 1997a).

Lineage sorting

The uniparental mode of inheritance of cpDNA entails a stochastic extinction of cpDNA

lineages within a population at each generation (Avise et aL 1987). This process, called

lineage sorting, can modify the genetic structure among populations and can give rise to

discordance between the phylogenetic reconstn1ction based on cpDNA markers and the true

historical connection between the individuals (Avise et al. 1987; Neigel and Avise 1986).

In practical terms, sorne populations May seem to be more closely related to one another

than they actually are. This is possible if the isolation period was short enough and

especially given the slow rate of molecular change in the chloroplast genome.

The close phylogenetic relation between haplotypes B (western Hudson Bay) and V

(Newfoundland) May he a case of lineage sorting: the two haplotypes are genetically related

but geographically extremely disjunct and therefore unlilcely to have survived in the same

refugium. Consequently, their close relationship probably does not represent recent

historical reality. (It May represent a connection that long predated the last glaciation.)

Lineage sorting May also explain why haplotype K is the only haplotype found

simultaneously in two disjunct refugia, Beringia and the southeast (Figure 9). If two

groups of populations with haplotype K survived in two different refugia independently,

and ifthey did not diverge quicldy (or al all) because oflineage sorting, then the geographic

pattern observed could he explained. In reality, the two groups would have a common

ancestor that dates back ta the last interglaciaJ or even preglacial lime. The fact that
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baplotype K is found at the base of the phenetic tree (Fig. Il) is indicative of such a

phenomenon CR. J. Petit, persona! communication).

Conclusions

This study is the first to apply molecular genetic methods to the question of postglacial

arctic biogeography of plants, which remained largely speculative until now. The initial

research objective was to determine whether there was one refugium (Beringia) or many

possible refugia and sources of recolonization. This study confirms Hultén's hypothesis

that Beringia acted as the major source area for modem arctic fiora, but it also provides

evidence for the contribution of three other sources. The conclusions are therefore best

captured by the schematic representation of Figure 2b, with the additional qualification that

there is overlap between the contributions of each refugium.

Evolutionary scenario

From the findings presented in this study, it can be concluded that the last glaciation

fragmented the range of Dryas integrifo/ia, whose populations survived in two complexes

of refugia around the margins of the ice, from which they recolonized the Arctic when the

glaciers retreated. Descendants from different refugia eventually came into contact with one

anotber in various parts of the Arctic. It has been suggested that this cycle (vicariance

during glaciation and secondary contact during interglacial periods) repeated itself many

limes during the last two millions years (Ritchie 1992; Stebbins 1984; Stebbins (985) but

this assertion had not hitherto been supponed by concrete evidence. This study supports

this model for the fast glaciation, but does not provide evidence that this cycle repeated itself

at each glaciation.
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Figure 15 summarizes the possible routes of recolonization in early postglacial time. The

pattern presented here for Dryas integrifolia was likely followed by many other plants, but

there are certainly Many variations arouod this basic pattern. Hultén himself (1937)

recognized ten different patterns of survival and recolonization for arctic and arctic-montane

plants. AIl these patterns have one thing in common: ail the plants survived the last

glaciation in Beringia. They differed in tenns of the precise location of the refugium

(northern Beringia or Yukon valley), the extent of postglacial recolonization (indirectly

measuring the diSPersal capacity), the preferred habitat of the plants (tundra or mountain),

and their present range (strictly American, strictly Eurasian, or circumpolar) (Hultén 1937).

Genetie diversity

A broad range of studies on tundra plants suggest a high level of genetic differentiation

among populations (McGraw 1995). This study adds to this picture and provides evidence

for high genetic variation within populations, a situation rarely documented in arctic sPecies

(McGraw 1995).

Many factors may have contributed ta creating and maintaining a high level of Înter- and

intta-population genetic diversity in arctic fiora. These include the long survival of the seed

banks (up ta 200 years) (McGraw 1995); the great potential for seed dispersal (Crawford

and Abbott 1994; Savile 1972); the large amouot of environmental beterogeneity (Bauert

1996; Murray 1987); and the frequent hybridization within related sPecies (e.g., the genus

Draba, Crawford and Abbott 1994). Finally, as shown in this study, the various episodes

of vicariance and secondary contact would also have promoted high geoetic differentiation

(Crawford and Abbott 1994; Ritehie 1992; Stebbins (985).
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The present study also suggests that particular environmental conditions in the Arctic

facilitate the introduction of new immigrants in arctic populations, contrary to what is

observed in temperate and boreal regions. As mentioned earlier, in these latter regions, a

series of founding events decreases the genetic diversity of newly established populations.

This low diversity maintains itself over time because later migrants can contribute litt1e,

since they are entering established populations at or near carrying eapacity (Hewitt 1996).

The species then becomes a barrier to its own dispersal. This situation May not exist in the

Arctic, because new immigrants are more likely to he limited by abiotie conditions (e.g.,

low temperature, dessication, etc.) than by biotic factors like competition. This is

especially the case in the High Arctic polar desert, where vegetation caver does not exceed

20% (Scan 1995).

Beeause of the combined effect of all the factors mentioned above, the recolonization

dynamic (Le., rate of recolonization, directions, consequences for diversity and community

structure) in the Aretic may have been very different from what has been described for

temperate and boreal regions. Sorne of these factors are either unique ta the Arctic or

greatly enhanced in that region, because of the particular environment and history in which

these factors acted. Historieally, glaciation May have promoted taxonomie diversity

(McGraw 1995; West 1995) because of the vicariance episodes and migration it entailed.

The environment, as shown above, a1so stimulates great genetic exhange in the present-day

Arctic (e.g., seed dispersal is greater in the Arctic than elsewhere).

This high diversity May contribute ta rapid evolutionary response in arctic plants (Crawford

and Abbott (994). It may have allowed aretic plants to cope with the successive episodes

ofcoaling and wanning that have characterized the history of the Arctic. It mayalso assist

their long-term sUlVival in the face offuture climatic variations (McGraw (995).

so



•

•

•

REFERENCES

Abbon, R. J., H. M. Chapman, R. M. M. Crawford and D. G. Forbes (1995). Molecular

diversity and derivations of populations of Si/ene acaulis and Saxifraga oppositifolia

from the high Arctic and more southerly latitudes. Molecular ecolQo- 4: 199-207.

Anderson, R. S., R. B. Davis, N. G. Miller and R. Stuckenrath (1986). History of late

and post-glacial vegetation disturbance around Upper South Branch Pond, northem

Maine. Canadian Journal of Botany 64: 1977-1986.

Anderson, R. S., G. L. Jacobson, R. B. Davis and R. Stuckenrath (1992). Gould Pond,

Maine: late-glacial transitions from marine to upland envÎrOnments. Boreas 21: 359

371.

Argus, G. W. and M. B. Davis (1962). Macrofossils from a late-glacial deposit at

Cambridge, Massachusetts. American Midland Naturalist 67: 106-117.

Ashworth, A. C., D. P. Schwert, W. A. Watts and H. E. Wright (1981). Plant and insect

fossils at Norwood in south-central Minnesota: a record of late-glacial succession.

QuatemilQ' Researcb 16: 66-79.

Avise, 1. C. (1992). Molecular population structure and the biogeographic history of a

regional fauna: a case history with lessons for conservation biology. QikQi 63: 62-76.

Avise, 1. C. (1994). Molecular markeTS. oatural bjstoty and evolution. New York,

Chapman & HalL

SI



•

•

•

Avise, J. C., J. Arnold, R. M. Bali, E. Berrningham, T. Lamb, J. E. Neigel, C. A. Reeb

and N. C. Saunders (1987). Intraspecific phylogeography: the mitochondrial DNA

bridge between population genetics and systematics. Annual Revjew Qf EcololY and

Systematjcs 18: 489-522.

Bajc, A. F., B. G. Wamer and A. V. Morgan (1986). Dating and paleontology of a

postglacial fassi! assemblage from the north shore ofLake Superior, Ontario. American

QuatemaQ' Association: proeram and abstracts of the ointb bienoial meetine.

Champaien. IL. 358: 70.

Baker, R. G. (1965). Late-glacial pollen and plant macrofossils from Spider Creek,

southem St. Louis county, Minnesota. Geolo&ical Society of America Bulletin 76: 601

610.

Baker, R. G., S. Rhodes, D. P. Schwert, A. C. Ashworth, T. J. Frest, G. R. Hailberg

and J. A. Janssens (1986). A full-glacial biQta from southeastem Iowa, U.S.A. Journal

of QUatel1l8l:Y Science 1: 91-107.

Bauert, M. R. (1996). Genetic diversity and ecotypic differentiation in arctic and alpine

populations of Polygonum viviparum. Arctic and Alpine Researcb 28: 190-195.

Belland, R. J. (1987). The disjunct moss element of the Gulf of St. Lawrence region

(Canada): glacial and postglacial dispersal and migrational histories. Journal Qf the

Banon 8Qtaojcal LaboratotY 63: 1-76.

Belland, R. J. (1994). The ecology and phytogeography of the bryophytes of Cape Breton

Highlands National Park, Canada. Noya Hedwi&ia 59: 275-309.

52



•

•

•

Belland, R. J. and G. R. Brassard (1988). The bryophytes of Gros Morne National Park,

Newfoundland, Canada: ecology and phytogeography. Lindbewa 14: 97-118.

Belland, R. J. and M. Favreau (1988). The moss flora of the Gaspé Peninsula (Quebec,

Canada): list of species and preliminary analysis. Caoadian Journal Qf Bolaoy 66:

1780-1799.

Benaud, R. J., W. B. Schofield and T. A. Hedderson (1992). BryQphytes of Mingan

Archipelago National Park Reserve, Quebec: a boreal flora with aretic and alpine

components. Canadian Journal of Botany 70: 2207-2222.

Bennike, O. and J. Bëcher (1992). Early Weiehselian interstadial land biotas at Thule,

Northwest Greenland. Boreas 21: 111-117.

Bergsma, B. M., J. Svoboda and B. Freedman (1984). Entombed plant cQmmunities

released by a retreating glacier at central Ellesmere Island, Canada.~ 37: 49-52.

Bermingham, E., S. Rohwer, S. Freeman and C. Wood (1992). Vicariance biQgeography

in the Pleistocene and speciation in North American wood warblers: A test Qf Mengel's

mode!. Proceedioas of the National A~ademy ofScience of the USA 89: 6624-6628.

Bematchez, L. and J. J. Dodson (1991). Phylogeographie structure in mitoehondrial DNA

of the lake whitefish (Coregonus clupeaformis) and ils relation to Pleistocene

glaciations. Evolution 45: 1016-1035.

53



•

•

•

Betti, A. A. (1975). Paleobotany ofWisconsinan Interstadials, eastem Great Lakes region,

North America. Ouatemm:y Research 5: 591-619.

Birles, H. J. B. (1976). Late-Wisconsinan vegetational history at Wolf Creek, central

Minnesota. Ec0lopcal Mon0mPhs 46: 395-429.

Birks, H. J. B. (1981). Late Wisconsin vegetationai and climatic history at Kylen Lake,

northeastem Minnesota. Ouatemm Research 16: 332-355.

Birky, C. W. (1995). Uniparental inheritance of mitochondrial and chloroplast genes:

mechanisms and evolution. Proceedinas of the National Academy of Science of the

USA 92: 11331-11338.

Blake, W. (1974). Studies of glacial history in Arctic Canada. Il. Interglacial peat deposits

on Bathurst Island. Canadiao Journal of Earth Sciences Il: 1025-1042.

Boileau, M. G. and P. D. N. Hebert (1991). Genetic consequences of passive dispersal in

pond-dwelling copepods. Evolution 45: 721-733.

Bonde, E. K. (1969). Plant disseminules in wind-blown debris from a glacier in Colorado.

Arctic and Alpine Research 1: 135-140.

Bowcoc~ A. M., A. Ruiz-Linares, J. Tomfohrde, E. Minch, J. R. Kidd and L. L. CavaIIi

Sforza (1994). High resolution of human evolutionary trees with polymorphie

microsatellites. Nature 368: 455-457.

54



•

•

•

Caon, R. L., M. Stoneking and A. C. Wilson (1987). Mitochondrial DNA and human

evolution. Nature 325: 31-36.

Chapin nI, F. S. and C. Korner, Ed. (1995). Arctie and alpine biodiversity: patterns.

causes and ecosystem consequences. Ecological Studies, Vol. 113. Berlin, Springer

Verlag.

Chapin ID, S., R. L. Jefferies, J. F. Reynolds, G. R. Shaver, J. Svoboda and E. W. Chu,

Ed. (1992). &clic eCQsystems in a chaoKin& climate: an eCQphysioloKical perspective.

San DiegQ, Academie Press.

Crawford, R. M. M. and R. J. Abbott (1994). Pre-adaptation of arctic plants tQ climate

change. Botanica Aeta 107: 271-278.

Cuffey, K. M., G. D. Clow, R. B. Ailey, M. Stuiver, E. D. Waddington and R. W. Saltus

(1995). Large arctic temperature change at the Wisconsin-Holocene glacial transition.

Science 270: 455-458.

Cwynar, L. C. and G. M. MacDonald (1987). Geographical variation of lodgepole pine in

relation to population history. American Naturalist 129: 463-469.

Darwin, C. (1859). On the ori&in Qf species by meaos Qf natu@l selection, or, The

preservation of favoured races in the sWIKle for life. London, 1. Murray.

Delage, M., P. Gangloff, A. Larouche and P. J. H. Richard (1985). Note sur un site à

macrorestes végétaux tardiglaciaires au sud-ouest de Montréal, Québec. GéQgaphje

pqysjgye et Quaternaire 39: 85-90.

55



•

•

•

Demesure, B., B. Comps and R. 1. Petit (1996). Chloroplast DNA phylogeography of the

eommon beech (Fagus sylvatica L.) in Europe. Eyolution 50: 2515-2520.

Demesure, B., N. Sodzi and R. J. Petit (1995). A set ofuniversal primers for amplification

of polymorphie non-coding regions of mitochondrial and chloroplast DNA in plants.

Molecular EcoigU 4: 129-131.

Dumoulin-Lapègue, S., B. Demesure, S. Fineschi, V. Le Corre and R. J. Petit (1997a).

Phylogeographic structure of white oales throughout European continent. Genetics 146:

1475-1487.

Dumoulin-Lapègue, S., M.-H. Pemooge and R. J. Petit (l997b). An enlarged set of

consensus primers for the study of organelle DNA in plants. Moleeular Ecoloay 6: 393

397.

Dunton, K. (1992). Arctic biogeography: the paradox of the marine benthic fauna and

flora. Trends in EcolQlY and EvolutioD 6: 183-189.

Dyke, A. S. and V. K. Prest (1987a). Late Wisconsinan and Holocene retreat of the

Laurentide iee sheet. Geological Survey ofCanada, Map 1702A.

Dyke, A. S. and V. K. Prest (1987b). Paleogeography of northem North America, 18 ()()()

- 5 ()()() years ago. Geological Survey ofCanada, Map 1703A.

S6



•

•

•

Edlund, S. A. (1994). Chapter 8. Vegetation. Parles Canada. Resource Description

Analysis-Ellesmere National Park Reserve. Natural resources conservation section,

Parks Canada, Department ofCanadian Heritage, Winnipeg.

Efron, B. (1982). The jacklmjfe. the bootstrap and other resamplioa plans. Soc. Industr.

Appl. Math. Philadelphia, PA.

Eger, J. L. (1995). Morphometric variation in the Nearctic collared lemming (Dicrostonyx).

Journal Qf ZooIQ&Y 235: 143-161.

Elias, S. A., S. K. Short, C. H. Nelson and H. H. Birks (1996). Life and times of the

Bering land bridge. Nature 382: 60-63.

Environment Canada (1996). Mackenzie Basin Impact Study: a regional study of climate

change in Canada (preliminary report).

Faegri, K. and J. Iversen (1975). Textbook ofgallen analysis. New York, Hafner Press.

Felsenstein, J. (1993). PHYUP (Phylogeny Inference Package). Seattle, Department of

Genetics, University of Washington.

Ferguson, M. A. D. (1996). Arctic tundra caribou and climate change-questions of

temporal and spatial scales. Geoscjence Canada 23: 245-252.

Fenis, C., R. P. Olive, A. J. Davy and G. M. Hewitt (1995). Usiog chloroplast DNA to

trace postg1acial migration routes ofoaks iota Britain. Molecu1ar EcololY 4: 731-738.

57



•

•

•

Flint, R. F. (1971). Glacial and Quatemm &eoloKY. New York, John Wiley and Sons,

Ine.

Fredskild, 8. (1978). Palaeobotanieal investigations of sorne peat deposits of Norse age at

Qagssiarssuk, south Greenland. Medclelelser om Gmplapd 204: 1-41.

Fredskild, B. and U. Reen (1982). Macrofossils in an interglacial peat deposit at Kap

Kabenhavn, North Greenland. Boreas Il: 181-185.

Funder, S. (1979). lee-age plant refugia in east Greenland. Palaeo&eo&raphy.

Palaeoclimatolo&,y. PalaeoecololY 28: 279-295.

Garneau, M. (1992). Analyses macrofossiles d'un dépôt de tourbe dans la région de Hot

Weather Creek, péninsule de Fosheim, île d'Ellesmere, Territoires du Nord-Ouest.

Géomphie physique et Quaternaire 46: 285-294.

Garry, C. E., D. P. Schwert, R. G. Baker, T. J. Kemmis, D. G. Horton and A. E.

Sullivan (1990). Plant and insect remains from the Wisconsinan interstadiallstadiaI

transition at Wedron, north central Illinois. Quatemm Researcb 33: 387-399.

Given, D. V. and J. H. Saper (1981). The arctjc-alpine element of the vascylar tlom at

Lake Superior. National Museums ofCanada, Publications in botany, No. 10.

Glaser, P. H. (1981). Transport and deposition ofleaves and seeds on tundra: a late-glacial

anatog. Arctic agd Alpine Researcb 13: 173-182.

58



•

•

•

Graham, R. W., E. L. Lundelius, M. A. Graham, E. K. Schroeder, R. S. Toomey, E.

Anderson, A. D. Barnosky, J. A. Burns, C. S. Churcher, D. K. Grayson, R. D.

Guthrie, C. R. Harington, G. T. Jefferson, L. D. Martin, H. G. McDonald, R. E.

Morlan, H. A. Semken, S. D. Webb, L. Werdelin and M. C. Wilson (1996). Spatial

response of mammals to late Quatemary environmental fluctuations. Science 272:

1601-1606.

Gray, O. R. (1994). Chapter 1. Ecology. Parles Canada. Resource Description Analysis

Ellesmere National Park Reserye. Winnipeg, Natural resources conservation section,

Parks Cana~ Department of Canadian Heritage.

Hebda, R. J., C. C. Chinnappa and B. M. Smith (1988). Pollen morphology of the

Rosaceae of western Canada. D. Dryas, Fragaria, Holodiscus. Canadian Journal of

Botany 66: 595-612.

Hedderson, T. A. and G. R. Brassard (1992a). Encalypta affinis ssp. macounii and E.

brevipes new to eastem North America from the Tomgat" northem Labrador, Canada.

Bao[o&ist 95: 31-32.

Hedderson, T. A. and G. R. Brassard (1992b). TetrodoTuium repandum and Seligeria

diversifolia discovered in Arctic Canada. BQo[olist 95: 443-444.

Hewi~ G. M. (1996). Sorne genetic consequences of ice ages, and their role in divergence

and speciation. Biol0&Ïcal Journal orthe Ljnneao SocietY 58: 247-276.

Hillis, D. M., C. Moritz and B. K. Mable (1996). Molecular Systematics. Sunderland,

MA, Sinauer Associates.

S9



•

•

•

Hogson, D. A. (1991). The Quatemary record. GeoloKY of the Innuitian oroaen and arctic

plattODD Qf Canada and Greenlaud. Ottawa, Geological Survey Qf Canada. 499-513.

Holland, P. G. (1981). Pleistocene refuge areas, and the revegetation of Nova Scotia,

Canada. Promss in Pbysieal GeQmPhy 5: 535-562.

Hopkins, D. M., J. V. Matthews, C. E. Schweger and S. B. Young, Ed. (1982).

PaleoecolQiY Qf Berio&ia. New Yorle, Academie Press.

Hughes, O. L., C. R. Harringtoo, 1. A. Jaussens, J. V. Matthews, R. E. Morlan, N. W.

Ruuer and C. E. Schweger (198 L). Upper Pleistocene stratigraphy, paleoecQlogy, and

archaeolQgy of the porthem Yukon interiQr, eastem Beringia L. BQnnet Plume Basin.

Arctic 34: 329-365.

Hultén, E. (1937). Out1ine Qf the histoO' Qf arctie and bQreal biQla dUODi the Quatemaa

period: tbeir evolution durinl and lfier the aiaciai periQd as iodicated by the eguifonnal

pmmssive aRas Qfpresent plant species. New York, Lehre J. Cramer.

Hultén, E. (1959). Studies in the genus Dryas. Syensk 8Qtaojsk Ijdskrift 53: 507-542.

Jankovska, V. and L. C. Bliss (1977). Palynological analysis of a peat from Iruelove

Lowland. Iruelove Lowlapd. neYOD jslapd. Canada: a Hilh Arctjc eCQsystem.

Edmonton, University of Alberta Press. 139-142.

60



•

•

•

Jetté, H. and P. J. H. Richard (1992). Contribution à l'histoire postglaciaire de la

végétation en Gaspésie méridionale, Québec. Géo&J'8phie physig,ue et Quaternaire 46:

273-284.

lobes, D. V., D. L. Hurley and L. B. Thien (1995). Plant DNA isolation: a method to

efficiently remove polyphenolics, polysaccharides, and RNA. Taxoo 44: 379-386.

Johnsen, S. 1., D. Dahl-Jensen, W. Dansgaard and N. GundestnJp (1995). Greenland

palaeotemperatures derived from GRIP bore hole temperature and ice core isotope

profiles. Tellus 478: 624-629.

Karrow, P. F., T. W. Anderson, A. H. Clarke, L. D. Delorme and M. R. Sreenivasa

(1975). Stratigraphy, paleontology, and age of Lake Algonquin sediments in

southwestem Ontario, Canada. Quatemary Research 5: 49-87.

Kevan, P. G. (1972). Insect pollination of High Arctic flowers. Journal of Ecolol)' 60:

831-847.

Krannitz, P. G. (1996). Reproductive ecology of Dryas inregrifolia in the high Arctic semi

desert. Caoadjao Journal of Botany 74: 1451-1460.

Labelle, C. and P.I. H. Richard (1984). Histoire postglaciaire de la végétation dans la

région de Mont-Saint-Pierre, Gaspésie, Québec. Géomphje physique et Quaternaire

38: 257-274.

61



•

•

•

LaFarge-England, C., D. H. Vitt and J. England (1991). Holocene soligenous fens on a

High Arctic fault block, northem Ellesmere Island (82°N), Northwest Territories,

Canada. Arctjc and AlPine Research 23: 80-98.

Le Corre, V., N. Machon, R. J. Petit and A. Kremer (1997). Colonization with long

distance seed dispersal and genetic structure of maternally inherited genes in forest trees:

a simulation study. Genetical Researcb 69: 117-125.

Levesque, A. J., L. C. Cwynar and I. R. Walker (1994). A multiproxy investigation of

late-glacial climate and vegetation change at Pioe Ridge Pond, southwest New

Brunswick., Canada. QUatemary Research 42: 316-327.

Lewis, P. O. and O. J. Crawford (1995). Pleistocene refugium endemics exhibit greater

allozymic diversity than widespread congeners in the genus Polygonella

(polygonaceae). American Journal ofBQtany 82: 141-149.

Liu, K.-B. (1990). Holocene paleoecology of the boreal forest and Great Lakes-St.

Lawrence forest in northem Ontario. Ecoloaical MonQlUBphs 60: 179-202.

Macpherson, A. H. (1965). The origin of diversity in mammals of the Canadian arctic

tundra. Systematjc ZooI0K.V 14: 153-173.

Mantel, N. A. (1967). The detection of disease clustering and a generalized regression

approach. Cancer Research 27: 209-220.

62



•

•

•

Marcoux, N. and P. J. H. Richard (1995). Végétation et fluctuations climatiques

postglaciaires sur la côte septentrionale gaspésienne, Québec. Canadian Journal QfEarth

Sciences 32: 79-96.

Matthews, J. A. (1995). Tbe eCQIQiY Qf recently-deilacjated terrajn. a aeoecolQiical

approacb tQ alacier forelapds apd prima[Y successiQD. Cambridge, Cambridge

University Press.

Matthews, J. V. (1975). Incongruence of macrofossil and pollen evidence: a case from the

late Pleistocene of the porthern Yukon coast. GeolQlical Survey of Canada. Paper 7S

l, Part 8: 139-146.

Matthews, J. V. (1987). Plant macrofossils from the Neogene Beaufort Formation on

Banks and Meighen islands, District of Franklin. Geolo&ical Survey of Canada. Pager

S7-1A: 73-87.

Matthews, J. V., R. J. Mott and J.-S. Vincent (1986). Preglacial and interglacial

environments of Banks Island: pollen and macrofossils from Dyck Hawk Bluffs and

related sites. GéQWlPhje physjQ,Ue et Quaternaire 15: 279-298.

Matthews, J. V. and L. E. Ovenden (1990). Late Tertiary plant macrofossils from localities

in Arctic/Subarctic North America: a review of the data. AŒlik 43: 364-392.

Matthews, J. V., S. L. Smith and R. J. Mott (1987). Plant macrofossils, pollen and msect

fossils of arctic affinity from WiscoDsinan sediments in Chaudière Valley, southem

Quebec. Geolo&ica1 Suryey ofCapada. Paper87-1A: 165-175.

63



•

•

•

Mayle, F. E. and L. C. Cwynar (1995). Impact of the Younger Dryas cooHng event upon

lowland vegetation of Maritime Canada. Ecololical Mono&Jllphs 65: 129-154.

McAndrews, J. H., J. L. Riley and A. M. Davis (1982). Vegetation history of the Hudson

Bay lowland: a postglacial pollen diagram from the Sutton Ridge. Le Naturaliste

canadien 109: 597-608.

McCauley, D. E. (1995). The use of chloroplast DNA polymorphism in studies of gene

flow in plants. Trends in EcoIQ&Y and Evolution 10: 198-202.

McElroy, D., P. Moran, E. Bermingham and I. Komfield (1991). REAP-The Restriction

Enzyme Analysis Package. Orono, University of Maine.

MeGraw, J. B. (1995). Patterns and causes of genetic diversity in aretic plants. Arctic and

alpine biodiversity: patterns. causes and ecosystem conseQuences. Berlin, Springer

Verlag. 33-43.

McJannet, C. L., G. W. Argus, S. A. Edlund and J. Cayouette (1993). Rare vaseular

plants in the Canadian Arctic. Syllogeus - Natural Museum of Natural Sciences, no. 72.

Ottawa: Canadian Museum ofNature.

Miller, N. G. and L. J. H. Ambrose (1976). Growth in culture of wind-blown bryophyte

gametophyte fragments from Arctic Canada. The Btyo(Qlist 76: 55-63.

Miller, N. G. and W. S. Benningboff (1969). Plant fossils from a Cary-Port Huron

interstate deposit and their paleoecological interpretation. Geo(Qliea( Society of

America. Special Paper 123: 225-248.

64



•

•

•

Miller, N. G. and P. E. Calkin (1992). Paleoecological interpretation and age of an

interstadiallake bed in western New York. Quatemuy Researçh 37: 75-88.

Miller, N. G. and G. G. Thompson (1979). Boreal and western North American plants in

the late Pleistocene of Vermonl JOurnal Qf the Arnold Arboretum 60: 167-219.

Mogensen, G. S., G. R. Hansen and M. S. Dalsgaard (1997). Pterygoneurum [amel/atum,

a mQSS new tQ GreenJand (Musci, Pottiaceae). The BQ'olQiist 100: 47-49.

Molau, U. and P. Melgaard, Ed. (1996). ITEX Manual. Copenhagen, Danish Polar

Center.

Mooney, H. A. and W. O. BiHings (1961). Comparative physiologieal ecology of arctic

and alpine populations of Oxyria digyna. EcolQiical Mon0W'phs 31: 1-29.

Morisset, P. (1979). Localisation et abondance des plantes vasculaires arctiques-alpines et

rares des falaises du Parc National ForiHon. Contrat no 77-274. Département de

BiolQgie, Université Laval, Québec.

Morris, T. F., J. H. McAndrews and K. L. Seymour (1993). Glacial Lake Arkona

Whittlesey transition near Leamington, Ontario: geology, plant, and muskox fossils.

Caoadjao Journal of Earth Scjepces 30: 2436-2447.

Mott, R. J., T. W. Anderson and J. V. Matthews (1981). Late-glacial paleoenvironments

of sites bordering the Champlain Sea based on pollen and macrofossil evidence.

OUatematy PaJeoeJjmate. Geo Abstracts, Norwich. 129-171.

65



•

•

•

Murray, D. F. (1987). Breeding systems in the vascular flora of Arctic North America.

DjffereptiatioQ patterns in hiaber plants. London, Academie Press. 239-262.

Murray, D. F. (1995). Causes of arctic plant diversity: origin and evolution. Arctjc and

alpine bjodjyersity: patterns. causes and ecosystem consequences. Berlin, Springer

Verlag.21-32.

Nei, M. (1987). Moleculac eyolutjoDKY lenetics. New York, Columbia University Press.

Neigel, J. E. and J. C. Avise (1986). Phylogenetic relationships of mitochondrial DNA

under various demographic models of speciation. Evolutionaty "rocesses and theoQ'.

Orlando, Academie Press.

Nordal, I. (1987). Tabula rasa after ail? Botanieal evidenee for iee-free refugia in

Scandinavia reviewed. Journal of Bioaeomphy 14: 377-388.

Olmstead, R. G. and J. D. Palmer (1994). Chloroplast DNA systematics: a review of

methods and data analysis. Amerjeap JQurnal ofBQtaoy 81: 1204-1224.

Peteet, D. M., R. A. Daniels, L. E. Heusser, J. S. Vogel, J. R. Southon and D. E. Nelson

(1993). Late-glacial pollen, macrofossils and fisb remains in northeastem U.S.A.-the

y ounger Dryas oscillation. Quatemm Scjence Reyjews 12: 597-612.

Pielou, E. C. (1991). ACter the jce ale: the retum Qf life tG Il'acjated North America.

Chicago, The University of Chicago Press.

66



•

•

•

Pitelka, L. F. and the Plant Migration Workshop Group (1997). Plant migration and

climate change. Americao Scientist 85: 464-473.

Pons, O. and R. J. Petit (1995). Estimation, variance and optimal sampling of gene

diversity. I. Daploid locus. Ibeoretical and Applied Genetjcs 90: 462-470.

Pons, O. and R. 1. Petit (1996). Measuring and testing genetic differentiation with ordered

versus unordered alleles. Genetics 144: 1237-1245.

Porsild, A. E. (1947). The genus Dryas in North America. The Canadian Field-Naturalist

61: 175-192.

Porsild, A. E. and W. J. Cody (1980). Vascular plants of continental Northwest

Tenitories. Canada. Ottawa, National Museums of Canada.

Rampton, V. N. (1982). Quaternary geology of the Yukon coastal plain. GeolQiical

Survey of Canada Bulletin 317: 1-49.

Reboud, X. and C. Zeyl (1994). Organelle inheritance in plants. Heredity 72: 132-140.

Richard, P. J. H. and A. C. Larouche (1989). La végétation postglaciaire du

Témiscamingue, Québec, durant l'épisode glaciolacustre Barlow. Canadiao lournal of

POtany 67: 544-558.

Richard, P. J. H. and A. C. Larouche (1994). Histoire postglaciaire de la végétation et du

climat dans la région de Rimouski, Québec. Q ya B()()() aps a Rjmouskj: paléoécolg&Îe

67



•

•

•

et archéolQ&ie d'un site de la culture piano. Montréal, Recherches amérindiennes au

Québec, 1994. Publ. en collab. avec le Ministère du Transport du Québec. 51-89.

Richard, P. J. H., A. C. Larouche and G. Lortie (1992). Paléophytogéographie et

paléoclimats postglaciaires dans l'ouest du Bas-Saint-Laurent, Québec. Géowphje

physiQue et Ouaternaire 46: 151-172.

Riddle, B. R. (1996). The molecular phylogeographic bridge between deep and shallow

history in continental biolas. Trends in Ecolo&)' and Eyolution Il: 207-211.

Ritchie, J. C. (1987). Postalacial veaetation of Canada. New York, Cambridge University

Press.

Ritchie, J. C. (1992). Aspects of the floristic history of Canada. Acta Botanica Fennica

144: 81-91.

Roberts, P. R. (1965). New records of arctic species in southeastem New Brunswick.

Rhodora 67: 92-93.

Roff, D. A. and P. Bentzen (1989). The statistical analysis of mitochondrial DNA

polymorphisms: c2 and the problem of small sample. Molecular BiolQ&)' and Eyolution

6: 539-545.

Sage, R. O. and J. O. Wolff (1986). Pleistocene glaciations, tluctuating ranges, and low

genetic variability in a large mammal (Ov;s dalli). Evolution 40: 1092-1095.

68



•

•

•

Savile, D. B. O. (1972). Arctic adaptations in plants. Monograph no. 6. Canada

Department ofAgriculture.

Schwert, D. P., T. W. Anderson, A. Morgan, A. V. Morgan and P. F. Karrow (1985).

Changes in late Quatemary vegetation and insect communities in southwestem Ontario.

Quatemm Researçb 23: 205-226.

Scott, G. A. J. (1995). Canada's yelJetation: a world perspective. Montréal, McGill

Queen's University Press.

Slatkin, M. (1987). Gene flow and the geographic structure of natural populations. Science

236: 787-792.

Slatkin, M. (1993). Isolation by distance in equilibrium and non-equilibrium populations.

Evolution 47: 264-279.

Smouse, P. E., J. C. Long and R. R. Sakai (1986). Multiple regression and correlation

extensions of the Mantel test of matrix correspondence. Systematic lQoloLY 35: 627

632.

SokaI, R. R. and F. 1. Rohif (1995). Bjomet[y: the princjples and pmctice of statistjcs in

biQIQ&ical researcb. New York, W. H. Freeman and Company.

Soltis, D. E., M. A. Gitzendanner, O. D. Strenge and P. S. Soltis (1997). Chloroplast

DNA intraspecific phylogeography of plants from the Pacifie Nonhwest of North

America. Plapt Systematics and EvolutioQ 206: 353-373.

69



•

•

•

Soltis, D. E., P. S. Soltis, R. K. Kuzoff and T. L. Tucker (1992a). Geographie

stnleturing of ehloroplast DNA genotypes in Tiarella trifoUata (Saxifragaeeae). flan1

Systematics and Evolution 181: 203-216.

Soltis, D. E., P. S. Soltis and B. G. Milligan (1992b). Intraspeeifie ehloroplast DNA

variation: systematie and phylogenetie implications. Molecular systematics of plants.

New Yor~ Chapman and Hall. 117-150.

Spear, R. W., M. B. Davis and L. C. K. Shane (1994). Late Quatemary history of low

and mid-elevation vegetation in the White Mountains of New Hampshire. Ecoloaica1

Monomphs 64: 85-109.

Spieer, R. A. and J. L. Chapman (1990). Climate change and the evolution of high-Iatitude

terrestrial vegetation and floras. Trends in EcolQiY and Evolution 5: 279-284.

Stebbins, G. L. (1984). Polyploidy and the distribution of the aretic-alpine flora; new

evidence and a new approaeh. Botanica Helvetica 94: 1-14.

Stebbins, G. L. (1985). Polyploidy, hybridization, and the invasion Qf new habitats.

Annals of the Missouri Qotanjcal Garden 72: 824-832.

Swofford, D. L. (1993). PAUP: Phylogenetic Analysis Using Parsimony. Champaign,

DUnois Natural History Survey.

Taberlet, P., L. Gielly, G. Pautou and J. Bouvet (1991). Universal primers for

amplification of three non-eoding regions ofebloroplast DNA. Plapt Molecular BjololY

17: 1105-09.

70



•

•

•

Templeton, A. R., E. Routman and C. A. Phillips (1995). Separating population structure

from population history: a cladistic analysis of the geographical distribution of

mitochondrial DNA haplotypes in the tiger salamander, Ambystoma tigrinum. Genetics

140: 767-782.

Terasmae, J. and H. L. Matthews (1980). Late Wisconsin white spl11ce (Picea glauca

(Moench) Voss) at Brampton, Ontario. Canadiap Journal Qf Eartb Sciences 17: 1087

1095.

Talouen, K. and M. Tolonen (1984). Late-glacial vegetational succession at four coastal

sites in Northeastem New England: ecologicaJ and phytogeographical aspects. Annales

Botanici Fennici 21: 59-78.

Van Raay, T. J. and T. J. Crease (1995). Mitochondrial DNA diversity in an apomictic

Daphnia complex from the Canadian Higb Arctic. Molecular Ecoloi}' 4: 149-161.

Walker, M. D. (1995). Patterns and causes of arctic plant community diversity. Mdc and

alpine bjodiyersity: patterns. causes and ecosystem conseQuences. Berlin, Springer

Verlag. 3-20.

Warner, B. G. and P. J. Darnett (1986). Transport, sorting, and reworking of late

Wisconsinan plant macrofossils from Lake Erie, Canada. Boreas 15: 323-329.

Wamer, B. G., R. J. Hebda and B. J. Haon (1984). Postglacial paJeoecological history of

a cedar swamp, Manitoulin Island, Ontario, Canada. Palaeoleolraphy.

PalaeoclimalolQIY' Palaeoc0lglY 45: 301-34S.

71



•

•

•

Wamer, B. G., A. V. Morgan and P. F. Karrow {1988}. A Wisconsinan interstadial arctic

flora and insect fauna from Clarksburg, southwestern Ontario, Canada.

PalaeoieoUilphy. PalaeoclimatoloiY. Palaeocol0aY 68: 27-48.

Wasylikowa, K. and H. E. Wright (1970). Late-glacial plant succession on an abandoned

drainageway, northeastem Minnesota, USA. Acta PaJaeobotanica Il: 23-43.

Watts, W. A. (1979). Late Quatemary vegetation of central Appalachia and the New Jersey

coastal plain. Ecolo&ical Monoiraphs 49: 427-469.

Weider, L. J. and A. Hobzk (1997). Postglacial dispersal, glacial refugia, and clonai

structure in RussianlSiberian populations of the arctic Daphnia pu/ex complex. Heredity

78: 363-372.

Weider, L. J., A. Hobœk, T. 1. Crease and H. Stibor (1996). Molecular characterization of

clonai population structure and biogeography of arctie apomictic Daphnia from

Greenland and Iceland. Moleculac EcoI0aY S: 107-118.

West, R. G. (1995). Aspects of the Quatemary cold stage palaeoecology. Mededelipaen

Rijks Geolo&ische Pienst 52: 213-220.

72



•

•

•

LIST OF FIGURES

Figure 1. Locations of the main glacial refugia (shaded areas) during the last glacial

maximum (18,000 years before present-yBP). Lines delimit the extent of the Laurentian

Ice Sheet 18,000 yBP, 12,000 yBP and 8,400 yBP.

Figure 2. Schematic representation of the phytogeographie prineiple. Here,

phylogenetic trees are superimposed aver the geographic distribution of populations from a

hypothetical species. (a) In the first case, a series of populations closely related to each

other occupy the entire geographicaI range of the species. Such a situation would be found

if populations have spread recently over a large area from a single source. (b) In the second

case, populations separated by a large phylogenetic gap live in different regions; such a

situation might arise if different populations have survived in different refugia and

recolonized the two geographic regions separately.

Figure 3. Dryas integrifolia shown in bloom (left), at an early stage of fruit development

(centre), and when fruits are at maturity, ready to disperse (right). Note the long feathery

style (see aIso drawing in Appendix A).

Figure 4. Present distribution of Dryas integrifolia. Note the disjunct occurrences in

southeastem Canada and the no11hwestem United States. The map aIso inmcates all the

locations mentioned in the text.

Flpre S. Sample localities of Dryas integrifotia. See Table 1for details of the collection.

Unes delimit the major bioclimatic regioDS of the Arctic.
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Figure 6. Past distribution of Dryas integrifolia as revealed by the macrofossil record.

Dates in radiocarbon years before the present ("na" means that dates are not available).

Squares represents fossils of Dryas integrifolia, and circles represents fossils of Dryas sp.

Ifbath have been found at the same site at the same time, only the nrst is depicted.

Figure 7. Past distribution of Dryas integrifolia as revealed by the pollen record. Dates

in radiocarbon years before the present.

Figure 8. Typieal gel showing length variants of epDNA among Dryas integrifolia

samples. "M" lanes indicate molecular weight marker, and arrows show the length of two

segments in base pairs.

Figure 9. Geographie distribution of the different cpDNA haplotypes of Dryas

inlegrifolia. Each letter represents one haplotype. Localities have either one or two

haplotypes present. For representation convenience, haplotypes are presented on four

different maps; haplotype grouping on each map does not imply any historical or genetic

connection between haplotypes.

Figure 10. Unrooted cladistic network showing the phylogeoetic relationship between

the 20 different cpDNA haplotypes àescribed, as constructed by the Wagner Parsimony

method (50% majority-mle consensus of the tirst 5000 most parsimonious trees of 20

steps; Rohlfs Consistency Index =0.132). The numbers along the branches show the

percentage of trees, of the 5000, that exhibited the particular branching observed.

Percentages below 50% are oot shawn.
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Figure Il. Unrooted tree showing the phenetic distance between the 20 different

haplotypes described, as constnlcted by the Neighbour-Joining method. Branch length is

proportional to phenetic distance.

Figure 12. Unrooted tree showing the phenetic relationship between the 42 different

populations studied, as constructed by the Neighbour-Joining method. Blacks of

populations outlined in rectangles refer to the major grouping outlined in the discussion and

presented in Fig. 13.

Figure 13. Geographie distribution of the various groups of populations described in

Fig. 12. At least two different groups are represented on each map, where each group is

represented by a different symbol.

Figure 14. Mantel test results (1000 random permutations) showing the frequencies of

the sum of the element x element product for the randomized genetic and geographic

distance matrices, compared with the actual data (arrow).

Figure 1S. Main routes of recolonization following ice retreat. Note the suggested route

along both sides of Hudson Bay for populations that survived southeast of the ice sheet.
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• Table 1. Collection data for Dryas integrifolia specimens used in this study.

Site

number

1

2

Description

Wager Bay, NWT

66°N; 9f1JW

Baker Lake~ NWT

64° 19'N; 96°02'W

Collector(s)

Bruno Lelièvre

Pfastatt~ France

Joseph Svoboda

University ofToronto

Number

of

samplesa

2

2

7 Arviat, NWT Nicolas Tremblay 2

61 °07'N: 94°04'W McGill University

• la Churchill, Manitoba Nicolas Tremblay 2

58°47'N; 94°11'W McGill University

•

16

19

20

Stanton, NWT

69°48'N; 128°42'W

Kittagazui~ NWT

69°21'N; 138°41'W

Eskimo Lake, NWT

68°40'N; 132°53'W

Nicolas Tremblay

McGill University

Nicolas Tremblay

McGill University

Nicolas Tremblay

McGill University

100

2

2

2



• 23 Whitehorse, Yukon

610 N; 135°W

Nicolas Tremblay

McGill University

2

28 Muncho Lake, British Columbia Nicolas Tremblay

58°40'N; 126° lO'W McGill University

2

•

30

32a

35a

36

Sunwapta Flats, Alberta

52°30'N; 117°W

Big Snowy Montains, Montana

47°N; l09°W

Mingan Islands, Québec

So023'N; 64°12'W

Banks Is.• NWT

72°15'N; 124°50'W

Nicolas Tremblay

McGill University

Nicolas Tremblay

McGill University

Patrick Nantel, Danielle Cantin

McGill University

Evan G. Cooch

Simon Fraser University

2

2

2

37

40

Coppennine River, NWT

67°13'N;113°26'W

Cambridge Bay, NWT

69°07'N; 10so03'W

Stephen Wolfe 2

Geological Survey ofCanada

Rick Gillis, Mark Calvez 2

Abnospheric Environment Service

• 41 Albert County, New Brunswick Stephen R. Clayden

4S~; 640W New Brunswick Museum

lOI

2



• 42

43

44

Fosheim Peninsula, NWT

79°55'N; 84° IlW

Somerset Is., NWT

72°55'N; 93°27'W

Iqaluit, NWT

63°45'N; 68°3l'W

Wayne Pollard

McGill University

Anne Gunn, Judy Dragon

Government of the Northwest

TelTÎtories

Yvonne Earle

Iqa1uit, NWT

2

2

46 Kent Peninsula, NWT Martin Predavec 2

68°21N; 10s05'W University of British Columbia

• 48 Bylot Is., NWT Monique Poulin 2

73°N; SOOW Université Laval

•

49

50

Thelon River, NWT

64 °16'N; 101 0 54'W

Garry [s., NWT

69°2S'N; 135°39'W

Christofer Shank

Govemment of the Northwest

TelTÎtories

AlanFehr

Science Institute of the Northwest

Tenitories

lm

2

2
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51

53

54

5S

Igloolik, NWT

69° 22'N; 81°48' W

Caw Ridge, Alberta

53°50'N; 119°W

Tmelove Lowland, NWT

75°33'N; 84°40'W

Prudhoe Bay, Alaska

69°48'N; 148°44'W

John MacDonald, Carolyn

MacDonald

Igloolik Research Centre

Steeve Côté

Université de Sherbrooke

Lawrence Bliss, Warren Gold,

Julia Gold

University ofWashington

Michael Hunt Jones

Institute of Arctic and Alpine

Research

2

2

2

2

•

57

58a

59

Mould Bay, NWT

76°N; 119°W

WeaselRiver,NWT

66°53'N; 64°53'W

Perry River, NWT

67°43'N; l02°12'W

Sylvain Juneau 2

Atmospheric Environment Service

Yves Bossé, Mark Heathcott, 2

Michael Keenaina

Auyuittuq National Park Reserve

Ray T. Alisauskas, Stuart Slattery, 2

Mike Schwitters, Glen Mack

Environment Canada

103



• 65

68f

Coats Is.., NWT

63°N; 83°W

Tanquary Fjord, NWT

81°24'N;76°52W

Anthony J. Gaston

Canadian Wildlife Service

BarryTroke

Ellesmere Island National Park

Reserve

2

2

71 Nanisivik, NWT

73°02'N; 84°33'W

Ron Sutherland, Lois Sutherland 2

Nanisivik, NWT

88 Bathurst Is., NWT Jan Bednarski, Anne Williams l

75°26'N; 97°56 W Canadian WiIdlife Service

• 95 Cape Dorset, NWT Norman Hallendy 2

64°14'N; 76°32'W Tukilik Project

•

98a

101

102

Disko Is., Greenland

69°N;53OW

Schefferville, Québec

54°36'N; 66°41'W

Kuu.üuarapik., Québec

55°20'N; 77°45'W

Per Msigaard

Royal Danish School of Pharmacy

Oksana Choulik, Martine

Giangioppi

McGill Subarctic Research Station

Nicolas Tremblay

McGill University

104

2

2

1



• 103 Povungnituk, Québec

600 05'N; 77°20' W

Marcel Blondeau

Trois-Rivières, Québec

2

a The oumber of individuals collected was 30 00 averaget but only ca. two per population were analysed for

molecular variation in the chloroplast genome.
•

•

l06a

10Sc

112b

Kuujjuaq, Québec

S8°16'N; 68°13'W

Smldre Strmnfjord, Greenland

67°Q9'N; SO° 18'W

Gros Morne National Park,

Newfoundland

49°30'N; 57°S0'W

Nicolas Tremblay 2

McGill University

Ole Bennike 2

Geological Survey ofDenmark and

Greenland

Anne Marceau

Gros Morne National Park
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• Table 2. Primers pairs used for this study, and the restriction enzyme used to digest the

corresponding amplified fragment. The digested fragments exhibited one or two

polymorphie sections, whose various lengths are also described below. Polymorphie

fragments are given a number. The most eommon fragment is given the number O. For a

given cpDNA moleeule, the various combinations of polymorphie fragments make up the

different haplotypes (see Table 3).

•

Primers par

trnT-trnF l

trnC-trnJ)2

trnF-tmVrJ

trnH-trnK2

tmQ-tmRr3

trnD-trnTl

Restriction enzyme

used

Mse 1

Nlam

Rsa 1

Alu 1

Rsa 1

Alu 1

Polymorphie section

(size in base pairs)b

(- 524 (0); 498 (1)

II- 729 (0); 768 (1); 666 (2)

rD- 508 (0); 503 (1)

[Vc- 304 (0); 294 (1); 283 (2); 312 (3)

V- 275 (0); 266 (1)

VI- 500 (0); 498 (1)

Vll- 638 (0),617 (1)

•

a Primer sequences published in: 1· Taberlet et al. 1991.2- Demesure et al. 1995,3- Dumoulin-Lapègue et

al. 1997b.

b The roman numeral is an arbitrary number used to distinguish each variable subsegment. The number in

parentheses corresponds to the possible lengths of each subsegment.

c The amplified fragment trnF-IrnVr, once digested, had two different sets of polymorphie fragments. They

are considered as two different characters.
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• Table 3. Haplotype characteristics as defined by the presence of particular restriction

length variants for each polymorphie section of digested PCR amplified fragments

(polymorphie fragments and sections defined in Table 2).

Polymorphie section

Haplotype 1 fi m IV v VI VII

A 0 0 0 0 0

8 0 2 0 0 0

C 0 2 0 0 0 0 0

0 0 0 0 0 0

E 0 0 2 0 0 0

G 0 0 0 0 0 0

• H 0 0 3 0 0 0

0 0 0 0

K 0 0 0 0 0 0

L 0 0 0 0

M 0 3 0 0 0 0

N 0 0 2 0 0

0 0 0 0 0

P 1 0 0 0 0 0

Q 0 0 0 0 0 1

R 0 1 0 3 0 2 0

S 0 1 2 0 0 0 0

T 0 2 2 0 0 0 0

• U 0 2 0 1 0 1 0

V 0 2 1 0 0 0 0
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• Table 4. Analysis of population substructure in Dryas integrifolia.

•

Diversity parameter

hs

ht

Ost

Vs

Vt

Nst

Nsr-Gst

Estimate

0.50

0.90

0.44

0.39

0.74

0.47

0.03

Standard errort

0.07

0.02

0.08

0.08

0.06

0.10

0.06

•

a Standard errors calculaled by bootstrap resampling (1000 trials). Ail estimates were

significanùy different from zero al the P<O.OOI level except that of Nsl-Gst.
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• Table S. Analysis of heterogeneity of haplotype frequencies across different parts of the

range ofDryas integrifoiia. Significant results are emphasized with an asterisk.

•

Regions defineda

Ecologicsl regions

High Arctic vs. Law Arctic vs. boreal forest

(15 vs. 17 vs. 10)

Glaciated vs. unglaciated areas

18,000 years BP

(34 vs. 8)

12,000 years BP

(21 vs. 21)

8,400 years BP

(15 vs. 27)

62.9774

20.3104

28.7839

21.3851

Significance level

(standard elTOr)b

P=O.OOO4*

(0.0002)

P= 0.3996

(0.0049)

P= 0.0141*

(0.0012)

P=O.2782

(0.0045)

•

a Figures in parentheses represent the number ofpopulations in each category.

b Standard errers calculated by bootstrap resampling (10,000 trials).
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ApPENDIX A

Leaflet explaining the collecting protocol. Note that initially, the research proposaI also

iDcluded analysis of Eriophorum angustifolium, a boreal species whose migrational history

wouId have been constrasted with the history of Dryas integrifolia, an arctic species. Thus,

samples of E. angustifo/ium were collected in the same time as samples of D. integrifolia,

but the molecular analysis was eventually abandoned because of time constraints.
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" McGill

PLANT MIGRATION

AFTER THE

ICEAGE

About the projed...

18 000 years aga, a huge ice cap extended over Canada
and the narthem United States. It is believed that manv
arctic species survived the glaciation north of the ice, in
Beringia, an area including Alaska and eastem part of
Siberia. Other species are believed ta have found a
refugium south of the ice. When that huge ice cap started
to melt, it is thought that species started ta spread aver
the arctic ta their present distribution.

This praject aims ta test this hypothesis by studying the
past migrational history of tlvo common and widespread
arctic species, Dryas integrifolia and Eriophorllln
Qllgustifolililn, using the tools of molecuJar genetics. We
will reconstruct the phylogenetic tree of different sampled
populations and then identify the region where the
ancestral populationCs) occurred.

We \vill need samples fram ail over the Arctic in arder to
carry out this investigation. Because \ve can't afford to fly
eveIJ"vhere, we \vish to ask for the collaboration of other
people ta get samples fram places that we would not
othenvise be able ta reach. By helping me, you cantribute
to the success of this research and l thank you in advance.
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About collecting...

Sampling is easy :

-First, locate a patch of D. integrifolia and/ or E.

angustijôlùun (see Fig. l and Fig. 2 for descriptions).

-Then collect seed samples from 30 different plants.

Pick the whole head (Fig. le and 28) .

-Try ta pick the seed samples from plants located not tao

close ta one another (2 feet apart is enough).

-Before collecting, make sure the seeds are ripe by pulling

on the long hairs conting out of the flo\ver stem. If the

hairs (to \vhich the seed is attached) come out easily, then

it is ready ta be collected. [f they resist, then it is not ripe.

-Put seeds of different plants in different envelopes.

-Apart from the seeds, collect one whole plant specimen

for each species, 50 we \vill be able ta canfirm

identification later on. For O. integrijOlia, a simple stem is

enough. Put that specimen in the plant-press, inside the

paper tawel sheet (one specimen per layer of cardboard).

-Note the date arld the location of collection for each

species (as precise as possible).
-Put everything in the pre-addressed XPRESSPOST
envelope and mail it directIy (postage is already paid ).

For more information, please contact me :

Nicolas Tremblay
McGiII University, Department of Biology
1205 Docteur Penfield Avenue
Montreal, Quebec
H3A IBl

T~:(514)398-4084 Fax: (514) 398-5069
E-Mail: Tremblay@biol.1an.mcgill.ca
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1A. Whole plant
(half of actual sile)

1 B. [ntermediate stage of seed
development (actual size) 1C. At maturity

(actual sile)

•

•

1E. Leaves of Dryas in regrifolia
(actual size).

ID. Individual seed with long
plumose style (actual size)

Figure l : Dryas Îtltegrifolia. aiso kno\\'n as \Vhite
Nlountain Avens.

Description: Dwarf plant (less than 10 cm high) forming
large mats on dry rocky or graveUy places. [t has white
flowers with 8 petaIs, numerous stamens and many
carpels (Fig lA). At maturity, petais fall. The styles then
start to elongate, all twisted together at first (Fig. lB) and
aIl spread out at the end (Fig. lCl. The seeds are at the
base of the long plumose style. (Fig ID).
D. Întegr(folia has dark green, simple Leaves, shaped like a
lance-head, three times Longer than broad; the margin is
entire or \\rith a fe\v teeth in the lower half; there are
white matted hairs beneath the Leaf. You can tell D.
integridolia from other related spedes by the shape of its
leaves (Fig. lE). In flower generally around end of June,
early JuIy; ripe around end of JuIy, early August.
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2e. Long bristles attached
ta an individual seed

(actual size)

•
2A. 'Nhole plant
(1.:4 of acrual sile)

2B. Detail of flower spikes
(actual size)

Figure 2 : EriophoTlun angustifoliurn, aiso knawn as TaU
Cottongrass.

•

Description : Grass-like plant \vith solid, some\vhat 3
angled smooth stem (peduncle glabrous), 20 to 40 cm
high, \vith fiat leaves (Fig. 2A). Produces several flower
spikes (2 ta 10) (Fig. 28 - that is \vhat needs to be
callected). Flower spikes 1-2 cm Long, "vith 2-5 cm long
silky white bristles when mature (Fig. B & Cl. ln the
High Arctic, a smaller form occurs : it is often called
Eriophorlun triste. It can be considered as an arctic race of
Eriophonun angustifoliu ln , and it can be collected as weil.
Very comman and abundant in wet bogs or by the edge
of ponds, \vhere it aften forms pure stands. In generaI,
young spikes appear in late June, white cotton visible
around mid-July, seed ripe and dispersing in early
;\ugust
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ApPENDIX B

Details of the DNA Extraction and PCR Amplifications

Detailed protocol ofgenomic DNA extraction modiftedfrom lobes (1995)

Tissue grinding:

-weigh 10-20 mg of fresh tissue

-place in a microcentrifuge tube (1.5 mL)

-dip tube in liquid nitrogen for 5 minutes

-grind with pestle grinder, preferably using a drill

-add 0.75 mL of warm 2%CTAB (60°C) with Proteinase K (0.1 mg/mL) (add

Proteinase K at the last moment)

-incubate 60 min. at 60°C

-spin 10 min.

-keep supematant in new tube, discard pellet

Potassium acetate cleaning:

-add 0.25 mL ofSM potassium acetate pH 4.8

-keep 20 min. at -200C

-spin 10 min.

-keep supematant in new tube, discard pellet

Fmt DNA precipatation:

-add cold isopropanol to fill the tube

-keep 20 min. (or overnight) al -200C

-spin lO min.
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-keep pellet, discard supematant

Polysaccharide removal:

·dissolve pellet in 0.4 mL of ddH20 (double distilled water)

·add 0.2 mL of 5 M NaCI, mix weil

·add 0.8 mL of cold 95% ethanol

-keep 20 min. at -200C

-spin 10 min.

·keep pellet, discard supematant

RNA removal:

-dissolve pellet in 0.5 mL ddH20

·add 0.17 mL of8 M LiCI

-keep ovemight at -20°C

-spin 15 min.

-keep supematant in new tube, discard pellet

Protein removal in three steps:

·fust phenoUchlorofonn extraction (to remove contaminating proteins)

.add equal volume ofphenoUchlorofonn (1:1, v/v) to supematant

.mix gently

.spin 10-15 min.

•keep supematant in a new tube

-second phenollchlorofonn extraction

.add equal volume ofphenoUchloroform (1:1, v/v) ta supematant

.mix genüy

.spin 10-15 min.
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.keep supematant in new tube

'chloroformlisoamyl extraction (to remove trace amounts of phenol and proteins)

.add 112 volume of chlorofonnlisoamyl (24: l, v/v)

.mix gendy

.spin 6 min.

Jceep supematant in new tube

Last DNA precipitation:

'add cold isopropanol

-keep 20 min. at -200C

'spin 10 min.

'discard supematant

Pellet cleaning:

-wash pellet with 70% ethanol (about 1 mL)

'spin 5 min.

'discard supematant

·air dry pellet (approximately 2 hours)

Fmal DNA dissolution in buffer:

-resuspend penet in TE buffer (0.05 to 0.10 mL)

'keep at 4°C or -200C
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Details ofthe PCR procedure and gels parameters

•
ApPENDIX ft (CONTINUED)

•

Primers pair Approximate PCR variables: Arnount of PCR product Polyacrylamide gels:

lengtha (kb) Annealing temperature (OC); used for digestion (J.IL) Voltage (V);

Extension lime (minutes) Concentration ofgel (%);

Migration lime (h)

trnC-trnD 3.2 57;2 10 160; 4; 5:30

trnD-tmT 1.2 62;2 5 170; 4; 5:00

trnF-trnVr 3 57;2 8 170; 8; 8:00

trnH-trnK 1.6 40;2 12 170; 8; 6:30

trnQ-trnRr 3 62;3 5 160; 4; 6:00

trnT-lrnF 2.1 55;2 10 170; 8; 6:30

a Totalleogth of uncut amplified fragment, estimated by visual comparaison with molecular marker.
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APPENDIX C

Description of the Fossil Localities of Dryas Integrifolia, Dryas Drummondii and Dryas sp.

•

Site Coordinates

(latitude; Longitude)

Agea

(radiocarbon years

before the present>

Reference

Dryas integriJolia

Greenland, Qagssiarssuk 61 °09'N; 45°31 'W 985-500 Fredskild 1978

Greenland, Thule 76°27'N; 69°35'W 130,000-74,000 Bennike and ROCher 1992

Illinois, Wedron 41 °25'30"N; 88°47'W 21,46O±470 Garry et al. 1990

Iowa, Conklin site 42°N; 91 °20'Wb 18,090±190-16,710±270 Baker et al. 1986

Maine, Canying Place Cove (A) 44°44'N; 66°S8'W 11,000-10,000 Tolonen and Tolonen 1984

Maine, Chalk Pound 44°S0'N; 68°05'W > 13,76O±100 Tolonen and Talonen 1984

(estimation probably too old)

Maine, Gould Pond 44°59'N; 69°19'W 13,280±410-11 ,330±260 Anderson et al. 1992
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Maine, Upper South Branch Pond 46°5'N; 68°54'W <12,500-1O,965±230 Anderson et al. 1986

Massachusetts, Cambridge 41 oN,71°30'Wb 13,000-11,000 Argus and Davis 1962

Minnesota, Cary-Port 45°N; 85°Wb 13,300-12,500 Miller and Benninghoff 1969

Minnesota, Northeastem 46°30'N; 92°34'W 10,630±500 Wasylikowa and Wright 1970

Minnesota, Norwood 44°45'N; 93°55'W 12,400±60-11 ,200±250 Ashworth et al. 1981

Minnesota, Spider Creek 47°N;93°Wb 12,000 Baker 1965

Minnesota, Wolf Creek 46°07'N; 94°07'W 20,500±400- 14,700 Birles 1976

New Brunswick, Mayflower Lake 45°18'1O"N; 66°04' 15"W >12,030±1IO-<IO,880±110 Mayle and Cwynar 1995

New Brunswick, Pine Ridge Pond 45°33'N; 67°05'W > II ,490±80-9,500±1()() Levesque et al. 1994

New Brunswick, Spland Pond 45°15'20"N; 67°19'50"W Il,640±90-IO,090±70 Mayle and Cwynar 1995

New Hampshire 43°56'N; 71 °42.5'W 12,800 Spear et al. 1994

New Jersey, Allamuchy Pond 400 55'N; 74°50'W > 12,26O±220 Peteet et al. 1993

New York, Central Western 42°30'N; 78°33'W 24,900±1000-24,180±900 Miller and Calkin 1992

Northwest Territories (NWT), 71°57'N; 125°40'W Preglacialc; 730,000 Matthews et al. 1986

Banks Is.

NWT, Bathurst Is. 9lJON;76°W >50,000 Blake 1974

NWT, Devon Is. 75°33'N; 84°40'W <2,54O±90 Jankovska and Bliss 1977
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NWT, Ellesmere Is., Hot Weather 79°58'N; 84°28'W

Creek

7,910±120-3,850±80 Garneau 1992

6,315±1IO-4,720±IOO

430±90;410±45;4OO±140

Morris et al. 1993

Schwert et al. 1985

McAndrews et al. 1982

Warner and Barnett 1986

Wamer et al. 1984

P.J.H. Richard, personal

communication

Lafarge-England et al. 1991

Bergsma et al. 1984

Matthews 1987

Mayle and Cwynar 1995

Mayle and Cwynar 1995

Mayle and Cwynar 1995

Terasmae and Matthews 1980

> 3 5 , 0 00; Wamer et al. 1988

Pliocene

> 14,OI0±IOO-9,6OO±80

12,140±90-1O,480±80

>11,820±90

12,320±360

>36,000;

31 ,500±1,000

13,225±200; 13,150±1OO

13,000-12,500

8,000-6,500; 6,500-2,870±90

13,36O±1OO

9,930±90

>80,()()()d

42°05'17"N; 82°38'15"W

43°30'N; 81°W

54°19'20"N; 84°33'30"W

42°30'N; 800 30'Wb

46°56'N; 81°55'W

43°40'OO"N; 79°20'OO"W

82°12'N; 68°31'W

78°53'N; 75°SS'W

79°S0'N; 99°W

45°39'05"N; 6Oo40'30"W

44°15'50"N; 66°04'45"W

44°40'05"N; 63°56'20"W

43°42'30"N;79°45'W

44°32'02"N; 800 30'W

Ontario, Essex

Ontario, Gage Street Bog

Ontario, Hudson Bay

Ontario, Lake Erie

Ontario, Manitoulin Is.

Ontario, Scarborough Bluffs

NWT, Ellesmere Is., Piper Pass

NWT, Ellesmere Is., Twin Glacier

NWT, Meigben Is.

Nova Scotia, Chase Pond

Nova Scotia, Lac à Magie

Nova Scotia, Little Lake

Ontario, Brampton

Ontario, Clarksburg
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Ontario, Toronto 43°39'N; 79°20'Wb 28,000-24,000 Bertil975

Ontario, Toronto 43°39'N; 79°20'Wb 28,300±600 Herti 1975

Ontario, Toronto 43°39'N; 79°20'Wb 32,000±690 Herti 1915

Ontario, Toronto 43°39'N; 79°20'Wb 48,000-36,000 Berti 1975

Ontario, Toronto 43°39'N; 79°20'Wb >53,000 Berti 1975

Pennsylvania, Longswamp 4Oo29'N; 75°40'W 12,400-12,200 Watts 1979

Pennsylvania, Tannersville Bog 41 0 02'N; 75°16'W > 13,300 Watts 1979

Québec, Chaudière River 45°55'N; 700 45'W Mid-Wisconsinan Matthews et al. 1987

Québec, Couchepaganiche 48°21'43"N; 71°S0'49"W >8,386 P.l.H. Richard, pers. comm.

Québec, Desautels 49°27'28"N; 73° 15'OO"W >8,983 P.l.H. Richard, pers. comm.

Québec, Iles Charles 62°40'OO"N; 74°15'OOIlW not available P.J.H. Richard, pers. comm.

Québec, Lac à Euloge 49°14'45"N;65°22'20"W >9,730-7,400 Marcoux and Richard 1995

Québec, Lac à la Fourche 47°58'30"N; 69°12'28"W 1O,200-9,200±160 Richard et al. 1992

Québec, Lac Leonard 49°12'22"N;65°48'45"W 9,040±140 Labelle and Richard 1984

Québec, Lac Bromont 45°15'53"N; 72°40'12"W > 10,946 P.l.H. Richard, pers. comm.

Québec, Lac Caribou 48°11'52"N; 64°56'24"W >9,591 Jetté and Richard 1992 &

P.J.H. Richard, pers. comm.

Québec, Lac de la Montagne ronde 48°19'15"N;68°33'55"W >9,630±780-9,220±150 Richard and Larouche 1994
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Québec, Lac du Diable 48°54'39"N; 66°07'30" W >8,971-6,543 P.J.H. Richard, pers. comm.

Québec, Lac Gallant 48°25'05"N; 68°28'14 IlW >9,730 ±110; 8,070±70 Richard and Larouche 1994

Québec, Lac j'Arrive 49°14'56"N;65°22'35"W 10,400-9,200 Marcoux and Richard 1995

Québec, Lac Memphremagog 45°00'00"N; 73°20'00"W not available P.J.H. Richard, pers. comm.

Québec, Lac Mimi 47°29'49"N;70022'33"W not available P.l.H. Richard, pers. comm.

Québec, Lac Turcone 49°09'30"N;65°45'45" 1O,36O±1 70 Labelle and Richard 1984

Québec, Petite Vallée 49°12'47"N; 65°02'12"W not available P.J.H. Richard, pers. comm.

Québec, Rivière Foucault 62°07'OO"N; 75°45'OOIlW not available P.l.H. Richard, pers. comm.

Québec, Site Hinchinbrook 45°00'51 "N; 74°04'08"W IO,480±140 Delage et al. 1985

Québec, St. Eugene 47°Q4'20"N; 70° 19'4Q"W II,500±130 Mott et al. 1981

Québec, St-Joseph de la rive 47°28'IO"N; 700 20'09"W not available P.J.H. Richard, pers. comm.

Québec, Témiscamingue 47°04'35"N; 78°47'OO"W 9,530 Richard and Larouche 1989

Vennont, Columbia Bridge site 44°50'50"N; 700 38'30''W Il,540±110-11,390±115 Miller and Thompson 1979

Yukon, Coastal Plain 69°04'30"N; 137°51'W 14,400± 180 Rampton 1982

Yukon, Northem Coast 69°36'14"N; 1400 36'12"W 10,900 ± 80 Matthews 1975

Yukon, Northem Interior 65°34'30"N; 135°30'\V 36,900±300 Hughes et al. 1981
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Dryas drummo"dii

• •

Ontario, Eighteen Mile River 44°N;81°Wb 10,600±160 Karrow et al. 1975

Ontario, Gage Street Bog 43°30'N; 800 30'Wb 13,000-12,500 Schwert et al. 1985

Ontario, Marathon 48°N;86°W 8,310 ±100 Bajc et al. 1986

Quebéc, Mont St-Hilaire 45°31 '48"N; 73°08'30"W 10,1OO±150 Mott et al. 1981

Vennont, Columbia Bridge site 44°50'50"N; 700 38'30"W Il ,540±Il0-11 ,390±115 Miller and Thompson 1979

DryaN sp.

Greenland, Kap Kobenhavn 82°27'N; 200 45'W Last interglaciale Fredskild and Reen 1982

Maine, Gould Pond 44°59'N; 69°19'W > 13,280±410-10,670±140 Anderson et al. 1992

Minnesota, Kylen Lake 47°21'N; 91°48'W 15,850±240-12,390±120 Birles 1981

Minnesota, Wolf Creek 46°07'N; 94°07'W 20,500-14,700 Birks 1976

New Brunswick, Pine Ridge Pond 45°33'N; 67°05'W > Il ,490±80-9,500±100 Levesque et al. 1994

NWT, Banks Is. 71°57'N; 125°40'W 730,000 Matthews et al. 1986

NWT, Beaver Pond 78°30'N; 82°15'Wb Pliocene (2-5 MyBP) Matthews and Ovenden 1990
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NWT, Bluefish Section B 67°23.1'N; 1400 21.7'W Pliocene (2.S-3.0 MyBP) Matthews and Ovenden 1990

NWT, Ch'ijee's Bluff 2 67°28'N; 139°S4'W Pliocene (2 MyBP) Matthews and Ovenden 1990

NWT, Fish Creek 700 16'N; 152°01'W Quatemary (1-2 MyBP) Matthews and Ovenden 1990

NWT, Meighen Is. SOON; lOOOWb Pliocene (2-S MyBP) Matthews and Ovenden 1990

NWT, Niguanak 69°49.3'N; 143°0S.2'W Pliocene (2.5-3.0 MyBP) Matthews and Ovenden 1990

NWT,PrincePatrick 76°N;1200Wb Pliocene (2-5 MyBP) Matthews and Ovenden 1990

NWT, Wolf Valley 79°33'N; 82°40'Wb Quatemary (1-2 MyBP) Matthews and Ovenden 1990

Ontario, Gage Street Bog 43°30'N; 800 30'Wb 13,OOO-12,SOO Schwert et al. 1985

Ontario, Lake Six 48°24'N; 81°19'W 7,SOO-7, 1()() Liu 1990

Québec, Lac Caribou 48°11'52"N;64°56'24"W > 10,000 ±400 Jetté and Richard 1992

aAge based on radiocarbon daling method (with estimate of error when avaiJable). or on estimations fTom stratigraphie evidene~. The symbols ">" and "<" mean

"olda'!han" and "younger than" respectively, depending on whether the fossils were found beJow or above the daled horizon.

bApproJ.imate coordinates.

c"Preglacial" refers to before the last glacial age which started around 1.8 to 2.4 million years before the present.

dDate disputed.

CThe last interglaciaJ lasted from 130,000 to 65,000 years before the present.



• ApPENDIX 0

List of Ail Sampled Individuals Studied and their Corresponding Haplotype

Individuala Haplotype Individual Haplotype Individual Haplotype

1-10 A 40-1 H 58a-4 K

1-18 A 40-4 0 58a-7 K

2-3 a 41-7 0 59-3 0

2-7 a 41-8 K 59-4 B

7-19 C 42-3 H 65-1 K

7-21 C 42-5 A 65-4 A

10-1 ab 43-7 Db 68f-4 Rb

10-3 D 44-4 pb 68f-S E

• 16-3 E 44-8 1 71-1 A

16-4 K 46-2 K 71-4 A

19-11 K 46-5 D 88a-11 H

19-8 E 48-1 A 95-1 A

20-2 A 48-2 A 95-3 A

20-4 A 49-4 B 98al L

23-4 G 49-6 K 98a-2 Q

23-7 M 50-6 E 101-1 K

28-1 Eb 50-7 E 101-2 K

28-5 N 51-1 D 102-3 A

30-4 ab 51-2 H 103-1 S

30-5 B 53-4 ab 103-2 S

• 32a-3 E 53-5 E 1068-1 T

32a-5 E 54-5 H 106a-2 P
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• 35a-5 K 54-9 K 10Sc-l L

35a-6 K 55-1 C 10Sc-2 U

36-1 Ab 55-3 C 112b-l V

37-5 A 57-5 Hb

37-7 A 57-9 A

aThe farst number corresponds to the population (see Table 1) and the second number corresponds to an

individuai within that population.

blndividuals with încomplete haplotype characterization (because of missing data for one or two

polymorphie sections). In these cases an individual was assigned the Most closely related haplotype.

•

•
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