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Abstract 

Members of the genus Packm (Asteraceae) are widespread in North Anmica, 

but most are found in western regions of the continent where extensive morphological 

intergradation is common. Previous molecuiar systematic studies found that four species 

in southwestern Alberta, a region proposed to be at the interface of the Cordilleran aud 

Lamentide ice sheets during the last advance of Pleistocene glaciation, showed un&y 

high IeveIs of inter- and intrapopuiationd chloroplast DNA variation, The present study 

analyzed chloroplast haplotype phylogeny, frequency variation, and geographic 

distribution patterns in Packera contemina and closely related species P. pseudaurea, P. 

cana, and P. cymbuiarioides nom southwestern Alberta, northern Montana, and 

northwestem Wyoming. Restriction site analyses of chloroplast DNA from 730 

individuals across 34 populations of the four species revealed meen hapIotypes, of 

whkh seven are commonly fomd in other North Amencan Packeru species. Three 

haplotypes were detected in P. cymbaImoidees, seven in P. c m ,  eight in P. pseudaweo, 

and twelve in P. contermina. The level of hapIotype Eequeucy variation among 

populations was high in P. cymbaImCoides (8= 1) moderate to low in P. contemina 

(O = 0.333) and P. cana (8= O X L ) ,  and very low in P.. pseudaurea (8 = 0.085), possibIy 

refl ecthg dinerences m the species' history. Phylogenetic analyses reveaied 2 groups of 

haplotypes, one of which is found m d y  in populations nom the Great Basin ofNorth 

Amenca and the second in populations of more coastaI and northem regioas. The 

presence of haplotypes from both p u p s  ofPuckera species suggests that the cpDNA 

diversity in southern Alberta has mtsen through h y b ~ d ï z a t i o d u i t r ~ ~ o n  events that 

have involved a number of species h m  outside of the @on. 
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I ~ Y T R O D U ~ O N  

The role pIayed by geobistorid events associated with glaciation in the evoIutÎon 

of the Noah Amencan flom and fauna has long been and temains a subject of great 

interest to evolutionafy biologists (Avise 1 994, Myers and GïiIer 1988, Eüddle 1996, 

Stebbins 1950). Efforts to idente the genetic consequeoces of historical influences on 

the diversity and distn'bution patteras comrnonIy center aromd the events associated with 

Quaternary climate changes, in particdar Pieistocene glaciation events (Cornes and 

Abboa 1998, Soltis et ai. L997). The response of species to chnate changes hvoIves 

many factors including locd adaptation or migration to more SiritabIe habitat; therefore, 

by comparing pattern of intraspecinc genetic structure, a more complete p i c m  of the 

biogeographic history of a species cm be achieved. 

Changes in geographic distribution due to dimate changes may be evident in 

macro-evolutionary changes (phylogenetic factors) such as tineage sorting and 

hybribtion or in micro-evo1utionary changes such as genetic drift, migration, mutation 

and naturaI selection (Avise et af. 1987). [n the pst, studies of such changes were 

tieqwntiy divided into either phyiogenetic or popdation genetic studies, and 

evohtionary hidies of genetic diversity seldom integrated the two approaches. More 

recent investigations emphasize the importance of historicd factors in explaining present- 

day spatial distrihtion patterns of genotypes memesme et al. 1996, SeweII et aL 1996, 

SoItÏs et aI. 1997, Strand et ai. 1996, Zink and Ditûnann 1993). The term 

$hylogeography" was coined tu d e s d e  this appmach of reIathg gene geneaiogies to 

geographic distniution in a histokd context (Avise et a(. 1987)- 



Although traditional methods of studying inter- and mtraspecinc genetic variation 

such as morphologid and cytologicaf analyses were miportant in establishg e d y  

theories of phylogeny, more recent studies use molecular methods incLuding isozyme 

characterization and DNA aaalyses ushg RAPDs, restriction hgment and sequence data. 

The importance of molecuiar data is under-scored by the increasing number of studies 

using these methods to examine a wide range of questions such as the evolutionaiy 

history of related species aod intraspecific reïationships including population structure 

and gene flow (Avise 1991, Cornes and Abbott 1998, Gonlieb 1977, SoItis et ai. 1997). 

While both isoyme studies and DNA analyses provide the opportunity to assess patterns 

and levels of polymorphism and heterozygosity in distinct genetic loci, oniy DNA 

analyses enable the researcher to select genetic marken with diffant modes of 

inheritance and potentÏaiIy different rates of evolution (Avise 1994, Moritz and Hillis 

1996). This is an advantage in phylogeographic studies because specific target Loci may 

be chosen according to predicted rates of accumulated variation and nibsequently reiated 

to the timing of specific geohistoricai events. 

PhyIogeographic studies have made particdar use of DNA from cytopIdc 

organelles, especidy mitochond and ~Edoroplasts, as sources of genetic markers 

(Bkky et ai. 1989, Dong and Wagner 1994, Tomam et ai. 1998). Characteristics of 

cytopIasmic organefles such as uniparentai inheritaace and the lack of genetic 

recombination, comrnody d o w  mtDNA and @NA polymorphisms to be treated as 

alleies at singIe hapIoid Ioci. In popdation genetic studies, th% has the eEêct of reducing 

the effective popdation size, and h d g  geographic sttbdbision of genetic diversity 

when compared wÏth data f?om nuciear genomes These characterÏstr'cs not only enabIe 
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the Iineage of a species to be traced through a singie parental Iine, but aIso refl ect the 

evoIutiomry divergence in the gene itself, information which is extremely vaiuable in 

s~idies of vicariance events and timing of speciation events. 

in zoologicai studies, variation in mtDNA (Avise 1991) has been used to explore 

speciation and vicariance events brought about by Pleistocene glaciation, Strange and 

Burr (1997) examined variation in hshwater fish in eastern North America, Byun et ai. 

(1 997) documented patterns in bears dispersing fiom proposed glacial refigia on the W e s t  

Coast, and Klicka and Zink (1997) related diversity to proposed pattems of songbird 

speciation across the continent In the Arnerican midwest, Zamudio et ai. (1 997) 

determined the phylogeny of mitochondnai genomes in Lineages of short-horned Iizards 

and related the regionai pattems to histonc climate changes. The phylogeographic 

patterns apparent in these studies aiI utilize mtDNA variation as population genetic 

markers and relate the apparent divergence to geohistorical factors. 

[n botaaicaI studies, cpDNA genomes are more commonly used for 

phylogeographic studies because there are evolutionary differences between 

mitochondriai genomes in plants and animais that make cpDNA a more attractive marker. 

ui plants, the size of the mitochondnal genome and thc gene order is highiy variable, 

whiie at the same tune, gene and spacer sequences are very conserved (Palmer 1987). By 

contrast, cpDNA is so highly conserved in size, gene arrangement and nucIeotide 

substitution that eady predictions were that the genetic pronle of a single individual 

wouid characterize the entire species (Paituer et d. 1988). Subsequent studies show that 

Ievels of variation are higher than expected in some species and that cpDNA data are 

kcreasingly usefbi at both inter- and intraspecXc IeveIs (Harris and Ingram 199 1, Soltis 

3. 



et ai. 1992). InterspecifÏc cpDNA varr*ation has been used to investigate the rdationship 

of sympatric oak species (Whittemore and Schaai 1991) and to deta.3 the evolution of 

natumi hybrid zones fiom patterns of DNA varication in inses (Arnold 1994, C m  et al. 

1993). More recently, high I e d s  of htraspecifïc variation have been observed in many 

species and used for population Ievel audies where interpopdatioaai varÏation is high but 

intrapopulational Ieveis are low (McCadey 1994, Strauss et al. 1993). Chloroplast DNA 

markers have been used to detail the pst-glacial dispersal of beech trees (Fagzcs sylvatica 

L.) fiom refugia in Europe (Demesure et aI. 1996) and to trace the diversity within 

species of Saxifhgaceae on the West Coast of North America (Soltis et ai. 1997). Both of 

these phylogeographic studies show that cpDNA divers@ is cIoseIy related to historicai 

factors, 

In a continent-wide s w e y  of cpDNA vm0ation in Packera, B a h  and Jarsen 

(1996) used restriction site analyses to examine the taxonomïc relationships of three 

proposed subgroups in North Amenca, where a previous study of nuclear ribosomai DNA 

sequence analyses showed extremely Iow Ievels of variation (Bain and Jansen 1995). The 

authors found that high Ievels of cpDNA polymorpfiisms in the genus pem-sted even to 

the population leve1. The detection of this high variation was consistent with theones that 

hybrïdization occurred fkquentiy in the evoiution of Packera species (Bain and Jansen 

1996, BarkIey 1968, Kowd 1975). 

Species of Packera are fomd in severai geographic and chatic regions in North 

Amenca wfiere they may cosccur with one or more other Puckera species. Some, such 

as P. cana (Hooker) Weber and Love, P. paupercziIa (Michaux) Weber and Lave and P. 

s~eptc~ntthifolo[ia (Greene) Weber and Lave are widespread species that are 
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morphologicdly variable across the range and Ïntergrade in areas of overlap, whereas 

&ers like P. quarem (Greene) Weber and Lave and P. quebrademis (Greene) Weber 

and Love are narrow endemics that resembIe 0th- widespmad and geographidly 

disjunct species (Barkley 1988). Most studies of evolution ofthe Pacha complex have 

suggested that geohistoncal events such as PIeistocene glaciation have pIayed a major 

role in establishing these patterns. Additionai evidence cornes nom detailed 

morphologicd studies such as those examuiing dated Packra species in eastem North 

Amerka (Kowai 1975) or the arctic-alpine disjunct Packera cymbalaria (Pursh) Weber 

and Love (Packer 1972, Whitton and Bain 1992). Both studies suggest that high amounts 

of phenotypic variation are common and that often species boundaries are blurred either 

through intergradation or as a resuit of disjunction. 

The additional data nom the restnction site anaiysis of cpDNA in buik collections 

fiom Packera populations showed that while many species were characterized by the 

same chloroplast types, others had several different chloroplast types both w i t h  and 

among populations (Bain and Jarsen 1996). In addition, most populations in coastai 

regions were characterized by a siagie haplotype whereas highiy poiymorphic 

populations were identined in southwestern North America, in southwestern Alberta and 

in the Alaska/Yukon region. The latter two are regions at the bomdaries of continental 

and Cordilieran ice sheets during the last advance of Pleistocene giaciation (Rutter 1984) 

suggesting that these regions may be glacial refugia where severai species were 

sympatricdIy associated 

Besides these two glacial botm&es, there are other regions in western North 

Amerka that are thoaght to have ken  refupia durhg the Pleistocene, Geologicat records 
5 



of the Quatemary period suggest that most of Canada experienced at least one major 

glaciation event, with as many as four in some regions (AUey 1973). At the onset of 

glaciation, CordiUerau and Lamntide icesheets origïnated and advanced fiom 

mountauious cegions in the west and Hudson Bay region in the east. At the interface of 

the two converging icesheets, in southwestem Alberta aad adjacent Montana, the 

unglaciated areas rnay have served as refhgia for regionai species. Glacial refùgia that are 

proposed to have existed dong the Coast of westem North America, are thought to have 

sustained 13e during the maximum advance of glaciation (Pielou 1989). EvÏdence fiom 

patterns of colonizing species supports the notion that severai coastd refugia may have 

existe& and it is fiom these regions that major recolonization and post-glacial expansion 

of recolonizbg species wouid have originated (Rogers et ai, I991, Soltis et al 1997). 

In southwestem Alberta, the most ment glacial advance reached its peak around 

18000 years before present. However, the timing of the maximum of the Cordiueran 

advance was not necessarily coordinated with that of the Laurentide and at any one time, 

open areas dong the eastem edge of the continental divide may have existed between the 

two ice masses (Alley 1973). At the edge of these ice sheets, smaü hi& elevation mgions 

cdIed nunataks were proposed to have remained ice-fiee (Packer and Vitt 1974). Like 

Iarger gIacÏai refigia, these nunataks are hypothesked to have harbored He durÏng 

periods of glaciation. BioIogicai evidence for such areas has been deduced fiom patterns 

of post-glacial recotonization and the presence of rare disjunct species (Cwynar and 

MacDonald 1986, Packer and Vitt 1974). Because of thek pro>amity to newIy 

deghciated habitat, nunatak areas, tüce Iarger scaie glacial refiigia, may have ken 

important sotrrces of cofonkhg speck (Bennett 1985, Bkd and Mar& 1973, M a g a u  
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1970, Packer and Vitt 1974, Ritchie and MacDonaid 1986). Ifthis dispersai pattern 

exists, then intraspecinc patterns of genetic variation associated with these events rnay be 

detectable (Pac ker, 1 980). 

The influence of h.istorÏcal events on exïsting patterns in populations may be 

evident in bottienecks causing reduced genetic diversity, historicai patterns of gene flow 

by (Wright 19Sl), and fhgmentation and isolation events (Templeton et al. 

1990). Wright's islaud model and the stepping stone model of migration (Wright 195 1) 

were designed to describe two different cases of coIonization. The former descnies the 

establishment of a sink population (the island) by the migration of individuals nom a 

large adjacent panmr-ctic source. Therefore, due to founder events, the isiand popuiation 

is a subset of the total vancation in the source population. The stepping stone model 

d e s m k  a directionai reduction in genetic diversity as the variation in each advancing 

popuiation becomes a subset of that in the previous one. This mode1 is tested by 

correlating the number of Inigrants between populations with the distance between them 

with the predictioo that adjacent populations wodd exchange a higher nmber of 

migrants and more distant populations wouid exchange fewer migrants. 

Bottieneck events are those in which the effective popuiation size is reduced by 

selection or drift- in such cases, the total amont of diversity remaining in a species or 

popuiation is reduced when compared with pre-event leveis (Avise 1994). Fragmentation 

and isoIation of smalI popdations may resuit of a spatial or tempod series of mai1 

bodenecks where each popdation is charactexized by a ciiffirent subset of the original 

diversity. The severity and timing ofthe bottîeneck wouId determine the proportion of 

o15gina.i diversity that was maintaiaed Îu each popdatioa- Mer the bottieneck is 
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removed, these fragment& popdations may becorne the source of for 

unoccupied regions This type of historical stnictrnlng wouId be expected to show 

evidence of founder effects once the bottIeneck is lifte& such as reduced genetic d i v d t y  

in sink populations relative to source populations An altemate pattern of diveni@ might 

be expected i f g e d o w  is not restored between adjacent populations after a bottleneck 

event. The metapopulations mode1 as described by McCauIey (1995) suggests that 

bottienecks in maternaDy inherited genes resuit in hi& interpopulational vanFation across 

a range with correspondhg low levels of htrapopulatiooal diversity. Additional data 

fiom nuclear genes would be necessary to distinguish between the two cases. 

hterspecific patterns of genetic variation rnay also have been influenced by 

glacial events through range expansion and contraction. However, other factors may aiso 

be evident. For example, a species that is forced fiom its native range uito a sympatnc 

association with close relatives may show evidence of gene fl ow through hybridization 

when reproductive barnamers are poody established In his geohistorÏcal discussion of 

aureoid Senecios (=Packera), Barkley (1988) suggested that high leveIs of variation in 

the cornplex are the result of hybridization faditated by giaciai forces. Support for fhis 

idea may be evident in the high incidence of pdyrnorphic cpDNA in Packera species in 

the AlasidYukon territory and in southwestern Alberta (Bain and Iansen 1996), but has 

been large1y uninvedgated. 

In the present study, four species of Packra tiom southwestern Alberta, northem 

Montma, and northwestem Wyoming are cornpared for chloroplast haphtype divecSity. 

Pocha contermiira (Greenm.) Bain, P. cana, P. pseudaureea (Rydb.) Weber and Lave, 

and P. cymbaflmioides Buek are four closely related species found in soawestern 
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Alberta in prairie and montane or alpine areas directiy affiected by PIeistocene glaciation. 

While alI four species were shown exhiait hi& levels of @NA variation, three of the 

four, P. contermina, P. cana, P. pseudazaea, were also poiymorphic at the 

intrapopulationai level (Bain and Sansen 1996). 

Within the study region, the species fd into two ecoIogicaiIy distinct groups, 

hi& elevation alpine types and Iower elevation montane or prairie types. The ecological 

variation suggests that each species has beea affecteci by a different set of geohistorical 

forces and that each has a distinct history. For example, the potential for a mid-elevation 

understory species such as P. pseudaurea to auvive in open exposed hÎgh elevation 

glacial nunataks is low compared with that of alpine taxa such as P. contemina and P. 

cymbaIurioides. Furthemore, populations of P. contemina a d  P. cymbaiartoides are 

genedy s m d  (fewer than 2000 individuals) and geopphicdy isoiated fiom adjacent 

populations by deep, heavily treed vaileys, whereas physical barriers between populations 

of P. cana and P. pseudaurea are not as pronounced because of their Iower eIevation 

habitat. 

Puckera c m  Ïs a wide spread prairie species of the Great PIains, but within the 

southwestm Aiberta region, srnail populations can be found at high aipine elevations 

dong the continental divide as weli as on o p  pI& and exposed hilIsides at n~Ïd- to 

low elevations and dner habitats. During the maximum extent of glaciation, the 

Lamentide ice sheet covered many native prairie sites where this species is fotrnd (Ailey 

1973). 

Packerapsmdclu~ea is found dong stream banks and ponds at mid-elevati~ns as 

an understory species in conifémus forests in southem Mberta AIthough the species' 
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overalI range is fionNew Mexico in the south to Minnesota in the east and fiom the 

Cascades of Washington in the West to southern Alberta in the north, the taxon is 

commonly segregated into thtee varieties whose ranges are distinct. The typical variety 

P. praidaurea var.pseudaurea is the ody one in southwestem Alberta. 

Packru cymbalizrioides overlaps with P. cana and P. pseudaureen in southwestern 

Alberta where it is at the northernmost Lunit of its range (Moss 1983). It is a hi& alpine 

species of wet meadows and seepage zones fiom the momtains of northern Wyoming 

and Californa to Washington, Idaho and western Montana, an area south of the proposed 

maximum extent of Cordilleran glaciation 

Puckera contemina is of particular interest in this study since its range is 

restricted to southwestern Alberta and adjacent Montana Populations inhabit a very 

nmow range from the Highwood Pass to northern Montana (Moss 1983). The 

populations are confimed to hi& dry, windy aIpine ndges and cdcareous outcroppings 

above 2000 m. Most are in highiy erosionai scree dopes or open disturbed areas 

commoniy associated with alpine species of Eeeron  aureus Greene, Dryas octopetafa 

L, Crepis nana Rich., and Eeeron lmattrs Hook. 

Taxonomie treatments of P. contermina are varied As outlined by Packer (1972), 

past treatments have considered these popdations to be disjunct memben of the arctic 

species P. hyperboreafis (Greenm.) Lave and Lave, or P. resedfoolia (Less,) (currentiy P. 

eyn6aImk). Studies ushg ff ower and Ieaf morphology, and cytology and pollen 

morphology conchded that P. contem&a is a distinct species (Whitton and Bah 1992, 

P a c k  1972). Recent fl on& treatments have adopted this view (DougIas 1982, Moss 

1983). 



Mthough the P. contennka H e  bistory is largely unkaown, uidividuals are cIonaI 

and assumed to be outmssing like most Packriz species (Baddey, 1988). Chromosome 

colmts of 2n=160+ were reported by Packer (1972), and because the base chromosome 

number of Pacha  is x=U, the count is expected to be doser to the octoploid 2n=I84. 

While the habitat in which individuais are fomd is relatively d o r m ,  

considerabIe intrapopdational morphologicai variation exists within the species across 

the range. For example, a single population may include seved variations in vegetative 

and floral morphoIogy. Individuals with tomentum k t e d  to leafaxils and basd les€ 

rosettes cm be found dong with othea exhiiiting a thick c o v e ~ g  of hair over upper leaf 

strfàces. Two foms of inflorescences, radiate and discoid, can also be found within a 

single population. 

Molecdar studies using sequence data from the intemal transcribed spacer (ITS) 

region of nuclear ribosomal DNA suggest that P. contemina is cIoseIy ~Ia ted  to a 

southern alpine species, P. cym6almioide.s (Bain and Jamen I995), but Iow Ievels of 

intrageneric sequence divergence do not elimhate phylogenetic links to other Packera 

species. SimiIatly, data fiom a chloroplast DNA restriction site analysis uncovered high 

IeveIs of variation and cpDNA polymorphisms which were s h a d  by many species in the 

cornplex (Bain and Jansen 1 W6), giving no indication of the rdationship of P. 

contermina to other taxa. 

For ecoiogicd and historical reasons, genetic and geographica1 variation wodd be 

predicted to be different for =ch of the Packma species in southern Alberta. By 

examining the type and r.nagnh.de ofthose dlfferences arnong species and within 



Puckera contennina in greater detail, a more cornpiete picture of the phyIogeography of 

Packera may be possible. 

This study was initiated to address seveml issues in PucRera species: 1) to explore 

the haplotype diversity w i t h  and among populations of P. contemina for evidence of 

migration, founder eKects and bottlenecks associated with effects of PIeistocene 

glaciation, 2) to compare haplotype diversity and distn'bution patterns in related species 

in the southem Alberta region to identify concordant patterns of glaciation effects, and 3) 

to analyze the phylogenetic relationships of known haplotypes within the genus and appiy 

this information to an anaiysis of their present-day distri'bution in southem Alberta taxa 

Chloroplast DNA restriction site analysis of the variation among individds in 

four closely related species is an ided system for examinuig these questions. Evaiuation 

of haplotype variation at three levels, L) type of haplotype present in populations and 

species, 2) fkequency of haplotype among and within popdations and, 3) the nurnber of 

mutationai differences among haplotypes provides the data necessary to descnie 

phytogeographic eKects. Each provides evolutionary information necessary to explain 

diversity in Packera @es in southwestern Alberta 

Patterns of popdation differentiation and structure are most sirnply evaiuated 

using unbiased estimates of haprotype diversity and effective number (Kimura and Crow 

1964, Nei 1987), where high values usuaiiy characterize highly variable popdations that 

are not distinct fiom one another. More detded cornparisons are made through 

caicuIations of popdation subdivision, Fst (or @in the case of hapioid data), baseci on 

haprotype kquencïes (Raymond anci Rousett 1995). Estimates ofgene flow (Nm), 



expressed as the average effective number of migrants exchanged between popuiations, 

and the geographical distance between populations are examined for correlations that 

sttppoa an isolation by distance mode1 (Goudet 1995). 

Based on theones of hybndizatim (BarkIey 1988) and motecdar evidence, Bain 

and Jansen (1996) suggested that the whoie Packera complex was behaving like a single 

biological species. Therefore, one final point adcùessed by this study concems the 

discrunination of P. contermina, P. c m ,  P. pseudmea and P. cymbaImOides based on 

diffmnces in haplotypes and haplotype fkquencies. 

The proposed analyses of patterns of genetic variation will not oniy provide the 

opportunity to assess the importance ofgeohistoncai forces such as glaciation for 

faciütating h y b R h t i o n  a d o r  introgression in the evolution of Packa  species, but to 

identify the potentiai forces that have shaped population structure and divers@ 



Piant Materials and Sampluig Procedures 

Populations of Pacba  contermina and thRe related species were sampIed in 

southem Alberta, northem Montana, and northern Wyoming. The species were chosen 

because they were known to exhliit intrapopdatiod cpDNA variation in this region 

(Bain and Jansen 1996). Potential collection sites for P. contemina, P. cuna, P. 

pseudmea and P. cynzbailmioides were identifid by a m e y  of herbarium specimens at 

University of Lethbridge (LEA), Uuiversity of Calgary (UAC), and University of Aiberta 

(ALTA) and by investigating areas with sidar habitat to known sites for the presence of 

each species. The data for ai l  colIections are summarized in Table 1. The abbreviations 

üsted for each population will be used throughout the paper. A total of 3 50 individuais in 

14 populations of Packera contermina, 122 UidividuaIs in 8 populations of P. cana, 16 1 

individuais in 7 populations of P. pseudmvea, and 94 individuals in 5 populations of P. 

~ymbaI~ioides were sampled throughout ihe study range. 

in aii  collections, 2-3 leaves were removed fiom individual plants, package& and 

fiozen at -80°C. within 48 hours of harvesting. Samples were taken fiom plants at least 1 

m apart to reduce the chance of re-sampiing clonai individds. At the time ofsampling, 

approxhate population sizes of P. contemina were estimated by counting the number of 

individuais in a I mz quadrat and ave-g 4-6 random cou& across the area of a 

population. Esthnations ofthe dimensions of the popdation were made visually. Both 

ff owering and non-8owerÏ.q individuais were counted and obvious offshoots and clones 

were ignured. 



One popuiatioo (SMC) was intemiveIy coUected (IO0 individuals) and the 

position ofeach pIant mapped on a grid by tnanguiation fkom known coordinates relative 

to adjacent coiIections. As before, specimens were collected 1 m ap- For each 

individuai, distance measurements were recorded fkom a specimen plant to each of two 

posts set 20 m apart. Triangdation cdcuiations were perfomed to detemine the 

coordinates of each plant in the population and the locations were graphed on to a grid 

k g  a cornputer spreadsheet program. 

Collections of Puckra contemina Ulcluded peripherai popdations nom the 

northern (Hm) and southern Limits (SMC, FL, CR) of the species distniution. Aipine 

populations (YCR, SC, SPR, PVT) OF the wide-mging species P. c m  were collecteci 

inside the same geographic area as P. contemina. In addition, populations of P. cana 

fkom one prairie Iocation (CS), one montane site, (RM), and one southern alpine a ~ a  

(BTP) in northern Wyoming were dso collected. Restriction site data fkom the study by 

Bain and Jansen (1996) for P. cana population #75 (CD), a second prairie site, were aIso 

appended to the data set. 

A total of seven populations of P. pseudaurea was sampled, incIuduig five (RR, 

CL, BR, VCR, BML) from the same geographicd region as  P. contemina coUections. 

Five populations of P. cym6aIarioides were sampled, three h m  the southern Aiberta 

Rocky motmtains, the norîhemmost extent of the species range, and two popuiations fiom 

northern Wyoming. Voucher specimens for aii  collections are deposited m the herbarium 

at the University of LethbrÎdge (LEA). 



DNA Extraction and boiation 

Total genomic DNA was isolated fkom Ieaftissue by the method of Doyle and 

Doyle (1987) using 2X CTAB extraction buffer, chIorofom:octanoI partitionkg solvent, 

and isopropanol precipitation. DNA puEfication was carineci out by ultracentrifûgation 

on a CsCl gradient or by digestion with a caylase cocktail according to the methods of 

Okada et ai. (1997). Modification of the caylase digestion inctuded precipitating the 

DNA fiom the aqueous phase with 100% isopropanol, washing the pellet once with a 

76% ethanol, I O mM ammonium acetate solution, with a £id wash of 70% ethano[, The 

DNA pellet was resuspended in sterile aanopure water and stored at 4OC. 

Restriction Site AnafysY 

Aliquots of pwified total DNA suspensions were digested with restriction 

enzymes known to generate polymorphic profles as documented by Bain and Jansen 

(1 996). In that study, a totd of four restriction enzymes combined with seven [ettuce 

chIoroplast probes revealed nine polyrnorphic sites in species of P. contemina, P. 

psezidctu~ea, PP. cma and P. cynbukiuides. To avoid ce-examination of non-informative 

restriction sites, only those enzyme-probe combinations showing polymorphic sites were 

chosen for this study (Table 2). Resuiting hgments of digested DNA were separaîed by 

electrophoresis in 13% - 1.5% agarose gels in 1% TAE buffer- Gefs were stained with 

ethidium bromide7 and trimrned of excess agarose. DNA hgments embedded in the gel 

were transfened to nitroceUuIose membrane by southem blotting for 12 - 48 hours and 

h e d  to the nIters by heating to 80°C for 2 h o m  according to the methods ofJansen and 

PaImer (1 987). 



Robes were cIoned nom the 14.7kb, 1$.8kb,6*3kb, 69kb, 5.4kb, 6-Rb and 3.8kb 

Sagments ofthe lemice chioroplast genome (Jansen and Paixner 1989, and radio-Iabeled 

with 9dATP by nick-traasiation. These probes were hybridized to fked Packera 

cpDNA hgments at 65°C for 16 - 36 hours accorduig to the rnethods of Palmer (1 986) 

and Jansen and Palmer (1987). Hybridized nIters were exposed to autoradiography nIm 

supplemented by intens-g screens, and deveIoped d e r  4 - 72 hours at -80°C, 

dependhg on the strrngth of radioactive signal before exposure. Restriction hgments 

were interpreted and sites s c o ~ d  as present or absent, and the redting binary characters 

were used to d e s d e  the haplotypes. Haplotypes were identifieci in individuafs of P. 

contermino, P. pseudaurea, P- cana and P. cymbaitmoides. Haplotypes that codd be 

unambiguously characterized with the same I O  restriction sites in other Packera species 

across Noah Amenca (Bain and Iansen 1996) were identined and added to the present 

data setc 

P hy logenetic analysis of haplotypes 

The evolutionary rdationship of ail composite haplotypes was analyzed by 

phylogenetic anaiysis and consensus trees were generated Two parsimony analyses 

were performed using the cornputer program, PAW ver. 4.062 (Swofford 1996). A 

Wagner parsimony andysis was conducted by a heuristic search for the most 

pafiimonious trees with TBR swapping and MULPARS option in effect. Wagner 

parsimony assumptions dictate that aIi character state changes are equaiiy EeIy but the 

nature ofrestnction site data suggests that Losses are more common than gains (Am& et 

d. 1992). ï'herefore, a second parsiinony analysis was perfonned using step-matrùc 

asymmetric character weighhg of res&ïction site gain to Loss mtio of 1.3:L as 
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recommended by Albert et ai. (1992) and Oîmstead and Palmer (1994). A n c d  

character states were assigned as those in the most common haplosrpe, HI. Strict 

consensus trees of ail most-parsimonious trees were computed for both analyses. 

The locations o f  individual haplotypes outside ofsouthwestern AIberta were 

ploned on a map of North America and the geographicd distn'bution was related to the 

phyIogenetic distniution on the stepmatrix tnx descriid above. 

Discrimination of species 

A discriminaat andyas of cpDNA diversity in the four PacRera species in this 

study was employed to test the uti1ity of haplotype diversity in differentiating each of the 

species. The variation in total number of haplotypes and the hquency detected in each 

species was used to denve all discriminant hctions and to judge their significaace in 

separating the four groups. The frequency data were arche transformed (Sokd and 

Rohif 1995) prior to analysis using the statish'cai package SPSS (Release 4.0 for 

Macintosh). The resuits were plotted in two dimensions using the f.irst and second 

discriminmt fiinction as the x- and y- axis. A table of classüÏcation results for each 

species was pmduced. 

Statistieal Analysis of Haplotype Variation 

Interspecinc haplotype variation in four Packera species 

For popu1ation.s of P a c k  conte&, P. cana, P. pseudaureu and P. 

cymbaiirfoides, hapIotype fkcpency was tabdated and the distribut.ion piotted on 

regionai rnaps. Genetic vziatÏon within alI four Packara species was d e s d e d  by 

treahg the chIoropIast genome as a singie Iocus and the haplotypes as aiIeIes at that 

Iocus (Nei and Tajha 1981). 

Es 



Genetic variabiüty was estunated by the number of deles at a locus where a high 

number hdicates high leveis of pdymorphism (Nei 1987). The most basic estimate of 

diversity is the effective number of haplotypes, ne These values were cdcdated by the 

formuia (8.17) in Nei (L 987) such that ne = 1/x x: . In this formula, xi is the fiequency 

of the haplotype for each population. For each species, sample haplotype diversities 

across ai i  populations were dcuiated as h = I - x: according to formula 8 3  of Nei 

(1987). Unbiased estimates of haplotype divers&. for each population were calculated as 

h = 2n(l- .$ )/(2n -1) where x, is the estimate of ailele kquency and n is the number 

of individuais sampIed (Nei 1987, Nei and Roychoudhrny 1974) and the variance 

calculated according to the methods of Nei and Roychoudhury (1 974). This formula 

allows for comp*sons of diversity between collections of unequai sample &es The 

caicdated vaiues are reported as k and n, for each population. 

For each species, an estimator of popdation structure, 6, (the equivaient of 

Wright's Fst) (Weir and Cockerham 1984) was calculated using cpDNA haplotype 

variation subdivided among populations. The computer program, GENEPOP (vers. 3.1 b, 

Raymond and Rousset 1995) was used to compute the vaiues that are a measure of the 

totai genetic variation due to among population varÎation. The standard deviation vaiues 

were determined by jackknifing over popdations ushg the cornputer program FSTAT 

(vers. I 2, Goudet 1995). The effective number of mÏgranîs, that is, the estimate of gene 

fl ow due to seed dispersal between ai i  popdations was caicuiated by WBghtls fonda 

relathg N, to (6 ) as outlined in Strand et ai., (1996): N, = IL2 ((1B ) -I), and is reported 

for each species. 
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htraspecific variation in Packera contermina 

1) hüapopulatiod Spatial Structure of G d c  Variation 

One population of P. contenniiza (SMC) was inteIlSively sampIed and examined 

for an intrapopuIational pattern of haplotype distribution. The distriiution was evduated 

by a Mantel test for sigaincance between genetic identity and geographic distance using 

the R Package: Multidimensionai Anaiysis, SpatiaI Andysis computer prognim 

(Macintosh version). The correIation ma& for painvise geographic distances between 

individuais was caicdated using the SIMLL option in the R Package. The matrix for 

pairwise genetic distances between hapiotypes was calculateci from character state 

changes using the restriction site distance aigorithm of Nei and Li in the computer 

program PAUP ver. 4.0b2 for Macintosh (Swofford 1996). 

2) Amoug Popdation Spatial Structure of Genetic Variation 

Latitudinal and longitudinst coordinates for dl popdations were recorded nom 

I 50,000 scaie topographic maps. Pairwise geographic distances of popuiations of P. 

contemina were caicdated using the GEODIST option in the R Package: 

MuItidimensionaI Andysis, Spatid Analysis computer program (Legendre and Vaudor 

199 1). The distances are reported in hear kilometers. 

Potentiai gene flow between popdations was examhed by caicuiating pairwise 

estimates of0 , the probabirity that populations s k  the same hapIotypes and hapIotype 

fkquencies, Usmg the ISOLDE program in GENEPOP (ver. 3-16, Raymond and Rousset 

1995). The values were converted to estimates of the number of migants exchanged 

between populations (Nm) (Slatkm and Barton 1989) and naturd log transformed- 



P M s e  estimates of gene fiow (Nm) between populations were plotted agaulst naturaI 

Iog traosformed distance rneasureseasures The signincance of dationships between 

interpopuIationai distances and pallwise estimates of0 was evaluated by Mantel tests 

using the computer program R Package: M.uItidimensional Anaiysis, Spatial Anaiysis 

(Legendre and Vaudor LW 1). Ln this calcdation matrices of 0 values were examined 

for correlation with paVwise distances and a Mante1 dation detennined The test 

resampled the data by randomizing coIumns of the tnangular matrk output Eom pakwise 

B values and painvise geographic distance values to obtain LOO0 multiple randomized 

matrices, then caiculated the correlation coefficient and the rejection zone (P-values) of 

the test, 

3) Interpopdational genetic distance relationships 

ReIationships between populations were examined using genetic identity 

meames. Pairwise genetic distances between populations were calculated fiom 

haplotype fkequency data using two methods, Nei and Li and Cavaiii-Sfona chord 

rneasure in the program P H n I P  (Felsenstein 1993). The former assumes that neutrai 

mutations accumuiate in a genetic drift model, whiie the Iatter is a pure genetic drift 

mode1 (Felsenstein 1993). Fitch duster anaiyses were performed on the distance matrices 

and pIotted as unmoted trees. These andyses reflect genetic distances and the trees are 

constructed by gfobd opthkation of the data set before constructing an unrooted tree. 



Population sizes of P. contemina were variable across the range. The smaiiest 

were HSL, HWP, SFT, CR, VR, PM, and AR populations with an estunated 50 to 200 

UidivÏduaIs and a density of approximately 1 plant/ m2+ The largest popdations were 

estimated at between 3000 and 5000 UidivÏdUats in sites at LFT, SFL, MDP and SMC 

with densities of  between 5 and 10 plantslmZ. 

Restriction Site Cbaracterization 

The character States of 10 cpDNA restriction sites using the enzyme-probe 

combinations are shom in Table 2. Nine of the feSfnfeSfnction sites were anticipated h m  

the data of Bain and Jansen (1 W6), but Character 6 (Table 2) is a new restriction site 

polymorphism that was previously undetected with the Dra I - 6-7+3.8 enzyme-probe 

combination. This mutation descriis an autapomorphy that characterizes H 14 in two P. 

cana (SM, PVT) and two P. contennina (HSL, VR) popdations (TabIe 3). Haplotypes 

differ by as €ew as one mutation and as  many as eight restriction site changes. A total of 

15 haplotypes was compiIed tiom the polymorphic sites as shown in Table 3. Using oniy 

the restriction site characters employed in this study, three additionai unambiguous 

haplotypes (HI6, HI?, HI8) were identined fkom the study by Bain and Jansen (1996). 

Phy logeny and Geographic Distribution of Haplotypes 

The phyIogenetic analyses ofallI8 haplotypes are descn'bed in Table 3 and 

illustrzited in Fig I and show strict consensus trees with two dades of EmpIotypes, In 

bot6 the Wagner parsimony (Fig. Ia) and the sep-rnatrlx parsimoay anaiysis (Fig. Ib) 

hapIotypes HI, H2, H6, H8, HI2 and H5, HM, HI8 h e d  a group (clade A) at one end 

of the unrooted tree, and haplotypes H3, H4, H?, H9, HL& HI 1, HI3, HI5, H16, HI7 
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(clade B) at the other). In the Wagner parsimony andysis, two steps sepamted the two 

groups of haplotypes while aiI  other branches were single steps. A bootstrap value for the 

branch separating the two clades was 53%. A total o f  540 most parsimonious trees of 20 

steps were found with a homoplasy index of 0.500, coilsistency index of 0.500, and 

retention index of 0,750. 

The topology of the tree pmduced by step-matrut parsimony anaiysis (Fig. I b) 

was similar to the tree produced by Wagner parsimony in that the haplotypes ql i t  into 

two groups HI, H2, H5, H6, H8, Hl2, H14, H18, and H3, H4, H7, Hg, H10, HL 1, H13, 

H 15, H 16, H17, but bootstrap support for the two clades was Iow (47%)). nie consensus 

tree was caiculated nom 8 most parsimonious trees requKing 212 steps (CI, EU, HI 

undehed because of asymmetric character weighting). 

From the data reported by Bah and Jansen, (1996), the collection sites of Packera 

species characertized by HL and H2 were rnost commoniy found in the Great Basin 

region of western North America as shown in TabIe 4. Outside this region, Hl was found 

in Quebec and Newfoundland populations of P. cymbalmu, and H2 in a population of P. 

paupmcuIa fiom the Yukon Timitories, as weE as in d four species in southwestern 

Aiberta. The hapIotypes not found ui Alberta (HI 6, HI 7, and Hl 8) were =*que to 

populations of PL ogotomkmk (Packer) Lave and Love (#496, #498), P. bolanderi (A* 

Gray) Weber and Love (#470), and P. 6ernardi.a (Greene) Weber and Love (#465), 

respectively. HapIotypes H4, EU, HIO, and Hl3 were fotmd in species h m  the coastal 

regions nich as Vancouver Island, and noahem regions such as the Yukon. They were 

ais0 detected in polymorphic @es ih soutbwestem Alberta and in monomorphic 



popuiations of P. pau&flrora (Pursh) Lave and Love (#77) and P. cymba[mia (#259) in 

Quebec. 

EIeven ofthe meen haplotypes detected in Ïndividuals of P. contermiha, P. cana, 

P. pseudaurea, and P. cymbaIm*oides (Table 5) in this study were fomd in more than 

one species. Two haplotypes (Hl, H2) were found in al i  four species. 'ïwelve haplotypes 

were fouad in P. contemina, seven in P. cana, nine in P. pseudmea, and îhree in P. 

cymbuIarzoides. The îhree haplotypes detected in P. cytnba[mioides were aiso found in 

P. pseudaurea (Hl, H2, H3), and ail seven haplotypes in P. cana were aiso found in P. 

contermina (H 1 ,  H2, H7, HIO, HI 1, H 12, H14)- Packera pseudaurea and P. contermina 

shared six haplotypes (H 1, K2, H6, H7, H8, Hg). 

HI accounted for a major portion of the diversity in P. contermina, P. c m ,  P. 

pseudmaea, and P. cymbalarioides as shown by the fkequency values for individuai 

haplotypes in Table 6,7,8, and 9 respectively. It was found in varying proportions Ui aii 

populations of the four species, with the exception of P. cynba1iwioide.r. In this species, 

aii populations were characterized by a single haplotype and three different haplotypes 

(Hl, K2, H3) were detected amongst the five monomorphic populations. The population 

kquencies of HI range fiom 1 0.5% to 100% in P. contermina, 1 1 .II% to 833% in P. 

cana, and 375% to 100% h P. psmdwea. 

Discriminant andysis of four species of Packera 

The plot of discriminant scores of popdations (Fig. 3) showed that P- pseudmeu 

popdations may be slightiy differentiated, but the canonicd discrrminant anaIysis fded 

to derive any statistÏcalIy signincant hctions at the p < 0.05 leveL The predicted group 

memberships ofpopdations of Packm were correcdy identined in over 70% of the 
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cases, indicating that there was a moderate amount of overIap among the groups ('ï&Ie 

10). 

Survey of Haplotype Fnquencies and Distribution 

Distribution of Intraspecific Vm*ation 

Within-population fiequencies of haplotypes other than H 1 were highiy variable 

among the four species. ui P. contennha (TabIe 6, Fig.4) H8 and HI 1 were the most 

fiequent haplotypes (berneen 4% and 5% of the total), but ti2 and HI0 were more evedy 

distn'buted among the populations (more than 5). Although Hl 1 accounted for 

approximately 84% of the diversity in the most northern popdation, KWP, it was found 

in ody  3 other individuais, alI fiom southem populations (SMC, and Sn). By con- 

in P. cana (Table 7, Fig. 5), aside tiom Hl, haplotypes H2 and H7 were the most 

common hapIotypes with H7 detected in more northem popdations (RM, CS, SPR), and 

HZ in more southeasteru regions (BTP. YCR, CD). In P. pseudmea (Table 8, Fig. 6), 

H7 was the most common after Hl,  and it was detected in di popdations except the low 

elevation population, Ra. Ai1 P. cym6aldoides popu1ation.s (Table 9, Fig. 7) wne 

monomorphic for HL or H2 in southwestern Alberta, whereas the northwestem Wyoming 

populations were rnonomorphic for H2 and H3. The new combination of restrictions 

sites which descnbe H14 (Table 3) was found in two populations each of P. con~ermirza 

(HSL, VR) and P. c m  (SC, PVT). 

The effective number of haplotypes (4, and the haplotype diversity indices ( h ^ )  

were moderate to high in P. cana populations where they ranged fiom ne = 1.8 to 392, 



and = 0.485 to 0.775. The overd hapiotype diversity across aIi  popdations ofP. cmu 

was h = 0.756, 

Packeta psesrdmea populations W'bited highiy variabie Ievels of haplotype 

diversity ( h ^  = O to h = 0.742) with overail values of h = 0.452 and effective number of 

hapIotypes (n,=M S6). The most differentiated populations were the two southetnmost 

popdations where extreme values in FHL (h^ = O, ne = 1) aad HWM ( h  = 0.742, 

ne=3.556) were recorded 

Packera cymba~m'oides populations were aU monomorphic for a singie hapiotype 

giving population haplotype diversity vdues of ĥ  = O. The overall hapIotype diversity 

for ail populations was h = 0.587. 

Population differentiation as indicated by estimates of 8 (Table 1 1) ranged ftom 

extremeiy high values in P. cymba[mioides (8 = 1 .O) to extremely Iow values in P. 

p s d m e u  (8 = 0.0855). Estimates in P. cana and P. contem»lcr were 0 = 016 19, and 

B = 0.333 1, respectively, ùidicating a moderate IeveI of differentiation. CaIcdations of 

estimated ntunbers of migrants exchanged between populations were N, = 0.00 in P. 

cymbahrioides, N, = 1.00 in P. contermina, NN, = 1 Al in P. canat and N, = 5.35 in P. 

pseudmrea. 

Frequencies and distribution in P. contermina 

Across populations of P. cuntemina~ the haplotype diversity was h = 0.436. 

Withur population hapfotype diversity values ranged Eom k = O (CR) to 6 = 0.788 

(SLR), witii correspondmg effective number of hapIotypes o f  ne = 1 

42% of the populations exhiiited two or more effective hapIotypes. 
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Populations SFL and 



SLR in the centrai to southem regions of the coHection range showed the highest 

diversity = 0.71 7 and h = 0.78 8, respectIveIy). 

In the most northerly population of P. cuntennnia (HWP), H l  1 made up 842% of 

the varÏation and appeared in only three other individuais h m  more southerly 

popdations (2 in S E  and 1 in SMC). HI made up Iess than 40% of the v a r i o n  in £ive 

P. contermina populations (HWP, PM, SFT, SE, SLR), and 63.6% or more m the 

remaining populations. One haplotype was unique to P. curztemim (H15) and appeared 

oniy once in SE. Other Iess common haplotypes (H6, H8, Hg, H10) were scattered in 

populations throughout the region. Haplotype HL2 was found in only 4 individuds 

amss the range, one in HWP, one in SLR, and two in the southern population of SMC. 

Haplotype HI4  was found in a single individual at HSL, and in 6 individuais at VR. This 

unusual mutation was aIso identified in 2 populations of P. cana (PVT, SC). Haplotype 

Hl3 was fou& in only one southern AIberta species (P. contermina. SMC), but identical 

characters made up the haplotypes in one popdation of P. bolanderi (A. Gray) Weber 

and Love, fiom Oregon and two populations of P. ogotorukensk (Packer) Love and Lave 

h m  Alaska (Table 4). Haplotype H 15 was not identined in species outnde of the 

region. 

Spatiai structure of haplotype divenity m Packera confermina 

Intrapopulationai hapiotype distn'bution 

AIthough seven of the P. contemha hapIotypes were identified in the intensively 

coiiected population (SMC), over 88% of the hapIotypes Ï n  the popuiation were HI 

(Table 6). Patterns of spatial structure pig. 8) w i t h  the popdation, tested by a Mante1 



test for correIatioa between geographic location and genetic identity revealeci a very low 

positive r-value (r = 0.0103) which was not signifïcant at the a = 5% level @,,vm-w 

- - 0.410). These vaiues support the Iack of visrile spatial patterning - 0.363, p --m~a - 

in this population possibly due to the predominance of Hl. 

interpopulational haplotype distribution 

Packera conteminu populations were tested for effects of isolation by distance by 

computing the Mante1 relation between pairwise geographic distances and pairwise 

estimates of genetic identity computed as0 (Table 12). The Mantel relation (r = 0.349) 

- was positive and signiscant at the a = 5% level @,, ,--- = 0.0 12, p em - 

0.002), indicating that near-by populations are more genetically dike than distant 

populations as predicted by an isolation by distance model. Eleven data pohts were 

omitted fiom the plot of 80 pairwise cornparisons (Fig. 9) because naturai log 

trandormation of negative or O vaiues are undefhed. Seven pairwise data points 

appeared in this plot above La (M) values of 2 and In(distaoce) values of 3 suggesting 

high amounts of geneflow exist between geographicaiiy distant populations. 

Interpopulational genetic distance re1ationships 

The tree topology of anaiyses of interpopulationai rdationships based on paiiwise 

genetic distances (Table 13) showed that both Cavalli-Sforza (Fig, 10) and Nei 

dgorithms (Fig. 1 1) produced sunilar trees. Each andysis refI ected the sipnincant 

distance of HWP fiom aiI other populations and the c l u s t ~ g  of PM and HSL 

populations. This reIatiomhip generdy refl ects the geographic Location of these 

populations relative to d others. SFT and SLR formed a distant association that is 



consistent in both tree topologies. The tree generated fiom Cavalli-Sforza distances 

provided a more divergent vÏew of geneticdy close popuIations such as LFT, CR, MDP, 

EX, HFT, and AR than the tree derived Eom Nei's genetic identities. 



The cpDNA data presented provide persuasive evidence that evolution within 

Packera has been influenced by geohistorïcal events and that hybridilation and 

introgression have probabIy played a major roIe in shaping the variation in patterns 

withh the genus. An understanding of the interplay among the numerous factors that 

have contnbuted to the variation pattern cm best be achieved by concentrathg the 

discussion on two main points. The füst aspect invoIves the divessity and phylogeny of 

the cpDNA haplotypes and the geographicd and taxonomic distriiution of these 

hapIotypes within the genus, The recurrence of the same divergent haplotypes in di four 

species in southwestem Alberta suggests that historic geneflow has innuenced the 

diversity at some level. The second point focuses on the geographicd and taxonomic 

distriiution of haplotypes within species and populations of the southwestem Alberta 

study area with reference to historicd factors that may have influenceci those patterns- 

These factors are necessary to assess the potentid impact of PIeistocene glaciation on 

present-day intraspecific genefl ow 

cpDNA haplotype phyIogeny and geographk variation in Packeru 

The phylogenetic reIationships of Packera cpDNA hapIotypes indicate that most 

branches of the trees are ody one step in length. This cIearIy shows that the hapIotypes 

are cfosely related. Pre- sumeys of haplotypes fiom other members of the tnk 

Senecioneae (discussed in B a h  and Iansea I996), ÏncIuding Senecioid and Tussilaginoid 

taxa thouglit to be cIoseIy reIated to Packera, inincate that Puckm haplotypes are very 

distinct, Therefore, the o v d  Iow Ievels of hapIotype divergence within the group 
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suggest that the haplotypes have probably arisen in the complex and may form a 

monophyleeic group, quite distinct from other taxa in the mie. This does not support the 

idea presented by Bain et ai. (1997) that Packera is of hybrid ongin. In such a case, more 

divergent chloroplast types wodd be expected if both parental types were maintained in 

the genus. 

The high number of haplotypes that dBer from each other by only one step is 

consistent with the observations of hapfotype evolution made by Cranciail and Templeton 

( 1996). They predict that because there are muftipie copies of an organellar genome 

within individuais, mutations are aot IikeIy to resdt in the extinction of the parental type, 

but rather the accumulation of new types in populations dong with the ancestral forms. 

in addition, the coaiescence theory of genetic relationships supports the notion that 

ancestrai haplotypes are the most widespread and common because they persist dong 

with newIy evoIved forms (Watterson and Guess 1977, reviewed in CrandaII and 

Templeton 1996). Thecefore, these data suggest that clade A haplotypes are ancestral 

and, within that clade, Hl would be predicted as  the most ancestral haplotype because it 

is both common and widespread in the group. The coexistence of ancestral and derived 

haplotypes aiso reduces the resolution of the phylogeny (Crandaii and Templeton I996) 

so it is not sufprising that bootstrap support for the phylogeny is low. 

The distn'butrCon of Packera hapfotypes in North Amerka (Table 4, Fig. 2) shows 

that the clades exhibit some regional affTGations. CIade A haplotypes are widespread 

across continental Nord AmerÏca but probably origbted in the Amerkm midwest 

because aiI populations in Wyomingt Utah, Arizona, and New Mexico are characterized 

by ancestrd hapiotypes HI and H2 (TabIe 4). These hapfotypes are found in rnuItipIe 
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colIectioos of wide-ranghg species such as P. multifobata (T. & G. ex Gray) Weber and 

Lave and P. streptanthÏfoIia, as weii as those with Limited distri'butioa such as P. quarem 

(#458) and P. e~ycephala (T. & G. ex Gmy) Weber and Love (#468). For the most part, 

the distniution of the other clade A haplotypes, is consistent with this Great Basin 

concentration, for example, H12 is €OUI& with HS in a population of P. sireptmthifoolia (# 

45 1) in Utah. 

Haplotype Hl 8 is the ody clade A haplotype not found in southwestern Alberta. 

It was detected in a monomorphic population ofthe southern Caüfom*a endemic, P. 

bmar dna  Weber and Love (#465), and may be ako be a haplotype of the polymorphic 

taxa, P. muitilobata (#451) in New Mexico based on restriction site characters identified 

in Bain and Jamen (1996). Because KI8 has a restricted distn'bution in a geographicaliy 

distant region, it is not su~prising that it was absent from southwestern Aiberta 

The presence of clade A haplotypes in the Yukon is not unexpected. As shown in 

TabIe 4, these haplotypes are found in P. paupmculcz (#305), and P. paucz$!ora (Pursh) 

Lave and Lave (#500). Packerapcnrpercula is one of the most wide-ranghg Packera 

species across North Amerka (Barkiey 1 978), and P. p ~ c z ~ o r u  is a widespread alpine 

species. Both species are fomd predominantiy, but not excIusive1y in regions east of the 

continental divide. Assuming that clade A hapIotypes arose in the American midwest 

(Great Basin region), it is IikeIy that P. pauperdu and P. paucgora individuais b&g 

ED I2grated to northern regions drrring an episode of range expansion. However, the 

presence of clade A hapIotypes in P. cymbalma (#52, #53) on the east Coast ofhloah 

Arnerib (Table 4) is barder to explah It is thought to be an arctic-dphe @es with 

di jmct disttiiution (Whitton and Bain 1992) between noahwestern North Amerka a d  
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the east coast. Bain and Jansen (1996) detected a highIy poIymorphic P. cymbcllmia 

population (#489) in the Yukon with haplotypes ftom both dades (Likely HI h m  clade 

A, HL0 fiom clade B based on po1ymorphic restnfction sites at AvaI - 6 3  and AvaiI - 

5.4). On the east CO* P. cynioamà populations (#52, #53, and #259) were appmtly 

monomorphic for either HI or HLO, and may represent bottlenecked populations of a 

more wide-ranghg distn'bution in a polymorphic taxoa However, this pattern may aisu 

be an artifact of Mted samphg of the total cpDNA diversity in eastern populations. 

Samplïng of individuais of P. cymbaImà in eastern Canada and the Yukon and a similar 

analysis to that in the present study is w m t e d  to determine the distribution of cpDNA 

polymorphimis in the species. It may be that the highIy polymorphic popdation of P. 

cyrnbalmiP detected in the Yukon is ancesaal, aad that the eastem populations were 

bottlenecked as the Laurentide ice sheet advanced dliring the Iast glacial episode. In this 

case. the polymorphism ùi P. cymbaIarra must have been estabIished before the most 

recent onset of glaciation. 

in contrast to the continental distribution of clade A haplotypes, clade B 

haplotypes are distnÏuted through the northem and coastal areas. Based on the notion 

that the flora of the eastern coastaI areas of Quebec and Newfoundland are part of the 

arctic-alpine cornpIex (Momsett 1 !VI), Packeru species in this region wouid be expected 

to exhibit clade B haplotypes. The presence ofdade B haplotypes H7 and HI0 in P. 

paucij70ru (#77) and P. gmbaïmk (#259) in Quebec as weU as western Noah America 

is consistent with the geographic m a t i o n  of this clade with northem and costal 

species. 

A separate explanation is necessary for the present-day distri'bution of oniy clade 
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B haplotypes on the west coast ofNoah Amenenca. Bain and Sansen (1996) showed that 

populations are generdy monomorphic for or at Ieast evhibit Iower levels of 

intrapopdationai variation of clade B hapIotypes. AU haplotypes except HI 6 (P. 

ogotomkensis) and Hl7  (P. bolïznden] were found in more than one species within the 

complex and can be found in populations scattered throughout the range as indicated in 

Table 4. This suggests bat clade B hapiotypes were established early afler the spiït h m  

clade A, and that species with northern and coastai haplotypes were displaced to COU 

regions where they continued to differentiate. 

This present study determined that clade A and clade B haplotypes are not oniy 

present in southwestem Alberta, but that aiI four Packra species are polyrnorphic for 

these haplotypes. This suggests that the geographical proximity of the coastal regions 

and the Great Basin (< L500 km.) to southwestem Alberta, and a biogeographic history 

that includes floristic range expansion d h g  htergiaci*al penods of the Quatemary era 

and contraction due to Pleistocene events are two important factors in establishing this 

pattern. In support of this observation, Bain and Jansen (1996) show that highiy 

polymorphic popdations dso exist in YukonlAIaska (for example, P. cymbaima), the 

west coast (P. mucounii Weber and Lave), and southwestem North Amenca (P. 

neornm'cana Weber and Lave). The fornier regions are adjacent to the maximum limits 

of Pleistocene glaciation and the polymorphisms may be due to the same process of past 

interspecific gene flow as that predicted in southwestern Alberta 

The presence of a large number of divergent haplotypes withh a singIe *es is 

musuai, but to have four different polymorphic taxa in a SingIe region is remarkable. 

The ntunber of shmd pdymorphisms indicates that hi& IeveIs of gene exchange 
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characterize the Packera compIex, an observation that Ïs supported by the hÏgh kqyency 

of morphologicd intergradation (Bain 1988, B d e y  1988, Kowd 1975) and Iow 

divergence values for ITS sequence data (Bain and Samen, 1995). Mechanisrns that may 

account for high levels of intraspecinc cpDNA diversity indude hybridization a d o r  

introgtession, liwage sorting, or divergence withh the taxon itseif(?hmsdonk et al. 

1997, Rieseberg & B d e l d  1992, Whittemore & Schaai 1 99 1). Variations that a ise  

within a species rnay be the r e d t  of secondary contact and geneflow between divergent 

populations that have had enough tirne to accumulate mutationai ciifferences. If one 

considers ody the modem distribution, this is a possible explmation for the patterns in P. 

cana, P. cymbalarioiles and P. pseudaurea. However, the present day distribution of P. 

contermina is so limited that this mechanism alone is unlikely to have uifused the high 

number of haplotypes that characterize the species. Combined with the obsemation that 

other Packma species share rnany of the same haplotypes, the hi& Ievels of cpDNA 

diversity in P. c o n t e d a  have likely arisen through other m e ~ h ~ s m s .  

High ievels of intraspecinc variation in the Puchra compkx might ais0 be 

explained by Lùieage sorting of a highly polymorphic ancestor h m  which each species 

receives a siightiy dBerent subset of polymorphic haplotypes. Support for this is not 

warranted because the geographic distniution of haplotypes and polymorphic 

populations of Packera detected by Bain and Jansen (1996) shows that polymorphisms 

are widefy dr'strr'buted. By contrast, a pattern of heage sorthg wodd be expected to 

show a polymorphic source surrotmded by monomorphic popdatioas, or at Ieast 

popdations wi16 reïativeLy reduced variabZty. It is more [ürely that the hapIotypes have 

evoIved within the Packera cornplen, and have been WideLy districbuted through fievent 
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hybridizatioa andlor introgression events, an idea discussed by Bain and Iansm (1 996) 

and supported by theu observation of Iow Ievels of divergence in nrDNA ITS sequence 

data (Bain and Jansen 1995). 

However, a thkd explanation of recurrent restriction site mutations that 

characterize haplotypes in PacRera is that they have &sen in each species by 

convergence. Ifconvergence is the mechanism by which these recUmng haplotypes 

appear, a random pattern of haplotype distniution might be expected in the cornplex. 

This is because constituent restriction site mutations wodd be independent of species and 

geographic regions, a pattern contradicted by the distnïution shown m Fig. 2 where clade 

B hapIotypes have a coastal and northem atfiüation, and clade A haplotypes are more 

continental. On a more Iocd scale, convergent evolution of the eleven shared 

polymorphisms in Packera contemina, P. cana, P. pseudmrea and P. cymbaimoides 

(Table 5) in southwestern Alberta wouId be unprecedented and unlikefy. Such a high 

number of convergent haplotypes is improbabIe because the mutation rate in the 

chloroplast genome is low; therefore, each haplotype is more likely to have arisen only 

once, and been re-disûiiuted in the compIex through other mechanisms. 

The best explanation of shared diversity is that introgressîve hybrkiization of 

species outside of the region and fiom both sides of the continental divide has enabled 

ffeqwnt chIoropIast capture events. The presence of haplotypes fomd in southwestern 

Alberta in species in adjacent regions, and the observation of widespread intergradation 

in the complex supports this mterpretation. However, none of these models is mutually 

exclusive. Mechanisms such as  chloroplast capture which may have infIuenced PacRera 

in this region wodd bene& fiom resea~~fi designed to detect mtmgessive hybrldi7ation 
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in species with high Ievek of poIymorphisms, and to compare the apparent absence of 

chIoropIast capture in those species which are demonstrably monomorphic. 

Discriminant Anaiysis of Pmkm species 

While the four Packera species exhibit morphological and ecological differences 

that d o w  the* identification in the field (Moss 1983). the d i s m a n t  anaiysis of 

cpDNA haplotype hquency data fiom populations in southwestern Aiberta region faiIed 

to detect any significant ciifferences among them (Fig. 3). This is congruent with KS 

sequence data that show low leveis of sequence divergence within the genus @sin and 

Iansen 1995). In the case of wdespread P. cana and P. pseudnurea, population samples 

may reflect ody a small portion of the total chloroplast diversity in these taxa because 

they were drawn fiom a very srnail portion of the range. However, increased samphg is 

unlikely to provide any additionai support for d i s m a n t  functions aven the existing 

trends for shared haplotypes (approximateIy 98% of the individuais exhibit shared 

haplotypes (Table 5, and Tables 6-9) (Sokd and Rohlf 1995)). 

AU three P. cymbalarioides haphtypes are found in P. pseudaurea and a i l  seven 

P. cuna haplotypes in P. contermina. From a geographicai and ecological perspective, 

ihis trend does not make smse in aII cases. Packera cana and P. p s ~ w e t t  are bath 

widespread with pnsumed increased potential for di~ersity~ whueas P, cyntbalirrtkides 

and P. contemika are nstncted to dpine repionsL F m  a popdation genetic perspective, 

the aIpine popdations are potentidy d c t e d  by bottleneclang and may have d v e d  

gIaciation in sin<, factors that wodd be expected to conm%ute to rednced dnrersity. This 

may be the case when comparing P. Eynroalirrioides and P. psezuiizureca, but it is not a 

good expIanation of the apparent snbset of hapIotypes that widespd P. cana shares 
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with the narrow endemic, P. contennina. This apparent contradiction c m  be mexamined 

by considering the haplotype diversity indices for P. contennina (h = 0.436) and P. cma 

(h = 0.756) (Table 11). They indicate that even though fewer haplotypes were detected, 

P. cana is more diverse. The sipnincance of this is discussed below. 

Geographic struchiring of cpDNA BapIotypes withui Packera 

The geographic structure of diversity in each species is shaped by histonc effects 

relating to migration events, bottieneck effects, founder events and hybndization a d o r  

htrogression. The overall values of population subdivision (0 ) for each of the four 

species reveaied that geographic structuring of cpDNA diversity is highly vanable among 

P. c m ,  P. cymbaIarioides, P. pseudmea and P. contennina High Ievels of 

intraspecinc diversity were detected in ai i  four (h  > 0.436). but interspecinc ciiflierences in 

population structure as measured by B suggest that in the southwestern Alberta region 

each species was influenced by different historÏcal forces, 

The species that shows the least amount of cpDNA diversity subdivision is P. 

preudmrrea (O = 0.0855) even though Ievels of within population haptotype diversity are 

moderate (h = 0.452). in P. pseudwea (Fig. 6), there is a directional trend of decreasiag 

diversity nom nodi to south with adjacent popu1atiou.s tending to share similar 

haplotypes. This trend niggests that the distribution is the r d t  of a migration event 

fiom the north. It is supported by a high estimated number of migrants between 

populations (Nm = 535) (Table 1 1). Not surprïsingly, the exception to thïs north to south 

gene ffow trend is KWM? a montane popdation in central Montana, geographicdy 

isoIated fiom other poptdations by a wide buffer of prairie- It bas a high hapIotype 



diversity index ( k  = 0.742) which suggests that it was not estabiished by a fomder event 

from adjacent popuiations, but that it probably d v e d  the most fiequent glaciation 

event in or near that location. 

Puckra cana populations show the highest Level of haplotype diversity (h = 

0.756) of the four species studied, but the diversity U oniy moderately subdivided among 

the popuiations (8 = 0.2619). Like P. pseuduurea, P. cana is a wideIy distriiuted 

species, but unlüce P. pseudmaa, the range inchdes diverse habitat from prairies a m s s  

the Great Plains up to hi& alpine regions in the Rocky mountains. Aithough a 

heterogeneous environment such as this would pmvide the opportunity for isolated 

populations to differentiate within the species, this has not occuned. Two possible 

explmations are 1) the versatility of P. cana to survive in diverse niches has ensured that 

gene fl ow is not restncted to a narrow ecologicai zone, and 2) the effective number of 

migrants is sdficient to prevent differentiation of populations (Nm = 1-41). The 

haplotype profile of P. cana is not dominated by HL as it is in P. contennina or P. 

pseudwea in which HI makes up more than 75% of the dive* overaII. This suggests 

that P. c m  arose through a different sequence of phyiogenetic events. A possible 

exphnation ofthis high divemty is that P. cana is a polyploid species that has &sen 

from divergent parentai types within the compIex then acqnired additional haplotypes by 

chioropIast capture This suggestion is supported by chromosome counts in P. cana that 

show as rnany as three pIoidy IeveIs (Moss 1983). 

At the extreme northem Innit of the m g e  in southwestern Aibata, PacRma 

cy7ribaii&oidees populations are Iimited to very high elevation wet alpine meadowswS Oniy 



three haplotypes characterize the species and all populations are monomorphic. Two 

patterns of historic forces that wodd fit such a distniution are: Ï) a bottfenecking event in 

which a Iarge polymorphic ancestd population has been reduced to subsets of 

monomorphic populations, and 5) a recent range expansion event in which the leading 

edge populations are the products of founder events fiom a polymorphic source 

population. Without evidence fiom other molecular markea or wide geographic 

wimpling, it is Mpossibie to distingcish between these events. From a geohistorical 

perspective, bottienecking events are likely to have occurred during the fast advance of 

Pleistocene glaciation (Packer and Vin 1974). Polymorphic populations likely exist near 

the Alberta collection sites because adjacent popuiations are characterized by different 

haplotypes, i.e. YCL includes ody Hl, and AVR only W. Evidence of a polymorphic 

population may be €omd with more extensive sampling. The high alpine reaches where 

P. cymbalmioides resides may have rernained ice-free dlowing the existing popuiations 

to survive the k t  advance of Pieistocene glaciation very dose to existing locations. 

Packera contermina, a highly polymorphic species, has a Iimited distribution in 

southwestern Alberta and is cestricteci to geographicalIy isolated popuiations in high 

alpine areas- This study shows that the spatial strucRrring generdy evident in 

interpopulationai cornparisons within P. cana, P. pseudmeu, and P. cymbaimioides 

does not foUow the same pattern in P. contermina. Because the range of the species has 

been sampIed more broadly and intensively thau those of the other three species, the 

d t s  can be discussed in more detd. 



Phylogeographic patterns in Packera contermina 

Spatiai Distribution of Intrapopdational cpDNA Haplotypes 

The oniy popdation (SMC) that was anaiyzed for intrapopdationai distrï'butiCon of 

haplotypes showed no evidence of signiscant spatial structure (Mantel r = 0.0103. P = 

0362) in the distribution of chloropiast haplotypes. Visuai inspection of the distriiution 

of chloroplast haplotypes h SMC (Fig. 8) shows that although the non431 haplotypes are 

not evedy distniuted in the population, they are not cIustered together based on their 

phyIogenetic identity. However, there was a high fkquency of HI haplotypes (-88%) in 

the colIection; only hnro other haplotypes were fotmd more than once (HL2 in 2 

individuais, H7 in 5 individuaIs). Thus, the Mante1 relation for correlation of haplotype 

with location was heavily dependent on a s m d  amont of variation. This low level of 

diversity may be a factor of a sampling sûategy that was desïgned to minimize the chance 

of re-sampling dones, but may have fded to iden* tme neighboa. m e r  potentid 

factors conaiiuting to the Iack of detectable spatial patteming relate to the distribution of 

cpDNA haplotypes through seed d i i d .  The seeds of Puckra contemina are wbd 

dispersed and the popdations inhabit highly exposed afpine regions where there are few 

barriers to disperd. It is possible that the dimensions of the collection site were 

si@cant.iy smalIer than dispersai distances and that within-population structure existed 

but on a much Iarger scde than was sampled. This may be the case in the SMC 

coIiection because the mapped uidividuals were oniy part of a population that extended 

over an area approxhately 2500 m2 on the floor of a hi& alpine valley. Thus, a larger 

spahi sampling scheme than was empIoyed here rnay be warranted for investigating 



Among the 14 populations ofPackera contennina anaiyzed there is a wide range 

of chloroplast baplotype dnrersity values displayed over the Limited geogmphic range. 

The overall valw of 0 (0.333) indicates moderate leveIs of haplotype subdivision arnong 

populations compared to withh populations. The range of intrapopuiationai haplotype 

diversïty was highly vaxiable ( h ^  = O (CR) to 1; = 0.788 (SLR)) indicathg that different 

forces are shaping the divern0ty in each population. An examination of the kquency pie 

diagrams (Fig. 4) gives no indication that there is a regionai trend of diversity such as that 

seen in P. pseudiwea. However, a Mante1 relation for correlating geographic distance 

with genetic distance was positive (r = 0.349, P = 0.0 12) indicating that a signifÏcant part 

of the distribution can be explained by migration events. Evidence for other effects, such 

as bottlenecks, can be fomd in the qDNA haplotype profiles but cannot be statistically 

verined without evidence h m  additional molecular markers. One example of a possible 

bonleneck is KWP, a popdation that is not oniy geographically distant h m  its southem 

counterparts, but &O shows a Iowa haphtype divemi index ( R  = 0285) than mauy of 

the southern populations; fùrtherrnore, it is dominated by a different hapIotype (Hi 1) than 

is common in the south (HI). Other possible buttienecks and founder effects are aIso 

shown in the PM, SFT, HSL, HFT region where presence of H2, a low kquency 

hapiotype is fomd in adjacent populations and not in other areas. The CR population 

may be the remit of a founder event because it is monomorphic for the predominant 

haprotype in its nearest neighbors at FL and SMC. 

The data dso suggest range Sagmentzttioo, as wodd have occurred through 



spatiai and tempod mter-digitation of CordilIerau and Laurentide ice sheets leaving 

some ungiaciated nunatak areas. Evidence of such an occurrence is visible in the high 

degree of differentiation between HWP and aII other populations9 and to a lesser degree, 

among popuiations such as PM, HSL, SET. SLR, VR, and SFL. There Ïs a marked 

i n m e  in the effective number of haplotypes ( h  > 0.500) and a lack of continuity of 

haplotype kquencies with adjacent popuiations m estirnates of pairwise values of Nei's 

genetic distances (most values are greater than approximately 0.400). A fiirther Line of 

evidence that supports a hypothesis of range fiqpentation is that adjacent populations do 

not share the same complement of haplotypes. For example. HWP, SLR, and SMC are 

the only popuiations with H12, yet they are wideIy separated geographicdy as well as by 

other populations without H 12. Similar disjunct patterns are evident in H8, Hl 0, HI 1, 

and H14. Mthough HWP and SFL are both characterized by HI 1, the frequency ofthis 

haplotype is quite different between populations (84.2% and 10.5% respectively). There 

are aiso six intermediate sample sites between these popuIatiom with no trace of the 

haplotype. The presence of Hl  1 in both popuiations suggests that either this hapIotype 

was once widespread in the region and that it suMved a severe bonlenecking event in the 

two muthem popdations, or that long-distance dispersal ofindividuals b e a ~ g  the 

hapIotype is responsible for the disjunct distniution. These hypotheses are difEcuit to 

distiaguish without evidence fiom additionai molecuiar markers, but Iong-distance 

dispersai seems an mEeIy expianation since other Iow Eecpency haplotypes such as H6 

and H7 aIso &'bit apparent disjunctions, but for different populations. If long-distance 

dispersai events were so common and tmdnected, Iower IeveIs of population d i v e  



might be expected. This suggests that many of these haplotypes rnay have been 

widespread across a pre-glaciated region. It is &ely that chat ic  and geologicai changes 

associateci with Pleistocene gIaciation Rsulted in fragmentation and bottienecking and 

that these factors account for most of the differences. The Iack of clear evidence in many 

cases may be the resuit of early post-glacial rm-gration and coIonization events that have 

broken up ancient patterns of these events. 

Many populations of P. contermina are linked by apparent gene £iow because the 

estimated number of migrants exchanged arnong populations is Nm = 1 .OO, a value 

thought to be hi& enough to prevent differentiation of populations (Slatkin and Barton 

1989). However, as shown above, apparent links by seed di+ have been insunicient 

to homogenize the presentday diversity pattern. Therefore, the heterogeneous pattern of 

cpDNA polymorphisIns detected in P. confernina may be due to the Iack of equilibrium 

between drift and migration brought about by fiequent Iocd extinctions and 

recoionizations as  desnibed by metapopulation modeIs (McCatdey, 1995). This cannot 

be discounted because the environment in which these populations are found consists of 

highiy erosional rocky ridges at high eIevations where it might be expected to be Iess 

stabIe than Iower elevation montaue regions. However, because the apparent IeveI of 

gene B ow was measured indirectiy by cpDNA haplotype anaiysis rather than by direct 

movement of individuais between existtig popdations (SIatkm 1987), the genetic 

simiiarity is a masure of identity in state rather than an identity by descent. Therefore, 

the possÏiility exists that the overaii high kquency of HI in the species is biasnig the 

h a t e s  of gene flow upward and the actuaI number of migrants is Iowa  

The rdatioaship of panwise geographic &stances with estimated nmnber of 
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migrants (Fig. 9) shows that at Ieast one geogtaphicdfy distant population pair is Linked 

by apparentty high seed dispersal, and that over halfof the cornparisons had 

hornogenizhg levels of gene flow (values of h ( M )  above O). This pattern could be 

explained by long distance dispersai in the case of ongoing gene flow or by hgmentation 

of aa ancient polymorphic population in the absence ofgene flow. These events rnay be 

distingukhed by examinhg the sequence divergence in inûaspecinc markers such as 

microsatelIites to determine the relative timing of population strucRrnDg, but there is no 

evidence of such detaiis in the data Eom this study. The present &y distniution is likely 

the mdt ofa complex histoly involving bottfenecks, founder events, and migration 

events. 

Dendrograms of the genetic rdationships among populations of P. contermina 

both consistently differentiate one population, W, the most northern and 

geographicaily separated of al1 the samples (Fig. IO and Fig. 11). The grouping of SLR 

with SFT, and HSL with PM is consistent with their close geographical proximity and 

suggests that these populations probably diverged nom a Iocai gene pool. This line of 

evidence supports the sluvivai of P. contmmina in mal1 nunatak areas in southwestern 

Alberta during the maximtm advance of Pleistocene glaciation. 

The Pleistocene period is marked by fi ucîuations in the timing and extent of the 

Cordilleran and Lamentide ice sheets (Stalker and Harrison 1977), so that the number of 

habitabIe ateas during this t h e  may have been in constant flux. There is strong support 

for survivai oCa population in the most northem region (at HWP) or for fomduig from a 

separate refiigÏum due to the high fiequency of HI L that is almost absent fiom regions to 

the south. Kt is possibk that the more southem popdations are less dEffefefltiated than 
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HWP because their prox;mity to each other has incmised the potential for ameüorating 

gene fl ow durhg post-glaciation thes. However, reüctua.1 populations may have 

d v e d  in the southem part of the speciCes mge &o. Haplotype profiles such as those 

that characterize PM, SLR, SET, and SFL show a Iower frequency of  Hf. This suggests 

that these areas are possible bottienecks of a widespread and diverse ancestral population 

in which Hl  was common, but not predominant, and are the source of  individuais for 

post-glacial colonization. Because HI is present in aU source popdations, the likelihood 

that it becornes established early in the founding of a new population is high. These data 

suggest such a pattern because intemenhg populations (for exampLe, HSL, LFT, MDP, 

AR) have high Ievels of H 1 and may be the recipients ofhaplotypes firom more than one 

adjacent source. However, without conpence among many of the rarer haplotypes 

across the species range, it is ciifficuit to determine refugial species and centers of 

diversity that have becorne source populations for recolonization. Other studies show 

that refügial populations are important sources of dispersal and are usudIy characterized 

by higher levels of genetic dive* relative to nearby founder populations, as was show 

in the Carpahian mountains in Europe in the dispersal of Fagus syLvutica (Demesure et 

al. 1996) and on the West Coast ofNorth Amerka in disjrmct cpDNA haplotypes in 

T i i e a  mewesii (Soltis et al. 1997). The geogrqhic scaie of these studies is broader 

than thîs study, but the generalizatioiis apply equdy weII to the reIationships between 

P a c k a  contemina popdations when suggesting nunatak nwivorship. 

The comptexities reveded in Packera contemina are aIso rdected m the gents 

as a whoIe. LeveIs of  cpDNA varÎation in the four species are unusually high, but are 

com*stent with hypotheses of other cesearchers ihat hybrÏdizati~a/cmtrogre~on has been 
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fiequent and contributes to Ïntergradation (Bain 1988, Bain and Jansen 1996, Barkiey 

1962, 1988, Kowai 1975). In southwestern Alberta, it is IikeIy that Pleistocene glaciation 

events have facilitated contact between diverging Iineages and that thÏs contact has 

resulted in introgression of non-local chloroplast haplotypes as weiI as exchange of Iocai 

types. The Iack of disrriniination between species based on cpDNA variation suggests 

that these events have occuned frequently in this area 

There is no evidence of contempocary interspecinc gene tlow between any of the 

four species. The same Iack of spatid structure genedy evident in P. contemina 

populations is apparent between adjacent populations of different species. Populations of 

P. cymbalmioides (SMQ), P. cana (SC) and P. contemina (SMC)  were collected at Sofa 

Mountain Cirque. Each collection at this site is characterized by a different set of 

haprotype fiequencies that suggests that interspecinc gene f'iow is tmlikely. 



This snidy provided evidence of two groups of drverguig lineages in the cpDNA 

genome of Packera. The most common and widespfead haplotype in southwestern 

Alberta (Hl) appears to be part of an ancestral group in the genus that is found in wideiy 

dispersed species across North A m e h  The second group of haplotypes (group B) 

appears to have diverged later and ninnved in more coastal and northem species. The 

presence of haplotypes from both groups in southwestem Alberta suggests that 

hybridization between species from these two groups is responsibIe. Because the 

advance of Pleistocene glaciation wodd restrict species to glaciai refugia and boundary 

regions, the pre-glacial distrtiution of hapfotypes from the coastd and northern groups 

either may have been more w i d e s p d  or extensive migration may have taken pIace 

during the advance and rehrat of glaciers. Subsequent m e n t a t i o n  and boalenecking 

by glacial events may have restricted the distribution of species to ice-fÏee areas near 

southwestem Alberta and to refugia in the Pacinc aorthwest coastal region, a 

dispIacement which may have facilitated hybridizatiod introgression Comparative 

snidies of other species provide evidence of such a region in southwestem Alberta andlor 

noahem Montana (Wilson and Hebert 1998, Zamudio et al. 1997). 

This study aIso provides evidence that the species' histories of P. cana, P. 

psmdmea, P. cymbaImbides, and P. contermina are afEected by different forces m spite 

of a close phylogenetic and geographic relationship. DBerences in popdation 

subdivision and eshateci Ievels ofgene flow exist even though leveIs of haplotype 

diversity and effective nmbers of hapIotypes were SimIIaramong the foin species. 

These insights demoosuate the need for more extensive comparative analyses of 
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species nich as P. contemina, P. cana, and P. psaidaurea with those nom other regions 

of hi& hapfotype diversity suc6 as the Great Basin of southwestern North Amenca, and 

the Aiaska-Yukon region. Not ody wodd such stuàïes incfea~e our knowledge of 

phylogeographic patterns in the genus, they wodd provide valuable insights into the 

mechanisms responsibIe for generating hi& amounts of intra-specifk variation. 
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Table 1. Population name, abbreviation, location, elevation and collection numbers for 34 
populatiLons of Packera contermina, P. cana P. pseudmrea, md P. cymbaImuides in 
southwestern Aiberta, northern Montana, and noahwestern Wyoming. 

Taxon CoIl, no, Abbrev, Location LatitudeLongitude EIevatio 
n 
above 

sea IeveT) 
P. contemina 

Golden 264 
Golden 269 
Golden 150 
GoIden 245 
Bain 535 
Bain 357 
GoIden 258 

Golden 27 t 
Golden 267 

Bain 536 

Golden 252 
Golden 2'72 

Golden 262 
Golden 25 1 

P, Cano 

Golden 339 

Lowry 75 
Goiden 246 
GoIden 2 16 

Golden 207 

Golden 248 
Golden 257 
Golden 259 

P, pseudùurea 
Yates 3 
Yates & Golden 
1 
Go Iden 247 

Bain & SchuItz 
572 
Golden 1 89 
Yates & Golden 
8 
Yates 5 

AR 

CR 
FL 
HFT 
HSL 
HWP 
LFT 

MDP 
PM 
SFL 
SFT 
SLR 
SMC 

VR 

BTP 
CD 
CS 

P W  
R M  
SC 

SPR 
YCR 

BML 
BR 

CL 
FHL 

KWM 

RR 

VCR 

Avion Ridge, AB, 
Carthew Ridge, AB, 
Forum Lake, B-C, 
ffar?stone Fke Tower, AB. 

ttaiktone Lake, AB, 
Highwood Pas, AB, 
Livingstone F k  Tower, AB. 
MacDondd Pass, AB- 
Plateau Mountain, AB. 
Southfork Lakes, AB. 
Sugadoaf F o i  Tower. AB, 
S. Livingstone Ridge, AB, 

Sofa Mountain Cirquq AB. 
Victoria Ridge, AB, 

Beartooth Pas, Mon, 
Cardston, AB. 
Carstairs, AB, 
M e  View Traii, AB, 

R a m  Moutain, AB. 

Sofa MountaM Cirque, AB. 

Spionkop Ridge, AB. 
Y m w  Canyon Ridge, AB. 

Beaver Mines Lake, AB, 
BelIy River, AB. 

Chinook Lake, AB, 
Flathead Lake, Mon, 

Highwood Mountains, Mon- 
Raspberry Ridge 

Victosizï Eüdgq AB. 

4g0 10' N., 1 t4O 06' W. 

49" OI'N., 1 l(tO 01' W. 
49" 00' N., 1 14O 04' W- 
500 12' N, 1 1 4 O  27' W, 
500 11' N., L14O26' W, 
500 36' N., 1 14O 58' W. 

49 55' N., 1 lJB20' W. 
490 33' N., 1 14O 3 1' W. 
500 13' N., 1 l4@ 32' W. 
49" 20' N, 1 i4O 20' W. 
49" 56' N, 1 t JU 32' W. 
4 9  40' N, L lJO 20' W. 
490 02' N, 1 13" 47' W. 
49" E 7' N, 1 14O 09' W. 

440 ST N, 109 27' W, 
490 11'N, 113" I8'W. 
5L0 35' N., 1 14O 04' W. 
SI0 OS'N., L 15D 03' W. 
52" 20' N., t 1 S0 47' W. 
490 02' N, 1 13" 47' W, 

49" 12' N., 1 14@ 07' W. 
49" 1 C r  N, 1 14O 06' W- 

49" 19' N., I i4" 03' W. 



Table 1, .... cont 

Taxon Coil. no. Abbrev. Location Latituddongitude Elevation 
(m. above 
sea lever) 

P. cymbalorioides 
Golden 263 AVR Avion Ridge, AB, 490 10' N., i 14O 06' W, 1980 
Golden 240 BHM Bighoru Mount-+ WYO. 44@ 45' N., 1 0 7 O  39' W, 3095 
Golden 334 BTM Beartooth Mountains, 44@ 56' N., 10gO 33' W. 3334 

WYO. 
Golden 270 SCQ Sofa Mountain Cirque, 4g0 02' N., 1 13O 47' W, 1990 

AB. 
Golden 260 YCL Y m w  Canyon Lake, AB. 490 1 1' N, 1 14O 05' W. 1980 



Table 2. ChIoropIast DNA restnstnction site mutations detected in four species of 
P a c h  fiom southwestern Alberta, northern Montana, and northwestern 
Wyoming, Robes are cloned Latuca cpDNA h p e n t s .  

Mutation 
(£kgment size in kb)* 

Site Robe Iength (kb) Restriction Absent Present 
Number endonuckase 

1 6.3 Ava I 1.6 1-1 +OS 

2 6.9 Ava 1 10.0 6.7 -t 3.3 

3 14-7 Ava I 6-7 53 + 1.4 

4 18-8 Ava 1 123 7 2  + 5-1 

5 5.4 Ava II 6.7 6.2 + (0.5) 

6 6-7t3.8 Dra i 4-9 3 5  + (1.4) 

7 6,7+3.8 Dra i 1.9 0.8 + 1-1 

8 14.7 Dra 1 8.6 4.4 + 42 

9 14.7 Dra 1 8-6 6. L + 2.5 

10 14-7 Hae DI 1.9 1-7 + (02) 



Table 3. Polymorphisms in 15 chioroplast DNA haplotypes detected in four Packera 
species Eom southwestern Albe- northwestern Wyoming, and northern Montana 

HapIotype Restriction site characters (Table 24 Popdations where 
haplotypes detected 

1 2 3 4 5 6 7 8 9 1 0  

Haplotypes derived nom data m Bain & Jansen (1996). 
Hl6  O I t O l O O O I  



Table 4. Haplotypes identifled h Pachra popdations across North America (Bain & 
Jansen t996), compiled k g  character states of restriction site mutationsM, and 7-10 
from Table 3. 

Taxon (COIL #) Location H H H H H H H H H H  
1 2 4 7 10 12 13 16 17 18 

P. bernmdina (#465) San Bernardino Co, x 
CA 
Curry Co., OR 
Forillon, PQ, 
Port as Po% NF 
Mt Griscorn, P Q  
Mendocmo Co, CA 
San Diego Co, CA 
Dempster Hwy., YT 
Takini, YT 
Eldorado Co, CA 
Vancouver k, BC 
Queen Chariotte Is., 
BC 
Cache Co, UT 
Coconino Co., NM 
Lincoln Co., WY 
Gila Co., AZ 
Tok, AK 
Sheep Mtn, YT 
Rock Glaciet, YT 
Blanc SabIon, PQ 
S. Canof Rd YT 
Km 1814, Alcan 
Hwy, Y'I' 
Gunnison Co, CO 
Caîron Co, NM. 
GiIa Co, AZ 
Crowsnest Mtn, AB 
Cache Co, UT 
Duchesne Co, UT 
Dushesne Co, UT 

P. bolanderi (#470) 
P- cymbalaria (#52) 
P- qnbuluria (#53) 

P. cymbalaru (#259) 
P. ewycephafu (#468) 
P- ganderi (#464) 
P. hyperboreaik (#49 I ) 
P. indecora (#300) 
P. laynae (M67) 
P. moresbiensi& (#27 1 )  
P. moresbiensis (#480) 

P. multilobuta (#449) 
P. muftiiobata (#46 1 ) 
P. muftiiobuta (#474) 
P. rteomex6camrs (M63) 
P. ogotorukensk (#494) 
P. ogotoruke~tsii (M96) 
P. ogotorukensrS (#498) 
P. paucijhra (#77) 
P. paucijlora (#500) 
P- paupemIa (#305) 

P. pseuhrea (#99) 
P. qzimens (M58) 
P. qaercetorum (M62) 
P, streptanthvo fia (H52) 
P. srreptunzhfolrir (#446) 
P. streptanthi/olia (#450) 

P. s~reptanth~oliu (#45 1 )  









Tabls 8. Sample size  (N), haplotype Erequency, haplotype diversity ( h  ) with standard errors in parentheses, 
and effective number of haplotypes (ne) in 7 Packera pseuduurea populations. 

' Population N= Hl H2 3 H4 H5 H6 H7 H8 H9 6 ne 
RR 260,539 O 0.039 O 0,077 O 0.308 O 0.039 0.618 2.541 

(0.00 1) 
CL 27 0,778 0,074 0,037 0,037 0,037 O 0.037 O O 0,391 1.624 

(0,001) 
BR 27 0,852 O O O 0,074 0,037 0,037 O O 0,271 1,363 

(0,001) 
VCR 25 0,800 O O O O O 0,120 0,080 O 0,346 1.513 

@*O0 1 ) 
BML 26 0,731 O O O 0,159 0,039 0.077 O O 0,443 1.770 

(0.001) 
FHL 14 1.00 O O O O O O O O O 1 





Table 10. Predicted group membership of  populations reportcd as actual numbar and percent of total in 
parentheses based on discriminant functions derived fkom cpDNA haplotypes detected in specics of 
Packera, Overall percent of groups correctly classifie& 73.53% as calculated by SPSS for the 
~ a c i n t o s h ~  ver 4,O. 

Açtwal m o n  # of Predicted taxon identity 
identity populations 

P, conterminu P. cana P. pseudaurea P. cym balarloides 

P, contermina 14 12 (85.7%) 2 (14.3%) O O 

P, cana 8 2 (25.0%) 5(62.5%) O 1 (12.5%) 

P. pseuduurea 7 2 (28.6%) O 5 (7 1 4%) O 





Tablc 12. Pairwise cornparisons between 14 populations of Packera contermina: geographical distances 
calculated fiom latitude and longitude coordinates reported in linear kilometres (below diagonal); and probability 
of identity in state as caloulated by GENEPOP Vers. 3.1 b (above diag~nd). 

- 
HFT 
SFT 
FL 
VR 

8 bFJ' 
SMC 
AR 
PM 
CR 
M W  
SLR 
HWP 
HSL 
SFL 

WFT SFT FL VR LFT smc AR PM CR NIDP SLR HWP HSL SFIL 

0.5005 0,0290 0,0744 0,0235 0,0142 -0,024 ,02395 0,0794 0.0323 0,2410 0.6491 0,0273 O,229OJ 

29,43 0,7395 0,3495 0.7249 0.6669 0.6980 0.2759 0.8133 0,7166 0.1423 0,6069 0,3751 4,2769 

13633 109.86 0.2108 4.011 0.0033 -0,016 0,4454 0,0074 4,008 0.4465 0,7947 0.1441 0.4485 

1M177 78.535 31,$7 0.1887 0.1884 0.1308 0,1824 0,2381 0.1949 0,1583 03473 0,0462 0,1832 

33,572 14.917 102.83 71.27 4,005 4.025 0.3992 4.005 4.020 0,4146 0,7893 O.llS8 0.4165 

137.94 1 11.03 21,324 38-03 1 10458 -0.015 0.4002 0.0151 0.0001 0.4433 0.7377 0,0871 0,4570 

11837 92.323 17,732 13.935 85.041 26.94 0.3341 0,Q226 4.025 0.3338 0,7484 0,081 1 0,3215 

5,819 29,834 13838 107,OS 36.473 141.02 120.87 0.4663 0.4295 O, 1427 0,5039 0,0608 0, 1849 

136.04 1û9,90 3,J 10 31.114 102.50 18.27 17.595 138.43 4.003 0.471 1 0,8366 0,1747 0,4615 

92,95 63,934 52,648 28,677 62.014 65,282 38,474 93,727 53.87 0.4242 0,7859 0.1329 0,4397 

60,733 34,215 75.872 44.371 27.820 79,969 58.232 62,751 75.776 35.26 0.4121 0,1690 0,1158 

57.227 79,433 189.17 157.96 89,015 193.19 171,74 52.93 189.31 140.77 ï 13.69 0,3595 0,4110 

3,110 27.1 16 133,24 101.70 30,476 134.71 115.47 8.518 112.93 90.283 57.774 60.51 0.2053 

97,447 69,308 42,648 16,894 64,985 $3,784 27.205 98,876 43.490 Il.8M 37,130 147,82 94.58 



Table 13. Painvise genetic distances for 14 populations of P. conterminu: Cavalli-Sforza distances reported below 
the diagonal, and distances calcu1ated by Nei methods above. Al1 values computed by PHYLIP vers. 3.57. 

MFT- 
Hm SFT PL VR LPT SMC AR PM CR MDP SLR HWP HSL SPL 

1.383 0,01 0,083 0.009 0,012 0.004 0386 0,011 0,012 0.452 2,054 0,047 0,391 
SFT 

IFL 

VR 

Lm 

SMC 

AR 

PM 

CR 

MDP 
SLR 

W P  

HSI, 

SFL 

0,153 

0,022 

0,06 

0.021 

0,032 

0,014 

0,095 

0.929 

0,036 

0,12 

0,2 

0,055 

,0630 





Fig, 2. Phylogeographic relatianships and regional aftiliatioiis ot' 18 cpDNA haplotypes of Puckcrcr l ion  North America as 
described in Tabla 3. Clade A haplotypes (show with narrow branch lines) most common in Great Basin populations and 
widospread across North America. Clade 0 haplotypes (denoted by heavy branch lines) most cornmon in coastal and northerii 
regians. All haplotypes except H 16, ii 1 7, and H 18 are found in southwestern Alberta. 
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F& 4. Haplotype kquencies in Puckera contermina populations in A f b e  and 
southeastem British Cohmbia. Lettering in pie-cüagranis refèrs to popdation 
abbreviations in Table 1. Cotlection s k s  reported in Tabt 6. 



Haplotype 

Fig. 5. Haplotype fxquencies in popuIations ofpuckera eunu in Alberta and 
Montana Lettering in pie diagrams refers to population abbreviatioas as 
reported in Table I . Collection sires reported in Tabte?. 



Fig. 6. HapIotypt Gequencies in populations ofPackerapseud~ea in Aiberta 
and Montana PopuIation abbreviations descnied in Table 1. SampIe coIIection 
skes show in Tabie 8- 



BTM 

Montana 

Fig. 7. Haplutype frequencies in Puckera cymbaimoides populations in Alberta 
and Wyoming. Population abbreuiations descri'bed in Table I . Population sizes 
shown in Table 9. 







mm of squares =4YSZ 
% S.& = 16587 

Fig. 10. FitchMargoliash cluster andysis of t 4 Packera contemina popuatioas, 
based on Cavaiii-Sforza distances. Painvise distances tepoaed ui Table IL 



\ 528 mes examined 
s u  of squares = 2 8  1 t 
% s.d. = 12.497 

Fig. 1 1. Fitch-Margoliash cluster analysis of 14 Packera contemina popuiations, 
based on Nei's genetic identities. Pairwise distances reported in Table 12. 




