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MARKED GENETIC DIVERGENCE AMONG SKY ISLAND
POPULATIONS OF SEDUM LANCEOLATUM (CRASSUL ACEAE)
IN THE Rocky MOUNTAINS!
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Climate change during the Quaternary played an important role in the differentiation and evolution of plants. A prevailing hypothesis
is that alpine and arctic species survived glacial periods in refugia at the periphery of glaciers. Though the Rocky Mountains, south
of the southernmost extent of continental ice, served as an important glacial refuge, little is known about how climate cycles influenced
populations within this region. We inferred the phylogeography of Sedum lanceolatum (Crassulaceae) within the Rocky Mountain
refugium to assess how this high-elevation plant responded to glacial cycles. We sequenced 884 base pairs (bp) of cpDNA intergenic
spacers (tRNA-L to tRNA-F and tRNA-S to tRNA-G) for 333 individuals from 18 apine populations. Our highly variable markers
dlowed us to infer that populations persisted across the latitudina range throughout the climate cycles, exhibited significant genetic
structure, and experienced cycles of range expansion and fragmentation. Genetic differentiation in S lanceolatum was most likely a
product of short-distance elevational migration in response to climate change, low seed dispersal, and vegetative reproduction. To the
extent that Sedumis a good model system, paleoclimatic cycles were probably a major factor preserving genetic variation and promoting

divergence in high-elevation flora of the Rocky Mountains.

Key words:
refuge; Sedum lanceolatum.

During the long glacial episodes of the Quaternary (from
two million years ago to the present) many taxa were restricted
to one or a few regiona refugia (Webb and Bartlein, 1992;
Hewitt, 1996). Evidence from studies on European flora (re-
viewed in Taberlet et al., 1998; Stehlik, 2000) suggests that
glacial refugiawere located at the periphery of ice sheets (Tol-
lefsrud et a., 1998; Despres et al., 2002; Holderegger et al.,
2002; Schonswetter et al., 2002) and that some populations
persisted on ice-free nunataks protruding above the glaciers
(Stehlik, 2002; Stehlik et al., 2002b; Tribsch et a., 2002;
Schonswetter et a., 2003). Though less information is avail-
able for North American taxa, several important Ice Age re-
fugia have been proposed and supported empirically, including
Beringia, the Rocky Mountains south of the southernmost ex-
tent of sheet ice, and coastal regions to the southeast and west
of the ice sheets (Hultén, 1937; Mooney and Billings, 1961,
Steinhoff et a., 1983; Cwynar and MacDonald, 1987; Sewel
et al., 1996; Soltis et al., 1997; Comes and Kadereit, 1998;
Tremblay and Schoen, 1999; Abbott et al., 2000; Abbott and
Brochmann, 2003; Abbott and Comes, 2003; Dobes et al.,
2004). Populations inhabiting the area of the Rocky Mountain
glacia refugium harbor high levels of genetic variation, pre-
sumably because Pleistocene conditions promoted the persis-
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tence and differentiation of populations in this region (Golden
and Bain, 2000; Dobes et al., 2004). These molecular studies
corroborated previous findings from the pollen and plant mac-
rofossil records, which revealed that as the climate warmed
and ice receded, low-elevation plants expanded their ranges
northward, while high-elevation taxa retreated upslope and
that the response to climate change varied predictably between
the Northern and Southern Rockies (Fall, 1997; Vierling,
1998).

The Rocky Mountains, south of the Laurentide and Cordil-
leran ice sheets, served as one of the most important glacial
refuges for high-latitude and high-elevation flora in North
America. Within this ice-free area, the Rocky Mountains are
divided into three physiographic regions (Brouillet and Whet-
stone, 1993): the Northern Rockies of Montana, the Central
Rockies from Montana to the Wyoming Basin, and the South-
ern Rockies that extend from the Wyoming Basin south into
New Mexico (Fig. 1). The Rocky Mountains comprise a to-
pographically and climatologically heterogeneous cordillera
along the Continental Divide with elevations ranging roughly
from 1000 to 4000 m. Climate is highly variable due to to-
pography, but in general the Northern Rockies receive mois-
ture during winter from the northern Pacific while the South-
ern Rockies are more affected by subtropical summer mon-
soons (Thompson and Anderson, 2000; Kittel et al., 2002). At
the time of the Last Glacial Maximum (about 18000 yr ago),
the Cordilleran and Laurentide Ice Sheets extended south into
northern Montana, but the highest peaks rose above the ice as
nunataks (Carrara, 1989). Most of the central Rockies was
covered by a 1000 m thick layer of ice (Pierce, 1979) whereas
in the south, mountain glaciers were more localized and not
as continuous (Elias, 1996).

Not only were high-elevation plants within the Rocky
Mountain refugium restricted in latitudinal range due to cold
glacial periods, but they probably became fragmented during
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Fig. 1. Rocky Mountain biogeographic provinces and collection sites for
Sedum lanceolatum. The biogeographic provinces included within this study
are outlined: the Northern Rockies, the Central Rockies, and the Southern
Rockies (Brouillet and Whetstone, 1993). The current, fragmented distribution
of alpine and subalpine habitat within the region (Kiichler, 1985) isillustrated.
In addition, the general location of the Wyoming Basin is shown. Sampling
locations are represented by circles and population numbers correspond to
those in Table 1. States are abbreviated as follows: Colorado (CO), Idaho
(ID), Montana (MT), Utah (UT), and Wyoming (WY).

warm interglacials due to the upward migration of habitat
(Hewitt, 2000). During glacial periods, the apine habitat was
broadly distributed and interconnected, except for a disconti-
nuity associated with the Wyoming Basin (Fig. 2A; Pewe,
1983; Elias, 1996). Interconnection during the glacial periods
might have facilitated genetic and demographic cohesion
across a broad geographic range. By contrast, contemporary
surveys of the distribution of alpine habitat in the Rocky
Mountains shows a highly dissected archipelago of habitat is-
lands confined to high elevations (Fig. 2B; Kuchler, 1985). In
the current interglacial, many populations of apine speciesare
isolated and probably exhibit different demographic character-
istics.

The objective of this study was to infer how high-elevation
plants of the Rocky Mountain region south of the Cordilleran
glacier responded to repeated cycles of climate change during
the Quaternary. Though apine plants are incredibly diversein
the Rocky Mountains, with more than 600 species in the Cen-
tral Rockies alone (Scott, 1995), little is known about how
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plant populations responded to the dynamic climatic history
of the Pleistocene. Given the expanding/contracting response
of the alpine tundra to climate change, as outlined above, we
expected populations to have mixed during glacial periods and
become isolated during interglacials. Overall, we predicted
that these cycles would yield a high degree of genetic diversity
within the region as found in other glacial refugia (Comes and
Kadereit, 1998), no loss of genetic diversity associated with
increasing latitude because populations could have persisted
across the range throughout the climate cycles, and high levels
of genetic differentiation among populations due to isolation
on sky islands during interglacials. Herein we adopted popu-
lation genetic and phylogenetic approaches to evaluate the his-
tory of 18 apine populations, ranging from northern Montana
that was blanketed in sheet ice to southern Colorado where
ice-free habitat existed throughout the climate cycles.

MATERIALS AND METHODS

Study organism—After its initial discovery by the Lewis and Clark expe-
dition, Sedum lanceolatum Torr. (Crassulaceae), the yellow stonecrop, was
found to be widespread throughout the western cordillera of North America,
ranging from New Mexico to Alaska (Clausen, 1975). Plants are patchily
distributed over a broad range of elevations, from 1700 m in the Great Plains
to 4048 m in the apine tundra of the Rocky Mountains. Sedum lanceolatum
is a tufted, slow-growing, perennia herb that inhabits sandy soils and rocky
outcrops of limestone, sandstone, marble, andesite, basalt, granodiorite, and
granite (Clausen, 1975). Yellow, pentamerous flowers, occurring in terminal
cymes, are pollinated by a variety of insects, including Diptera, Hymenoptera,
and Lepidoptera (Scott, 1973; Clausen, 1975), but self-pollination is possible
(Clausen, 1975). Although the small seeds (1.0 mm X 0.4 mm) generaly
drop to the ground and germinate, they are lightweight, and long-distance
dispersal may occur (Clausen, 1975). Vegetative reproduction occurs readily
in S. lanceolatum when leafy rosettes separate from primary stems and take
root (Clausen, 1975). Within Sedum, hybridization is common. Diploid, tet-
raploid, and hexaploid populations of S lanceolatum exist, but can be differ-
entiated morphologicaly (Clausen, 1975). Finaly, though populations are
generally large (Jolls, 1980), population density, ratio of seedlings to adults,
average number of leaves per rosette, height of inflorescence, and number of
flowers per plant decrease with increasing elevation (Jolls, 1980).

Sampling—Sedum lanceolatum was collected from 18 alpine sites through-
out the Rocky Mountains, from southern Colorado, which was greatly im-
pacted by mountain glaciers, to northern Montana where continental ice sheets
buried the landscape but populations could have persisted on nunataks (Fig.
1, Table 1). All specimens were morphologicaly similar and we used this
criterion to limit comparison to individuals with the same ploidy. At each
location, leaves from approximately 20 spatially separated individuals were
taken, for atotal of 333 samples (Table 1). Seven of the collection sites were
within national parks: Glacier Nationa Park (permit # GLAC-2001-SCl-
0020), Yellowstone National Park (permit # YELL-2001-SCI-0212), Grand
Teton National Park (permit # GRTE-2001-SCI-0009), and Rocky Mountain
National Park (permit # ROMO-2001-SCI-0037). Specimens were transported
on dry ice and stored at —80°C at the University of Colorado, Boulder, Col-
orado, USA.

cpDNA extraction and sequencing—DNA was extracted from plant ma-
terial with DNeasy Plant Extraction kits (Qiagen, Valencia, California, USA).
The chloroplast genome is the most widely used marker for population level
studies in plants (Gielly and Taberlet, 1994) because in angiosperms, cpDNA
is nonrecombinant, maternally inherited, dispersed via seed, permitting history
to be separated from more recent gene flow due to pollen (McCauley, 1995),
and evolves at a rate that retains intraspecific patterns and processes (Palmer,
1987; Comes and Kadereit, 1998). We sequenced two intergenic spacers from
the chloroplast genome: the noncoding regions between tRNA-L and tRNA-
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Fig. 2. Elevation profile of the Rocky Mountains showing hypothetical biogeographic response of Sedum lanceolatum to paleoclimatic cycles of the
Quaternary. In general the north—south transect follows the Continental Divide from the San Juan Range in southern Colorado to Glacier National Park in
Montana, but incorporates study sites and other locations that emphasize differences in elevation. The gray regions represent the distribution of alpine habitat
during (A) a glacial period, given a 1000-m drop in elevation (Pewe, 1983) and (B) an interglacial, using the current distribution of alpine habitat (from Kchler,
1985). Latitude and elevation data were obtained from topographic atlases of the region (DeLorme, 19983, b, c, d).

TaBLE 1. Collection sites, within-population genetic diversity, and distribution of private alleles.

Latitude Longitude %
Site Population n (N) (W) ™ SD«w O SD 6y Private Alleles Private
1 GNP Numa Peak 20 48.8963 114.1691 0.0027 0.0017 0.8456 05403 G1,G6,G13 70
2 GNP Gunsight Pass 19 48.6111 113.7333 0.0024 0.0016 0.8583 0.5497 G7,Gl1 68
3 GNP Triple-Divide Pass 19 485694 1135139 0.0038 0.0023 0.8583 05497 (G4,G8,G9,G10 84
4 GNP Dawson Pass 19 484833 1134667 0.0016 0.0011 0.2861 0.2861 G3,G5G12 100
5 Idaho Hyndman Peak 17 43.7381 1141394 0.0023 0.0015 0.5916 0.4430 11,12,13,14 94
6 YNP Mt. Washburn 20 44.7999 1104256 0.0000 0.0000 0.0000 0.0000 Y2 100
7 YNP Amethyst Mtn. 17 44.8194 110.2306 0.0005 0.0005 0.2958 0.2958 Y4 6
8 GTNP Moose Pass 21 439528 110.8444 0.0019 0.0013 02780 0.2780 Y3 52
9 GTNP Static Peak 20 43.6797 110.8178 0.0005 0.0005 0.2819 0.2819 — (0]
10 RMNP Sundance Mtn. 15 404041 105.7019 0.0036 0.0022 09226 0.5978 R1,R2,R3,R4,R9,R10 100
11 RMNP Long's Peak 19 40.2583 105.6167 0.0022 0.0014 1.1445 0.6638 R5,R6,R7,R8 100
12 Quandary Peak 20 39.3947 106.0981 0.0034 0.0021 0.8456 0.5403 C5,C6 30
13 Maroon Bells 18 39.0417 106.9878 0.0015 0.0011 0.8722 05600 C1,C4 100
14 Mt. Shavano 18 38.6167 106.2417 0.0052 0.0030 11629 0.6769 C12 11
15 American Basin 17 379139 107.5139 0.0000 0.0000 0.0000 0.0000 C3 100
16 San Luis Peak 19 37.9875 106.9292 0.0010 0.0008 0.8583 0.5497 C7 16
17 Humboldt Peak 17 37.9750 105.5611 0.0023 0.0015 0.2958 0.2958 C10 59
18 Iron Nipple 18 37.5917 105.4542 0.0020 0.0013 05815 0.4348 C8,C9 100

Notes: Site numbers correspond to those in Fig. 1. Abbreviations are as follows: GNP (Glacier Nationa Park), YNP (Yellowstone National Park),
GTNP (Grand Teton Nationa Park), RMNP (Rocky Mountain National Park), ID (Idaho), and CO (Colorado). Private aleles only occur within
one population, by definition. % Private is defined as the percentage of all individuals within a population that exhibit private aleles.
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F (304 base pairs [bp]) and between tRNA-S and tRNA-G (580 bp), for a
total of 884 bp. Amplification of the desired markers was accomplished by
using specific primers for those regions: tRNA-L: (5'-ATTTGAACTGGT-
GACACGAG-3') and tRNA-F: (5'-GGTTCAAGTCCCTCTATCCC-3') (Fujii
et a., 1999) and tRNA-S: (5'-GCCGCTTTAGTCCACTCAGC-3') and tRNA-
G: (5'-GAACGAATCACACTTTTACCAC-3') (Hamilton, 1999). Each 50 L
reaction volume contained 2.25 mmol/L MgCl,, 0.02 mmol/L dNTPs, 0.05
mmol/L of each primer, 2.5 units of Promega (Madison, Wisconsin, USA) B
Taq polymerase, Promega 10X reaction buffer, and approximately 100 ng of
genomic DNA. The thermal cycler profile was one cycle at 96°C for 5 min,
40 cycles at 96°C for 45 s, 52°C for 1 min, 72°C for 1 min 30 s, and one
extension cycle at 72°C for 7 min. Polymerase chain reaction (PCR) products
were cleaned with Exol-SAP (0.5 pL exonuclease |, 0.5 pL shrimp akaline
phosphatase; 37 for 15°C min and 85°C for 15 min). Forward and reverse
strands were cycle sequenced with the same PCR primers, using BigDye Ter-
minator version 3.1 Cycle Sequencing kit (Applied Biosystems, Hayward,
California, USA). For the cycle sequencing reaction, the thermal cycler profile
was 25 cycles at 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. Cycle
sequence products were cleaned with Performa DTR 96-well Standard Plate
Kit (Edge BioSystems, Gaithersburg, Maryland, USA). Sequencing was per-
formed by the DNA Sequencing and Synthesis Facility at lowa State Uni-
versity, Ames, lowa, USA. Sequences were edited on Sequencher version
4.1.2 software (Gene Codes, Ann Arbor, Michigan, USA) and aligned with
Clustal X (Thompson et al., 1997). Because recombination is limited in the
chloroplast genome (McCauley, 1995), sequences from the two intergenic
spacers were combined in al analyses. For al analyses, indels were consid-
ered to be a single polymorphic position (Widmer and Baltisberger, 1999;
Stehlik et al., 2002a), unless sites within indels varied between haplotypes.
In these cases, indels were reduced in length to the minimum number of
polymorphic sites needed to represent the variation within the indel.

Analyses of genetic variation and population differentiation—Measures
of within-population genetic variation and among-population genetic differ-
entiation were estimated to test the predictions of the expansion hypotheses.
Within population genetic diversity was estimated as the average pairwise
nucleotide diversity () and based on the relationship between the number of
segregating sites and the number of alleles sampled (6,,). Linear regressions
were performed using both estimators of 6 to evaluate the relationship be-
tween latitude and genetic diversity (6). In addition, regions with high levels
of genetic variation were used to implicate the location of refugia (Comes
and Kadereit, 1998; Hewitt, 1999). To test whether or not populations had
been isolated on sky islands and to examine hierarchical population structure,
we estimated the degree of differentiation among populations (Fg;) and per-
formed an analysis of molecular variation (AMOVA). For the AMOVA, var-
iation was partitioned at three levels: among northern, central, and southern
biogeographic regions (Brouillet and Whetstone, 1993); among populations
within regions; and within populations. We also tested for isolation-by-dis-
tance following Rousset (1997) using linear regression of standardized pair-
wise population Fg; [—F</(1—Fg;)] on the logarithm of geographic distance.
All calculations were performed on Arlequin version 2.0 (Schneider et a.,
1997).

Phylogenetic and nested clade analyses—Two approaches were taken to
infer phylogenetic relationships among haplotypes. First, the intraspecific phy-
logenetic relationships among haplotypes was inferred using Bayesian pos-
terior probabilities implemented with MRBAYES version 2.0 (Huelsenbeck
and Ronquist, 2001) using four-chain Metropolis-coupled Markov chain Mon-
te Carlo (MCMCMC) analysis. Base frequencies were determined empirically
and substitution rates and the gamma distribution were estimated. The first
400000 generations were discarded as the *“burn-in.” Chains were sampled
every 100 generations and inferences were based on a total of 5000 sampled
trees. A consensus tree with posterior probabilites was generated in PAUP
version 4.10b (Swofford, 2001) from the base frequency, substitution rate,
gamma distribution, and 5000 Bayesian trees.

We also used statistical parsimony (Templeton et al., 1992), implemented
on TCS 1.13 (Clement et al., 2000), for estimating the relationships among
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haplotypes. The resulting genealogy was tested for geographic structure using
nested clade analysis (NCA; Templeton et al., 1995) implemented on GeoDis
(Posada et al., 2000). While NCA permits the examination of potential pop-
ulation processes underlying the geographic distribution of genetic variation
(Templeton, 1998), it is unable to statistically examine aternative inferences
(Knowles and Maddison, 2002), and thus caution is warranted when inter-
preting these analyses. The few studies of plant phylogeography that incor-
porated NCA support its utility in elucidating processes that have shaped
genetic patterns when compared with more traditional approaches such as
AMOVA (see Stehlik, 2002; Dobes et al., 2004).

RESULTS

Chloroplast sequence data—Approximately 304 bp of in-
tergenic spacer between tRNA-L and tRNA-F and 580 bp be-
tween tRNA-S and tRNA-G were sequenced from 333 indi-
vidual plants for a total of 884 bp of chloroplast intergenic
spacer per sample (Genbank accession numbers: AY 704273—
AY 704317 for tRNA-L to tRNA-F and AY 704318-AY 704362
for tRNA-S to tRNA-G). In surprising contrast to other studies
that showed very low levels of sequence variation for cpDNA
(e.g., Stehlik et al., 2002a; Holderegger and Abbot, 2003), 45
haplotypes were identified in S. lanceolatum. The sequence
data revealed three indels, which varied in length from 1 to 7
bp, four regions of single nuclectide repeat length polymor-
phisms (strings of 6-7 A's, 13-18 A's, 8-10 T's, 7-10 T's, and
7-8 T's), and an additional seven variable sites. After con-
verting the indels to one base substitution each, we described
20 variable sites for the 45 haplotypes, of which 16 sites were
parsimony informative.

Population genetic analysis—The average pairwise nucle-
otide diversity within populations, 7, ranged from 0.0 to 4.6
(Table 1). We found no relation between genetic diversity, as
measured by  or 6,,, and latitude (Table 1; for m, r = 0.01,
P = 0.96; for 6,, r = 0.01, P = 0.67). Moreover, estimates
of genetic diversity were highly variable among sites at similar
latitudes, but generally lower in the mid-latitudes around the
Greater Yellowstone Ecosystem. The high levels of genetic
variation associated with northern and southern regions sug-
gest the presence of two refugia (Comes and Kadereit, 1998).
These findings on the distribution of genetic variation suggest
that, generally, populations persisted across the latitudinal
range sampled for this species throughout the climate cycles.

Several lines of evidence indicated that S lanceolatum ex-
hibited strong geographic structure. First, 39 out of 45 hap-
lotypes (87%) were restricted to only asingle locality (werefer
to these haplotypes as private aleles) (Table 1). Second, nearly
all pairwise population comparisons of Fg were significant
(not shown). Third, regression of Fg/(1 — Fg) against the
logarithm of geographic distance showed a strong signal of
isolation-by-distance (r = 0.21, P < 0.01). Finally, the results
of the AMOVA (Table 2) were consistent with our other find-
ings and showed significant genetic structure at all hierarchical
levels. The majority of variation (52%) was explained by dif-
ferences among populations within regions. Differences
among northern, central, and southern regions explained 38%
of the variation. Only 18% of the variation occurred within
populations. Overall, the genetic structure and high degree of
differentiation between populations suggests extremely low
rates of gene flow among biogeographic provinces or among
populations within regions and long-term isolation of high-
elevation S. lanceolatum populations on multiple sky islands.
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TaBLE 2. Tests of genetic subdivision for populations of Sedum lan-

ceolatum.

Source of Sum of Variance Percentage of

variation df squares Components Variation
Among regions 2 185.0 0.671*** 30.5
Among populations

within regions 15 320.2 1.137*%** 51.6

Within populations 315 123.7 0.393*** 179
Total 332 629.0 2.201***

Notes: The AMOVA was partitioned at three levels: among northern,
central, and southern biogeographic regions, among populations within
regions, and within populations. Significant genetic structure was evi-
dent at al hierarchical levels (*** P < 0.001).

I ntraspecific phylogeny and network—The consensus tree
from Bayesian analysis reveadled that the mgjority of haplo-
types in Colorado, south of the Wyoming Basin, fall within
one clade, while evolutionary relationships among the north-
ern haplotypes and the few remaining Colorado haplotypes
could not be resolved. Lower resolution of northern haplo-
types, in comparison to those in the south, implies longer iso-
lation of southern populations and a greater degree of haplo-
type mixing among northern populations.

The genealogy of S lanceolatum haplotypes inferred using
statistical parsimony (Fig. 3) included 28 unsampled, hypo-
thetical ancestors in addition to the 45 sampled haplotypes.
Only one haplotype (Y5) was broadly distributed. The deepest
divergence between clades (clades 4-1 and 4-2) corresponded
to populations north and south of the Wyoming Basin. The
internal position of the geographically widespread haplotype
implies that it is probably of ancestral origin, but we did not
determine an ancestral root for the cladogram. Again, this dis-
junct distribution of haplotypes corroborates our AMOVA
findings and implies long-term separation of northern and
southern populations in two region-scale refugiaand little gene
flow among any sites.

Nested clade analysis—Nested clade analysis (NCA)
grouped the 73 haplotypes (which includes the 28 hypothetical
unsampled ancestors) into 31 first level clades, 13 second level
clades, five third level clades, and two fourth level clades,
within the entire clade (Fig. 3). The NCA identified 16 clades
that exhibited significant geographic structure, using « = 0.05
(boxes in Fig. 3 and al those shown in Fig. 4). Using Tem-
pleton et a. (1995) inference key, we inferred that the history
of S. lanceolatum included several cycles of fragmentation and
range expansion (Table 3). In the north, range expansion (clade
4-1) was followed by restricted gene flow (clades 3-2) then
range expansion again (clade 3-1, 2-4, 2-1) and finally more
restricted gene flow (clade 2-2) and fragmentation (clades 1-
1, 1-3). The southern clade was more influenced by restricted
gene flow and fragmentation events (clades 4-2, 3-3, 2-9, 2-
7), but did exhibit range expansion (clade 2-6) followed by a
recent fragmentation event (clade 1-8). Overall, the north ex-
perienced oscillation between expansion and fragmentation or
isolation of populations whereas the predominant inference in
the south was one of fragmentation and isolation.

DISCUSSION

Because of the large amount of variation observed in the
cpDNA intergenic spacers of S. lanceolatum, we were able to
discern a high level of geographic structure in this species.
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The chloroplast genome has historically been considered to
exhibit low variation (Schaal et al., 1998; reviewed in Widmer
and Baltisberger, 1999). Recently, however, several studies
have found high levels of variation within chloroplast regions
and that the degree of variation differs among taxa (Soltis et
al., 1991; Dobes et a., 2004) and between markers within the
genome (Gaut et al., 1993; Gielly and Taberlet, 1994; Widmer
and Baltisberger, 1999). Most of the variation occurs in large
single-copy regions (Schaal et a., 1998), as in our study. The
few studies that used cpDNA sequence data from intergenic
spacers (e.g., Fujii et al., 1999; Dobes et al., 2004) were highly
successful at inferring the historic biogeography of a species
in response to Quaternary climate change. Our cpDNA inter-
genic markers exhibited an unusually high level of sequence
variation (2.26%) in comparison to other studies and permitted
well-resolved inferences of the S. lanceolatum genealogy and
genetic structure. Undoubtedly, S. lanceolatum is not alone in
its rate of sequence evolution for cpDNA intergenic spacer
regions, and increased sampling will most likely reveal that
other species harbor extensive variation in cpDNA.

The Rocky Mountains south of the contiguous ice sheetsis
topographically and climatologically heterogeneous, with
abrupt changes in elevation, resources, climate, and abundance
of apine habitat. The disunct geography and topography of
the Rocky Mountains suggest isolation between the northern
and southern Rockies across the Wyoming Basin. Both cli-
matic (low precipitation) and geographic (low elevation) bar-
riers meet at approximately 42° N latitude on the Continental
Divide. The Wyoming Basin has acted as a formidable barrier
to gene flow between the north and south for high-elevation
organisms (Noonan, 2001; DeChaine and Martin, 2004).

The genetic structure in S lanceolatum implies that both
climate and geography within the Rocky Mountains played
major roles in shaping the distribution of genetic variation and
historic biogeography of this species. A genetic split across
the Wyoming Basin is immediately apparent from the data.
The distribution of genetic diversity (Table 1), as measured by
T and 6,, showed no relationship with latitude in S. lanceo-
latum, but rather revealed two centers of diversity within the
region, demonstrating that populations persisted across the lat-
itudinal range of the Rocky Mountain refugium throughout the
paleoclimatic cycles. We aso found that populations were
highly differentiated, implying a low frequency of gene flow
and long distance colonization, as expected (Van der Velde
and Bijlsma, 2003). Moreover, genetic diversity was structured
at al hierarchical levels. While genetic divergence was strong
among the northern, central, and southern regions, the greatest
degree of differentiation occurred among populations within
regions (Table 2). The signal of isolation-by-distance also im-
plied limited gene flow among populations up and down the
cordillera. The significant geographic structure associated with
the intraspecific phylogeny for S. lanceolatum further illus-
trated northern and southern centers of diversity and long-term
isolation of populations. Moreover, some of the highest levels
of within-population genetic variation and an assortment of
private alleles were observed for the most northern populations
in Glacier National Park (Table 1), indicating that populations
either persisted on the highest peaks, or nunataks, that pro-
truded above glacial ice or that other local, peripheral refugia
existed during the last glacial period.

Though high elevation species are expected to exhibit low
levels of differentiation among populations due to population
mixing during relatively long glacial periods (Winograd et al.,
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Fig. 3. Intraspecific genealogy and nested clade analysis-inferred geographic structure for Sedum lanceolatum across the latitudinal gradient of the Rocky
Mountains. This figure combines the intraspecific phylogeny of S lanceolatum with the frequency of haplotypes and the geographic location of the haplotype
(latitude [°N] is given along the y-axis). The Wyoming Basin is shown for geographic reference. Hypothetical, unsampled haplotypes inferred through TCS 1.13
(Clements et a., 2000) are shown as black dots. Haplotypes are shown as labeled circles. The size of the circle represents the frequency of that haplotype. The
shading of a circle shows the population(s) at which the haplotype was found. Private aleles only occur at one site by definition. For haplotypes shared among
sites, the sites and the frequency that the haplotype was sampled for each site are shown as a pie chart. In addition, shared haplotypes are plotted by the average
latitude for that haplotype. Each line separating two haplotypes corresponds to one mutational difference between them. Furthermore, boxes delineate clades
(labeled) with significant geographic structure used for nested clade analysis (NCA) inferences. The thickness of the box lines corresponds to clade depth (from
1 to 4), with thicker boxes representing deeper clades. Solid boxes denote inferred range expansion, while dashed boxes indicate clades that show haplotype
distributions consistent with fragmentation or restricted gene flow.
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Ist Level Clades

2nd Level Clades

3rd Level Clades

4th Level Clades

Total Cladogram
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Sub. Sub. Sub. Sub.
Hap. Dc Dn Clade D¢ Dn Clade D¢ Dn Clade D¢ Dn Clade D¢ Dn
Clade 1-1 Clade 2-
0.0 3.7 1-1 5.7S 315.3L
0.0S 3.7S 12 175.1S 287.2
00 638 62.3S 22448
GIl 0.0 20.7L I-T  455L -54.08 ade 3-
IT 00 -788 2.1 268.5S 276.58
2.4 256.6S 303.3L
LT 120 -26.88
Clade 1-5 ade 2-4
0.0S 1468 | A[I-5] 2238 18228
G9 00 465L[ [I[-19 2964 31521 -
IT 00 -31.8S I-T -274.1S -133.08 3-1  2844L 284204
263.5S 264.1S
I-T  -209S -20.18
G7_ 00S 378 [ 413 635 89 22 8.8S 265.5
0.0 20.5L 79 87 208.5 305.5L
I.T 00 168L| [I-T 16 -02 2-11] 44.98 250.4S
T 663L -5.0
Total
41 276.1S 503.3
42 1423S 479.9
I-T n/a n/a
ade 1-8 2-6 -
39.8 403 /1J§ 41.2S 45.8S |§J§ 139.7L 151.6L
C3 0.0S 422 1-10 0.0 26L.7L [~ 55.65 86.9
I'T  398L -1.9 T 412 21598 | | 27 3065 6058
0.0 2139L
[ 1T 329L 392L
Clade 2-7 -
1-9 0.0S 19.95 33 88.3S 103.8S
-6 0.0S 66.1L 34 147.9 17.3.0
m 00 199 35 75.9L 172.04
T 00 -14.6S T 795L  68.4L
Clade 2-9
13 0.0S 1163L
66.7S 78.95
T 667L -37.5S

Fig. 4. Nested clade analysis (NCA) results for clades with significant geographic structure. Nesting hierarchy proceeds from the presumed most recent
first-level clades on the left to the deeper clades on right. Within each clade (boxed), columns indicate haplotypes/subclades (from Fig. 3) or interior-tip (I-T)
contrasts, clade distance (Dc), and nested distance (Dn). Individual haplotypes/clades that are boxed are interior, while tip clades are left unboxed. Significantly
small (S) and large (L) statistics used for the NCA inference key (Templeton et al., 1995) in Table 3 are shown.

1997), S lanceolatum exhibited high levels of genetic differ-
entiation. High-elevation populations could have remained iso-
lated throughout the pal eoclimatic cycles by migrating up- and
downslope with little opportunity for interpopulation gene
flow. Isolation of populations, whether on a chain of intergla-

cial sky-islands or glacial nunataks within the confines of Cor-
dilleran ice, could have led to genetic differentiation among
populations. While downslope migration, expansion, and con-
nection of previously fragmented habitat during glacial periods
(or during interglacias for northern populations) might have

TaBLE 3. Inferences of historical processes.
Clade total Steps in inference key Inferred event
4-1 1,2,11,12,n0 contiguous range expansion
4-2 1,2,3,4,n0 restricted gene flow with isolation by distance
31 1,2,11,12,13,14,n0 contiguous range expansion or long-distance colonization
32 1,2,3,4,n0 restricted gene flow with isolation by distance
33 1,2,3,4,n0 restricted gene flow with isolation by distance
2-1 1,2,11,12,13,14,n0 contiguous range expansion or long-distance colonization
2-2 1,2,3,4,n0 restricted gene flow with isolation by distance
2-4 1,2,11,12,n0 contiguous range expansion
2-6 1,2,11,12,n0 contiguous range expansion
2-7 1,2,3,5,15,n0 past fragmentation
2-9 1,2,3,5,15,n0 past fragmentation
11 1,2,3,5,15,n0 past fragmentation
1-3 1,2,4,9,n0 past fragmentation
1-5 1,2,11,12,n0 contiguous range expansion
1-8 1,2,3,4,9,n0 past fragmentation
1-22 1,2,11,12,13,yes long-distance colonization
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promoted population admixture, which could lead to increased
genetic diversity (Walter and Epperson, 2001), population
mixing could have been inhibited by the persistent presence
of individuals at a site or within aregion throughout the glacial
cycles (Soltiset al., 1997). This could account for the observed
high frequency of private alleles and geographic structure in
the haplotypes of S lanceolatum. When populations receded
upslope, and experienced another period of isolation, they like-
ly became further differentiated, while preserving genetic var-
iation across the species’ distribution.

Historic events inferred through NCA revealed that northern
clades were more affected by expansion events, while those
in the south responded to fragmentation of habitat (Table 3,
Fig. 3), which was probably due to differences in topography
and the extent of ice. The south is more topographically het-
erogeneous and was not impacted by sheet ice, while the north
experienced a higher degree of connectivity during glacial pe-
riods with more of an opportunity for gene flow and coloni-
zation of novel habitat. For the alpine tundra, population pro-
cesses were probably uncoupled across the latitudina range
due to the varying effects of ice. During glacia periods, north-
ern populations were probably isolated on nunataks or in pe-
ripheral refugia, while in the south popul ations broadened their
ranges and became connected with downslope migration of
alpine habitat. In contrast, glacial retreat probably served to
connect the disparate northern populations, while interglacial
warming marooned more southerly populations on fragmented
sky islands.

Unfortunately, fossil pollen of alpine plant species is scarce
and Sedum pollen has not been identified from glacia deposits
or regions south of the ice sheets, so direct comparison with
the palynological record is not possible. Nonetheless, our find-
ings match palynological records for other high-elevation taxa
in the Rocky Mountains, including elevational migration of
the alpine tundra and treeline and a differential response of
flora north and south of the Wyoming Basin (Whitlock, 1993;
Fall, 1997; Vierling, 1998).

The phenomenon of ““chloroplast capture’” cannot be ruled
out as afactor affecting the geographic structure of haplotypes
in our study. In the absence of reproductive barriers, interspe-
cific gene flow can cause the introgression of one species
chloroplast into a population of another species with reticu-
lation of chloroplast lineages but permanence of morphologi-
cal traits (reviewed in Schaal et a., 1998). Several examples
have been documented, including sunflowers (Rieseberg et a.,
1990), poplars (Smith and Sytsma, 1990), oaks (Whittemore
and Schaal, 1991), and the sister family to Crassulaceae, the
Saxifragaceae (Soltis et al., 1991). Members of the genus Se-
dum frequently hybridize (Clausen, 1975) and thus chloroplast
introgression is likely. For nearly all of our collecting sites S
lanceolatum was the only species of Sedum present. Nonethe-
less, comparisons with other co-distributed species in the ge-
nus are warranted.

Biogeographic responses of flora to recurrent cycles of cli-
mate change greatly impact the evolution of a species (Steb-
bins, 1984) and that response is species dependent (Jackson
and Overpeck, 2000), based on seed-dispersal abilities, polli-
nation strategies, life span, and whether the speciesis asexual,
a self-pollinator, or outcrossing. Severa life history traitsin S
lanceolatum (Clausen, 1975), including a long-lived perennial
habit, slow growth, local outcrossing through insect pollina-
tion, vegetative reproduction, and limited or short-distance
seed dispersal, undoubtedly influenced the high degree of iso-
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lation and spatial stability of this species. High levels of dif-
ferentiation among regions without the loss of genetic varia-
tion is presumably due in part to long life span, vegetative
propagation, and local selection (Hamrick and Godt, 1990;
Reisch et al., 2003), in contrast to outcrossing plants (Hamrick
et a., 1991). The wide range of atitudes and soil types in-
habited by S. lanceolatum suggests that localized adaptation
may be contributing to the high genetic differentiation among
sky island populations in this species.

Summary of conclusions—The expanse of the Rocky
Mountain cordillera running south of the Pleistocene conti-
nental ice sheets has been a major influence on the evolution
of plants in North America. Our inferences from the high-
resolution cpDNA markers of S lanceolatum suggest that
high-elevation populations underwent extensive genetic diver-
gence in response to habitat fragmentation associated with the
paleoclimatic cycles. Not only was this region an important
glacial refugium that preserved genetic diversity of arctic and
alpine taxa throughout glacial periods, but its varied topogra-
phy also promoted genetic differentiation of populations dur-
ing warm interglacials.
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