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EVOLUTIONARY HISTORY OF THE NORTHERN LEOPARD FROG: RECONSTRUCTION

OF PHYLOGENY, PHYLOGEOGRAPHY, AND HISTORICAL CHANGES IN
POPULATION DEMOGRAPHY FROM MITOCHONDRIAL DNA

Eric A. HoOFFMANL2 AND MICHAEL S. BLouIN®:3
10regon Sate University, Department of Zoology, 3029 Cordley Hall, Corvallis, Oregon 97331

Abstract.—This study uses a combined methodological approach including phylogenetic, phylogeographic, and de-
mographic analyses to understand the evolutionary history of the northern leopard frog, Rana pipiens. We tested
hypotheses concerning how (or if) known geological events and key features of the species biology influenced the
contemporary geographic and genetic distribution of R. pipiens. We assayed mitochondrial DNA variation from 389
individuals within 35 populations located throughout the species range. Our a priori expectations for patterns and
processes influencing the current genetic structure of R. pipiens were supported by the data. However, our analyses
revealed specific aspects of R. pipiens evolutionary history that were unexpected. The phylogenetic analysis indicated
that R. pipiens is split into populations containing discrete eastern or western haplotypes, with the Mississippi River
and Great Lakes region dividing the geographic ranges. Nested clade analysis indicated that the biological process
most often invoked to explain the pattern of haplotype position is restricted gene flow with isolation by distance.
Demographic analyses showed evidence of both historical bottlenecks and population expansions. Surprisingly, the
genetic evidence indicated that the western haplotypes had significantly reduced levels of genetic diversity relative
to the eastern haplotypes and that major range expansions occurred in both regions well before the most recent glacial
retreat. This study provides a detailed history of how a widespread terrestrial vertebrate responded to episodic Pleis-
tocene glacial eventsin North America. Moreover, this study illustrates how complementary methods of data analysis

can be used to disentangle recent and ancient effects on the genetic structure of a species.
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Understanding the evolutionary history of a species is a
fundamental goal of evolutionary biology. To elucidate the
history of a set of populations from molecular data, research-
ers have traditionally used two analytical approaches. cre-
ating bifurcating trees of populations or using Fst to estimate
Nem (number of migrants per generation) under the assump-
tion of drift-migration equilibrium in an island model. In the
1970s and 1980s the application of the phylogeographic ap-
proach (Avise et al. 1979a,b; Avise 2000) became the stan-
dard for measuring intraspecific variation. In the phylogeo-
graphic approach, phylogenetic affinities of haplotypes were
overlain on geography, then the patterns were used to invoke
demographical, behavioral, and historical details of the spe-
cies involved. However, classic phylogeographic studies do
not attempt to disentangle past events from contemporary
processes. In the 1990s, the development of nested clade
analysis (Templeton et al. 1987, 1992, 1995; Templeton and
Sing 1993) introduced a new way to analyze phylogeographic
data. Nested clade analysis involves an overlay of geography
on an estimated gene tree to measure the strength of any
geography/phylogeny associations and to interpret the evo-
lutionary processes responsible (Avise 2000). Moreover, this
approach applies a statistical framework against which anull
hypothesis of no association between geography and phy-
logeny must be rejected before evolutionary processes are
invoked. Recently, the face of phylogeography has changed
again. New techniques allow for statistical tests of historical
changes in population, region, or species demography, such
as evidence for population expansions and bottlenecks. These
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techniques include but are not limited to: (1) mismatch dis-
tribution analysis (Slatkin and Hudson 1991; Rogers and Har-
pending 1992), which testsfor the occurrence of demographic
changes, and dates the approximate time that these changes
occurred; and (2) various tests initially developed to detect
whether DNA polymorphisms are selectively neutral, but that
also provide insight into population size changes (reviewed
in Fu 1997). Together, phylogenetic, phylogeographic, and
demographic techniques provide the tools necessary to un-
derstand how and when past processes have influenced cur-
rent genetic composition of a species (Hewitt 2000).

These techniques allow testing of hypotheses concerning
how (or if) known geological eventsinfluenced contemporary
geographic and genetic distribution. Temperate North Amer-
ica provides a good example of a region that has a well-
established history of dramatic geologic events. Temperate
North American flora and fauna have been greatly influenced
by dynamic glacial oscillations (Pielou 1991; Hewitt 1993).
Past studies have investigated the influence of glacial growth
and contraction on the evolutionary history of many species
(see summaries in Avise et al. 1998; Bernatchez and Wilson
1998). However, most of these studies have involved species
with only limited ranges (e.g., the North American west:
Conroy and Cook 2000; Johnson and Jordan 2000; Pook et
al. 2000; Janzen et al. 2002; Pacific Northwest: Green et al.
1996; Taylor et al. 1999; Nielson et al. 2001; north: Turgeon
and Bernatchez 2001; central states. Templeton et al. 1995;
Ross 1999; Weisrock and Janzen 2000; Kreiser et al. 2001,
south: Burbrink et al. 2000) and have therefore focused only
on regiona phylogeography. Recently, two studies have in-
vestigated wide-ranging species using a combination of phy-
logenetic, phylogeographic, and demographic techniques.
Both studies found that populations investigated had complex
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evolutionary histories that would not necessarily have been
explained or detected by classical approaches alone (Ber-
natchez 2001; Althoff and Pellmyr 2002).

Here, we investigate the evolutionary history of the north-
ern leopard frog, Rana pipiens. The leopard frog species com-
plex has a storied history in evolutionary biology (see Hillis
1988). Various aspects of R. pipiens ecology have been well
studied (Moore 1949; Dole 1971; Merrell 1977), but rela-
tively few studies have looked at genetic variation within
Rana pipiens sensu stricto. The northern leopard frog is
broadly distributed from the state of Washington east to New
York and from Arizona north to Hudson Bay. The majority
of previous studies investigating geographic variation within
leopard frogs have not differentiated among species within
the complex (Moore 1949; Gillespie and Crenshaw 1966;
Post and Pettus 1966; Salthe 1969), or only used limited
sampling of northern leopard frogs (Dunlap and Platz 1981,
Kimberling et al. 1996) and therefore provide little infor-
mation about specieswide phylogeography.

Our a priori hypotheses concerning the phylogeographic
and demographic history of R. pipiensarise from two sources:
phylogeographic and population genetic studies of anurans
in general and phylogeographic studies of other taxa within
temperate North America. First, we predict that restricted
gene flow plays an important rolein the contemporary genetic
composition of R. pipiens because studies have shown that
isolation by distance and restricted movement are the main
factors that influence anuran genetic structure (Yang et al.
1994; Driscoll 1998; Rowe et al. 2000; Shaffer et al. 2000;
Newman and Squire 2001; Nielson et al. 2001; Monsen and
Blouin 2003). Second, we predict that within the framework
of restricted gene flow, we will be able to detect the genetic
signature of a demographic bottleneck and subsequent ex-
pansion caused by glacial advance and retreat (Hewitt 1996)
including evidence of glacial refugia (Comps et al. 2001).
This second hypothesisis supported by phylogeographic find-
ings from other species found in temperate North America
(e.g., Sage and Wolff 1986; Green et al. 1996; Bernatchez
and Wilson 1998; Burbrink et al. 2000; Conroy and Cook
2000; Nielson et al. 2001; Starkey et al. 2003).

Support for these hypotheses would indicate that anuran
evolution is influenced by Pleistocene glaciation in a manner
similar to that of other North American species. Lack of
support for these hypotheses would raise new questions con-
cerning anuran evolution and glacial affects on small ecto-
thermic vertebrates. Regardless of whether this study finds
support for our hypotheses, it provides a detailed history of
how a widespread terrestrial vertebrate responded to the ep-
isodic Pleistocene glaciation events that occurred in North
America. We also provide one of thefirst examples of a study
that uses the combined methodol ogical approach to elucidate
a species’ evolutionary history (see also Bernatchez 2001;
Althoff and Pellmyr 2002).

To examine how the geological history of temperate North
America influenced the contemporary genetic structure of R.
pipiens, we sequenced part of the mitochondrial DNA
(mtDNA) NADH dehydrogenase subunit 1 (ND1) gene from
multiple individuals within populations located throughout
the species range. We used these data first to create an in-
traspecific phylogeny of R. pipiens, then used them to in-
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vestigate past events and contemporary processes involved
in shaping the present species genealogy. We also used mis-
match distribution analysis (MDA) and neutrality tests to
determine if and when any lineages underwent demographic
fluctuations. Finally, we determined if our results support the
above hypotheses concerning anuran biology and the effects
of glaciation on northern leopard frogs.

MATERIALS AND METHODS

Samples

Samples of R. pipiens consisted primarily of toe clips col-
lected during the summers of 1997-2001 and preserved by
desiccation in 1.5-ml tubes filled with Drierite (W. A. Ham-
mond Drierite Co., Xenia, OH) desiccant or 95% ethanol.
Some populations consisted of samples from the Canadian
Museum of Nature (NMC), Ottawa, Canada, and one pop-
ulation (6) was acquired from the Museum of Vertebrate
Zoology’s (MVZ; University of California Berkeley) frozen
tissue stocks. A total of 389 samples representing 35 popu-
lations located throughout the species range (see Fig. 1, Ap-
pendix available online) were used in this study.

Total genomic DNA was extracted following a standard
phenol/chloroform technique (Sambrook et al. 1989) or a
standard chelex technique (Miller and Kapuscinski 1996). For
MtDNA sequence analysis, we amplified the 5’ region of the
mtDNA ND1 gene, including the upstream tRNA-leucine, by
polymerase chain reaction (PCR). We initially attempted to
amplify all samples using primer MB77 (5'-TGGCA-
GAGCTTGGTTATGCAAAAGA-3') and primer MB145 (5'-
CTAAGAGGAAGACACTCCAG-3'). However, some sam-
ples consisted of degraded DNA and would not amplify
across this entire 644-bp region. Therefore, we designed in-
ternal primers that split the 644-bp piece into two smaller
pieces (MB77 X MB129; 5-GGAAATGGGGTTCATA-
TRATTARTG-3' and MB145 X MB128; 5'-RRCCCCCA-
CYCTYFCCYTAAC-3'). Using these primers, we were able
to amplify all previously failed reactions. In all, a total of
644 bp of mtDNA were sequenced from all 389 samples used
in this study.

PCR reactions were carried out in 25-ul reactions using
standard buffer conditions, 1.5 mM MgCl,, 10 mM each
dNTP, 0.5 Units Taqg DNA polymerase, and approximately
100 ng DNA. After 3 min of initial denaturation, each of 35
cycles consisted of the following steps: 94°C for 45 sec, 47°C
for 30 sec, and 72°C for 1 min, followed by a 7-min final
extension. PCR product was visualized under Ultra Violet
light and samples were purified by using the MoBio Ultra-
clean PCR cleanup kit (Salana Beach, CA) and sequenced
by the Nevada Genomics Center (Reno, NV). A few initial
samples were sequenced in both directions and used as ref-
erence sequences. The remaining samples were sequenced in
only one direction with any ambiguous reads sequenced in
the reverse direction for verification. All sequences were
aligned with a type sequence and checked for correct base
calsin SegEd (1.0.3, Applied Biosystems, Inc., Foster City,
CA). After proofreading, all sequences were aligned using
ClustalW (Thompson et al. 1994) and converted to Nexus
format for data analysis. Resulting sequences have been de-
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Map of North America showing the geographic distribution of Rana pipiens populations included in this study (identified by

number located next to symbols denoting coordinates for each sample). For species range see Figure 6. Populations are grouped according
to phylogeny. Thick dark line denotes the phylogenetic range of four-step clades, indicating haplotype relationships within eastern and
western regions. Thin lines and shading within each four-step clade indicate three-step clades, showing further division within each
region. Number of samples, occurrence and frequency of haplotypes in each location are given in Table 1 and exact population locations

are provided in the Appendix.

posited in GenBank under accession numbers AF548568,
AF548570-AF548613, AY 157644, and AY 157645.

Phylogeny Reconstruction

Phylogenetic trees of unique haplotypes were constructed
using maximum likelihood (ML) optimality criterion imple-
mented with PAUP* ver 4.0b10 (Swofford 2002) for each
unique haplotype in the dataset. For ML searches it is nec-
essary to determine an appropriate model of sequence evo-
lution (Swofford et al. 1996). We used likelihood-ratio tests
as implemented by Modeltest ver 3.0 (Posada and Crandall
1998) to infer the most likely model of sequence evolution
for our data. Parameter space was searched for the best tree
employing a heuristic search conducted with 10 random ad-
ditions and TBR branch swapping. We used the nonpara-
metric bootstrap method (100 pseudoreplicates with random
addition at each iteration) to assess nodal support of the short-
est tree (Felsenstein 1985). In addition to the R. pipiens sam-
ples, an individual of both R. blairi, from Nebraska, and R.
utricularia, from Florida, were also included in the phylo-
genetic analysis as outgroup species. These specieswere cho-

sen as outgroups because they are the closest interspecific
relatives of R. pipiens (Hillis et al. 1983).

Time since the split of divergent haplotypes was estimated
using a molecular clock of 0.69% sequence divergence/lin-
eage/million years (Macey et al. 1998a). We do recognize
that problems exist with the use of a molecular clock (Ed-
wards and Beerli 2000; Arbogast 2002). For example, clocks
are difficult to calibrate and they give the time of divergence
of the gene studied, not the time when the populations of
interest split (Nei and Li 1979). Nevertheless, we are con-
fident that Macey et al.’s clock is reasonable for R. pipiens
for three reasons. First, the clock was calibrated from geo-
logic data and using the same gene we used (MtDNA ND1)
in an anuran (Macey et al. 1998a). Second, similar rates of
divergence have been shown in salamanders (Spolsky et al.
1992), lizards (Macey et al. 1998b), and snakes (Zamudio
and Greene 1997). Third, and most compelling, this mtDNA
clock yields dates of separation among Pacific Northwestern
ranid species that are very similar to dates based on allozyme
distances among the same species (Green 1986; K. Monsen
and M. S. Blouin, unpubl. data). Finally, for our purposes,
we only need a rough estimate of divergence times.
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TaBLe 1. Table of haplotype frequencies and total number of samples sequenced within each population. See Figure 1 and the Appendix
(http://evol.allenpress.com/archive/0014-3820/058/01/02584.sl .pdf for population location information. Note that only populations 11
and 21 contain eastern and western haplotypes, see text for explanation.

Population n Haplotype (frequency)
1 12 W02 (1.00)
2 15 W02 (1.00)
3 12 W01 (0.50); W02 (0.50)
4 10 W01 (0.80); W04 (0.20)
5 6 WO01 (1.00)
6 9 W01 (0.78); W07 (0.22)
7 12 W07 (0.92); W13 (0.08)
8 12 W07 (0.67); W09 (0.08); W16 (0.25)
9 12 W07 (1.00)
10 12 WO07 (0.25); W10 (0.75)
11 10 W3 (0.90); E19 (0.10)
12 12 WO07 (0.92); W14 (0.08)
13 12 W03 (0.08); W07 (0.17); W08 (0.17); W11 (0.58)
14 12 W03 (0.08); W05 (0.08); W06 (0.08); W07 (0.42); W1l (0.25); W12 (0.08)
15 10 WOL1 (0.20); W07 (0.80)
16 12 W03 (0.17); W07 (0.67); W17 (0.17)
17 12 W03 (0.42); W07 (0.50); W18 (0.08)
18 12 WO07 (1.00)
19 12 WOL1 (0.42); W07 (0.50); W15 (0.08)
20 10 W01 (0.40); W07 (0.60)
21 5 WO07 (0.60); E38 (0.40)
22 10 E39 (0.40); E45 (0.60)
23 11 E33 (0.18); E45 (0.82)
24 12 E29 (0.08); E31 (0.83); E36 (0.08)
25 12 E28 (0.92); E43 (0.08)
26 12 E28 (0.17); E32 (0.08); E38 (0.17); E41 (0.17); E44 (0.42)
27 12 E37 (0.31); E38 (0.31); E40 (0.31); E42 (0.08)
28 12 E26 (0.08); E28 (0.50); E30 (0.08); E34 (0.08); E35 (0.08); E38 (0.17)
29 12 E19 (0.83); E22 (0.08); E38 (0.08)
30 12 E19 (0.33); E24 (0.08) E25 (0.08); E26 (0.33); E28 (0.08); E32 (0.08)
31 12 E19 (0.33); E20 (0.25); E21 (0.25); E23 (0.08); E26 (0.08)
32 5 E26 (0.40); E27 (0.60)
33 12 E26 (1.00)
34 12 E28 (0.33); E38 (0.67)
35 12 E19 (0.67); E28 (0.33)

Nested Clade Analyses

To detect an association between geographic location and
haplotype frequency and infer evolutionary processes that
have influenced current genetic structure, we implemented
nested-clade analysis (NCA) as described by Templeton et
al. (1995). First, we used the program TCS (Clement et al.
2000) to create an intraspecific network of haplotypes using
the 95% statistical parsimony method of Templeton et al.
(1992). The resulting network was converted into a nested
design following the nesting algorithm of Templeton et al.
(1987). For clades that exhibited appropriate levels of genetic
and geographic variation, we used the program GeoDis (Po-
sada et al. 2000) to calculate levels of significance for as-
sociations between haplotype and geographical location. Sta-
tistical testing of association between phylogenetic and geo-
graphic location was determined by random permutation tests
of the data against a null hypothesis created from a random
geographic distribution of all clades within each nesting level
(generated using 10,000 permutations). Significance for our
data was determined at the 5% level, and for those clades to
which the null hypothesis was rejected, we followed the in-
ference key at http://inbio.byu.edu/Faculty/kac/crandall_lab/
geodis.htm (updated October 2001) to infer biological causes
for the observed associations.

Demographic Analyses

For comparisons of within-region genetic diversity, hap-
lotype diversity (h) and nucleotide diversity (w) were cal-
culated using Arlequin, ver. 2.0 (Schneider et al. 2000) and
DNAsp ver. 3.53 (Rozas and Rozas 1999), respectively. Fur-
thermore, we conducted a mismatch distribution analysis
(MDA), constructing mismatch distributions and calculating
the raggedness index of Harpending (1994), using Arlequin,
to test for evidence of range expansion. One concern about
using MDA for a group of subdivided populations, as found
in this study, is that the assumption of random mating is
violated. However, Rogers (1995) showed that the theory
behind MDA is robust and should approximately hold true
even when populations are completely isolated. Moreover,
when subdivided populations arelinked by gene flow, an even
better fit to the random mating approximation should be ob-
tained.

MDA did indeed indicate that range expansions had taken
place in multiple clades, so we used the MDA age expansion
parameter (7) to date the initiation of each range expansion
(Rogers and Harpending 1992), assuming a two-year gen-
eration for R. pipiens (Ryan 1953). We also calculated Ta-
jima s D (Tajima1989) and performed Fu’ s Fstest (Fu 1997)
using Arlequin and Fu and Li’s (1993) D* and Fu and Li’s
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Fic. 2. Single tree retained from maximum-likelihood analysis relating the two major Rana pipiens haplotype groups. Relationships
among groups and bootstrap values (greater than 75%; above line) are derived from the 644 bp of the mitochondrial DNA ND1 gene.
Alphanumeric labels following tree tips designate haplotype name and western and eastern headings refer to general location where
haplotypes were found. Within-population frequency of haplotypes is provided in Table 1. This tree is rooted by two outgroup species,
R. blairi and R. utricularia. Location of the eastern haplotypes nested within a backbone of western haplotypes suggests that the eastern
group is derived from the western group. However, we cannot reject the hypothesis of reciprocal monophyly for the eastern and western

haplotypes (see text).

(1993) F* using DNAsp to confirm evidence of demographic
expansions. These tests involve comparisons of different es-
timates of the parameter 6, which is defined as 4Np. for an
autosomal locus and 2Np. for a haploid locus, where N is the
effective population size and . is the mutation rate per se-
quence per generation (Fu 1997).

REsuULTS
Phylogeny Reconstruction

Among the 389 ingroup specimens examined, we iden-
tified 51 polymorphic sites comprising 45 unique R. pipiens
haplotypes (see Fig. 2, Table 1, Appendix online at http:
/1dx.doi.org/10.1554/02-584.1.s1). Modeltest selected the
HKY + I' model (Hasegawa et al. 1985) as the most likely
model of sequence evolution for our data, with gamma
distribution shape parameter of 0.2126 and a transition/
transversion ratio of 5.3020. Figure 2 illustrates the
branching topology of the ML tree. The most prominent
feature of this tree involves the position of the outgroup

species relative to haplotypes found in eastern and western
populations. High bootstrap support groups together east-
ern haplotypes as a single monophyletic clade (Fig. 2). The
odd shape of this tree likely originated from one of two
processes. A western ancestor could have migrated east-
ward and given rise to the eastern lineage. Over time, ow-
ing to large population sizes and recurrent bottlenecks, the
original sequence was retained unchanged in some western
populations, while undergoing mutational changes in the
eastern populations. This long-range dispersal hypothesis
is supported by the NCA (see below). Alternately, the east-
ern and western haplotypes could have been split owing
to some vicariant event. We used a Shimodaira-Hasegawa
(SH) test to compare likelihoods of ML topologies of each
of two trees representing extremely different potential trees
given our data: one was the observed tree (Fig. 2), and one
was a tree in which the western haplotypes arose from an
ancestral node within the eastern haplotypes. These two
trees where not significantly different (P = 0.122), indi-
cating that statistically, we cannot reject reciprocal mono-
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Fic. 3. Statistical parsimony (95%) network for 45 mitochondrial DNA haplotypes identified for Rana pipiens. The network is grouped
into nesting clades. Each line in the network represents a single nucleotide substitution. Small circles indicate undetected intermediate
haplotype states. The relative size of the boxes and ovals (at the haplotype level) represent the frequency of these haplotypes (boxes
around haplotypes denote those haplotypes with the highest outgroup weight). The dotted line connecting haplotype w7 to €28 was not
identified within the limits of 95% statistical parsimony, but is supported by other data (see text). The boxes indicate nesting level (e.g.,
1-4, nesting level one, grouping number four). Alphanumeric haplotype names correspond to those in Figure 2, Table 1, and the Appendix.

phyly among haplotype groups. However, for this vicariant
event hypothesis to explain the observed tree topology, there
would have needed to be arelatively large change in the rate
of evolution among the eastern and western haplotypes. Max-
imum sequence divergence (uncorrected) between eastern
and western haplotypes was 4.3%. Average uncorrected se-
quence divergence between the eastern and western haplo-
types was approximately 3%. Uncorrected sequence diver-
gence was a maximum of 2.2% within the eastern haplotypes

and 0.93% within the western haplotypes. The estimated age
of haplotype divergence between east and west populations
of R. pipiens was about 2 million years (3% sequence di-
vergence at 0.69% per lineage per million years).
Surprisingly, the Arizona population contained a single
eastern haplotype (Table 1). This haplotype is probably not
from a native frog but rather was likely a liberated pet or
laboratory frog. Laboratory frogs are usually collected in the
eastern part of the species range (E. A. Hoffman and M. S.
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Inference for all clades showing significant association from nested clade analysis results given in Figure 4 from key given

from http://inbio.byu.edu/Faculty/kac/crandal l-lab/geodis.htm (October 2001).

Chain of
Clade inference Inference
Zero-step clades nested in 1-1 1-2-3-4-NO restricted gene flow with isolation by distance
Zero-step clades nested in 1-4 1-2-3-5-6; 7-YES either range expansion/colonization or restricted gene flow/dis-
persal with some long-distance dispersal
Zero-step clades nested in 1-5 1-2-3-5-15-16-YES allopatric fragmentation
Zero-step clades nested in 1-6 1-2-3-4-NO restricted gene flow with isolation by distance
Zero-step clades nested in 1-7 1-2-3-4-9-10-YES allopatric fragmentation
Zero-step clades nested in 1-8 1-2-3-4-NO restricted gene flow with isolation by distance
One-step clades nested in 2-1 1-2-3-4-NO restricted gene flow with isolation by distance
One-step clades nested in 2-2 1-2-3-4-NO restricted gene flow with isolation by distance
One-step clades nested in 2—4 1-2-3-4-NO restricted gene flow with isolation by distance
One-step clades nested in 2—6 1-2-3-4-NO restricted gene flow with isolation by distance
Two-step clades nested in 3—-1 1-2-3-4-NO restricted gene flow with isolation by distance
Two-step clades nested in 3-2 1-2-3-4-NO restricted gene flow with isolation by distance
Two-step clades nested in 3—-3 1-2-11-12-13-14-NO either contiguous range expansion or long-distance colonization
Three-step clades nested in 4-1 1-2-11-12-NO contiguous range expansion
Four-step clades nested in entire 1-2-11-12-13-YES long-distance colonization

cladogram

Blouin, unpubl. data). For this reason, the individual with
the eastern haplotype from Arizona was removed from sub-
sequent intraregional analyses.

Nested Clade Analysis

Figure 3 showstheintraspecific network and nesting design
obtained using the nesting algorithm given in Templeton et
al. (1987). One reticulation caused by an inferred haplotype
connecting haplotypes w1l and w18 was removed based on
the criteria of Posada and Crandall (2001) for determining
the most plausible of alternative networks. A second retic-
ulation (connecting haplotypes €28, €38, and €36) could not
be removed and was therefore nested in accordance to the
nesting algorithm. Third- and fourth- level nesting (see Fig.
1) illustrates the break between eastern and western haplo-
types aswell as substructuring within each region. TCS could
not link eastern and western haplotypes within the limits of
95% statistical parsimony. Ninety-five percent statistical par-
simony was accepted only up to 10 mutational steps, but the
east-west connection required 16 mutational steps, indicating
that these connections are beyond the 95% confidence limits
of parsimonious connections. However, two sources of evi-
dence suggest that the east-west connection does indeed link
clades 1-7 and 1-4 as shown in Figure 2: (1) in TCS, when
the number of maximum connection steps allowed is changed
to 16, the program links 1-7 and 1—4 (although not with 95%
confidence); and (2) clades 1-7 and 1-4 contain haplotypes
with the highest outgroup weights (Castelloe and Templeton
1994) within each region and thus are most likely connected
together according to predictions of coal escent theory applied
to intraspecific networks (Posada and Crandall 2001). Out-
group weight calculations indicated that clade 1-4 contained
the most ancestral haplotype (w7); therefore at the highest
nesting level clade 4-2 (which contains clade 1-4) was as-
sumed to be interior (Posada and Crandall 2001). The polarity
of the west being ancestral to the east concurs with the in-
traspecific phylogeny where the western haplotypes are more
similar to outgroup species than are eastern haplotypes.

The null hypothesis of no association between geographic

location and haplotype position within a clade was rejected
for 15 clades, showing that both population structure and
population history played important roles in determining the
current position of mtDNA haplotypes (see Fig. 4). The bi-
ological processes inferred to cause the significant associa-
tions for all of these clades are described in Table 2. The
biological process most often invoked to explain the pattern
of haplotype position observed for R. pipiens is restricted
gene flow with isolation by distance. However, allopatric
fragmentation, range expansion, or long-distance coloniza-
tion were also inferred for certain clades.

Demographic Analyses

Levels of haplotype diversity and nucleotide diversity are
not equal between geographic regions. Haplotype diversity
(h) and nucleotide diversity (w) are significantly higher in
the east than in the west (Table 3). Furthermore, the average
number of nucleotide differences is aimost twice as great in
the east (3.293) as in the west (1.957).

Mismatch distributions for each of the four clades for
which NCA indicated range expansion (analyzed separately)
and for the entire western region fit the expected unimodal
model of sudden expansion (see Table 4, Fig. 5). Addition-
aly, for each clade analyzed separately the raggedness index
was low (Table 4), indicating a smooth distribution and thus
further evidence of population expansion (Harpending 1994).
Therefore, we can use the observed values of the MDA age
expansion parameter (1) to estimate the time the expansion
began for clades initially identified by NCA as undergoing
range expansion. This was done by solving for 7, from t =
2ut (Rogers and Harpending 1992), where u is the sum of
per-nucleotide mutation rates in the region of DNA under
study and t is time in generations. Values of T were nearly
identical in the western clades (clade 14 t = 3.022, clade
4-2 v = 3.61), but different and older in the eastern clades
(clade 3-3 1 = 5.02, clade 4-1 v = 3.68). When 7 is converted
to years since the expansion, range expansions are dated from
330,000 years ago for clade 1-4 (with 95% confidence in-
tervals ranging 50,000—710,000) to 550,000 years ago for
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clade 3-3 (with 95% confidence intervals ranging 146,000—
1,127,000; see Table 3).

Significance of neutrality tests varied depending on statis-
tic and region. Within the western region Fu and Li’s D* and
Fu and Li’s F* were significant and Fu’'s Fs was marginally
significant, however, Tajima’s D was not significant (Table
3). Within the eastern lineage, Fu’'s Fs was significant, but
Tgima's D, Fu and Li’s D*, and Fu and Li’s F* were not
significant (Table 3). Nevertheless, nominal values of all test
statistics within both regions had negative values, again sug-
gesting that demographic expansions had occurred.

Discussion
Evolutionary History of the Northern Leopard Frog

The phylogenetic analysis indicated that there are geo-
graphically isolated eastern and western haplotypes (Fig. 2)
that are divided by the Mississippi River and Great Lakes
region (Figs. 1, 6). Molecular-clock estimates of the anuran
mtDNA ND1 gene indicate that eastern and western haplo-
types have been differentiated for approximately two million
years. This would correspond to a leopard frog ancestor ra-
diating across northern North America and subsequently dif-
ferentiating during the Pliocene. This is a time from which
few North American anuran fossils exist, but is believed to
be a time of great species radiation in North American am-
phibians (Holman 1995). Geographically, the eastern and
western haplotypes are almost entirely disjunct (Fig. 1). Al-
though we do not know how the eastern populations were
founded, they likely spread from afew founders either cross-

ing the Mississippi River or spreading north of the Great
Lakes. Regardless of the founding processes, glacial events
and the Mississippi River kept eastern and western popula-
tions isolated by not allowing high levels of recurrent gene
flow.

Only one population (21, located near Attawapiskat, On-
tario) appears to be an area of geographic convergence of
eastern and western haplotypes. This population is located
north of the Great Lakes region and likely contains both
eastern and western haplotypes due to secondary contact dur-
ing the current interglacial period. Thus, it representsthe apex
of postglacial eastward expansion of the western haplotypes
and westward expansion of the eastern haplotypes. The level
of mtDNA genetic variation between eastern and western
regions is relatively high for an intraspecific comparisons. In
fact, this amount of genetic variation is comparable to that
found between some recognized species of ranid frogs such
as R. pretiosa—R. lutieventris, about 3% (K. Monsen and M.
S. Blouin, unpubl. data); R. yavapaiensis—R. onca, about 4.7%
(Jaeger et al. 2001); and R. blairi—R. berlanderi, about 4.9%
(Jaeger et al. 2001). However, we do not recommend splitting
R. pipiens into two distinct species because we only have
evidence based on mtDNA. Although the mtDNA divergence
may be comparable to that found between other ranid species,
studies have shown that mtDNA and other measures used to
split species (e.g., nuclear markers, morphology, or behavior)
are not always concordant (Buonaccorsi et al. 1999; Ny-
akaana and Arctander 1999; Franck et al. 2001; Monsen and
Blouin 2003). Nonetheless, further work on the taxonomic
status of the two R. pipiens regions is warranted.
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TaBLE 3. Results of demographic parameters including number of populations, h, =, Fu's Fs, Tgjima's D, and Fu and Li’'s D* and F* (95% CI and P-values given where

applicable), grouped by geographic region.

Tajima's D Fu and Li's D*

Fu's Fs

(P-value)
—5.277 (0.057)

Nucleotide diversity,
—-9.60 (0.012)

Haplotype diversity,

Number of
populations

Fu and Li’'s F* (P-value)

(P-value)
—3.18 (<0.05)
—1.17 (>0.10)

(P-value)
—0.664 (0.27)
—-1.43 (0.075)

™ (+£95% Cl)
0.003 (+0.00022)
0.005 (+0.00063)

h (£95% ClI)
0.745 (+0.045)
0.903 (*0.020)

Region

West (clade 4-2)

—2.65 (<0.05)
—1.54 (>0.10)

21

14

East (clade 4-1)
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Application of NCA to the ND1 gene of R. pipiens adds
further insight into the evolutionary history of the species.
First, at the highest nesting level (the four-step clade), rep-
resenting the oldest significant event, NCA identifies the or-
igin of the eastern clade as along-distance colonization event
originating from the west (see Table 2). This conclusion is
supported by the topology of the ML tree (see Fig. 2), which
is consistent with a basal western haplotype giving rise to
more derived eastern haplotypes. Second, in both the eastern
and western regions, a consistent pattern of restricted gene
flow is detected at all but the highest nesting levels. However,
other processes also played significant roles in both regions.
In the eastern region, allopatric fragmentation events from
the main eastern lineage were identified in both Illinois (zero-
step clades nested in clade 1-7) and Ohio (zero-step clades
nested in clades 1-5 and 1-7; see Table 2). Moreover, NCA
identified that two range expansion events occurred in the
eastern lineage, first across the east and into the northwestern
part of the eastern range (clade 4-1) and subsequently into
the northeast (clade 3-3; see Table 2). In the western region,
restricted gene flow was the most influential force, although
range expansions (clade 4-1) also helped shape extant hap-
lotype locations (see Table 2).

Demographic analyses show evidence of both historical
bottlenecks and population expansions that are likely due to
the oscillation of glacial advance and retreat during the Pleis-
tocene epoch. We also see a striking pattern of reduced levels
of genetic variation in the west (Table 3). Although a selec-
tive sweep could be responsible, we see the same pattern of
east-west divergence and lower western diversity in painted
turtles (Chrysemys picta complex; Starkey et al. 2003). The
most parsimonious explanation for such similar patterns in
both turtles and frogs is some common geologic event, such
as repeated glacial oscillations, that resulted in bottlenecks
in both taxain the west. Although nucleotide diversity in the
east is not as reduced as in the west, MDA and neutrality
tests concurred with NCA that recent range expansions have
also occurred in thisregion. Graphs of mismatch distributions
from all clades where NCA indicated range expansions oc-
curred, and from the entire western region, were consistent
with the unimodal model of sudden expansion for pairwise
nucleotide differences (Rogers and Harpending 1992; see Ta-
ble 4). Furthermore, we used the NCA analysis and patterns
of genetic variation to predict patterns of range expansion
from areas of glacial refugia (see Fig. 6). The bottlenecks
inherent in the data must have occurred prior to current ex-
pansion events because NCA, MDA, and neutrality tests in-
dicate that the most recent event influencing current genetic
structure in both the eastern and western haplotype regions
is population range expansion. Therefore, we used MDA to
date the approximate time since the initiation of expansion.
Average dates of expansion are similar within the eastern
populations, within the western populations, and between the
eastern and western populations (see Table 4), indicating that
major demographic events likely occurred specieswide ap-
proximately 300,000-500,000 years ago (likely toward the
later date because T usually leads to an underestimation of
age of expansion within the 95% confidence interval; Schnei-
der and Excoffier 1999). These demographic fluctuations
likely correspond to widespread contraction and expansion



years ago) (95% ClI)

Years since expansion
initiation (million
0.3358 (0.05-0.71)
0.401 0.076-0.749
0.550 (0.146-1.127)
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0.13
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0.79

01
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differences
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15 (3-15)
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TABLE 4. Observed (S) and 95% confidence intervals of simulated number of polymorphic sites, mean number of pairwise differences (95% Cl), demographic parameters
14 (8-26)

(95% CI) within clades with a priori evidence (from NCA) of range expansion. P(SSDs) and P(Rag,,s) measure the probability of deviation from a hypothesis of sudden
expansion according to the mismatch distribution and raggedness index respectively. Years since expansion measures the approximate time since the expansion began estimated

from 7, the age expansion parameter (95% ClI).
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from glacial refugia because these events were nearly ubig-
uitous among other vertebrate populations during the Pleis-
tocene (Holman 1995).

Do These Phylogenetic and Phylogeographic Patterns Fit
Our Expectations?

We had two a priori predictions for patterns we would see
in the genetic structure of R. pipiens. First, because restricted
movement is a pervasive feature of the biology of frogs, we
expected to see patterns consistent with contemporary iso-
lation by distance. Second, we expected to see the signatures
of population contractions and expansions caused by glacial
advance and retreat. Both of these predictions are supported
by the data. NCA clearly indicates that isolation by distance
is the main process influencing contemporary genetic com-
position of R. pipiens (see Table 2). Both NCA and demo-
graphic analysesindicate asignificant influence of population
extinction and expansion. Glacial refugia, identified as geo-
graphic regions containing unique haplotypesand high allelic
richness, can be identified in both the eastern and western
regions. That R. pipiens would show a magjor break across
the Mississippi River was not an a priori prediction of our
study. However, this result is not surprising because many
other species of small mammals, fishes, amphibians, and rep-
tiles also show major phylogeographic breaks in the vicinity
of the Mississippi River (Blair 1965; Lansman et al. 1983;
Burbrink et al. 2000 and references therein; Starkey et al.
2003)

Our analyses also revealed three interesting and unex-
pected patterns. First, NCA results suggest that the eastern
haplotypes were derived from a western haplotype via long-
distance colonization (Table 2). This pattern of an eastern
group originating through a dispersal event from the west is
not unique. Other specieswith preglacial northern rangesal so
show evidence of long-range dispersal events that resulted
in eastern and western races (e.g., Wilson et al. 1996; Ber-
natchez 1997; Turgeon and Bernatchez 2001). A second un-
expected result was that western populations had lower levels
of genetic diversity than eastern populations. This result sug-
gests that population contractions were more severe in the
west than in the east. The east may have had more glacial
refugia, each of which maintained a different subset of the
regional variation. Our data suggest that only one western
population (14, in eastern Nebraska) served as a glacial re-
fugium, whereas five eastern populations (in Illinois, Ohio,
Ontario, New York, and Massachusetts) appear to have
served as glacial refugia (Fig. 6, Table 1). The third unex-
pected result is that the demographic expansions identified
by NCA, MDA, and neutrality tests occurred much earlier
than expected. Contrary to our expectations, these expansions
do not correspond to the most recent glacial retreat (circa
15,000 years ago), but apparently occurred 300,000-500,000
years ago. The effects of lessimportant demographic changes
may be masked by the most influential event in recent history
(Rogers 1995). Therefore, if population genetic variation was
greatly reduced 300,000-500,000 years ago, then MDA might
not have picked up the signature of more recent, but less
significant, bottlenecks.
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Fic. 6. Map showing the current geographic distribution of Rana pipiens from Conant and Collins (1991; thin line) and major dispersal
patterns as identified in this study. Points on map indicate sampling locations (see Fig. 1). The thin dotted line running east—west
approximates the southernmost extent of the Wisconsin glaciation. Solid arrows indicate dispersal patterns identified within the current
species range. Dotted arrows indicate patterns of dispersal from past glacial refugia (as indicated by fragmentation events in nested clade
analysis). The large dashed line symbolizes the geographic divide between the east-west genetic split.

Benefits of Using Multiple Analyses to Elucidate
Evolutionary History

Our study demonstrates the benefit of using multiple in-
dependent analyses to elucidate a species’ evolutionary his-
tory from genetic data. In this study, we used three main
approaches: phylogeny reconstructions, phylogeography
(NCA), and demographic analyses (MDA). No singleanalysis
would have provided a history as complete as did the com-
bination of these techniques. For example, the ML tree was
informative concerning broad genetic patterns, especially
with regards to positions of outgroup taxa. However, the ML
tree by itself would have only showed that there were disjunct
eastern and western haplotypes. It would have provided little
information about relationships among haplotypes within
each region (owing to short branch lengths), or about the
processes that generated that structure. To determine the re-
| ationship among haplotypes and their population frequencies
within each region, we had to use an intraspecific haplotype
network. NCA was useful in identifying the likely processes
causing the current distribution of haplotypes. MDA and the
other neutrality tests enabled an independent test of the data
to determine if certain conclusions from the NCA (such as
range expansions) were supported. Yet, demographic tests

alone can prove misleading because various microevolution-
ary forces leave similar genetic fingerprints (e.g., expansion
and selection). Similarly, NCA may not always be accurate
in predicting process from genetic patterns (Knowles and
Maddison 2002). But in our case the concordant results of
range expansions between NCA and multiple demographic
analyses gave us confidence in each individual method. As
data continueto indicate that many species’ genetic structures
are not in a stable equilibrium, it is increasingly important
to use a suite of techniques to reconstruct an accurate picture
of evolutionary history.

Conclusions

The results of this study assist in our understanding of how
evolutionary events, predominately Pleistocene glacial os-
cillations, influenced a broad-ranging, ectothermic vertebrate
in temperate North America. However, we would have re-
ceived an incomplete history had we not used a full suite of
phylogeographic tools including phylogeny reconstruction,
nested clade analysis, mismatch distribution analysis, and
various neutrality tests. Using these analyses, we were able
to determine that R. pipiens has a complex evolutionary his-
tory involving geographically separated eastern and western
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haplotypes whereby the eastern populations likely originated
via long-distance dispersal from western populations. Ad-
ditionally, R. pipiens experienced allopatric fragmentation
events, population bottlenecks, and population expansions.
Genetic evidence indicates major range expansions occurred
well before the most recent glacial retreat. Moreover, this
study identified how both eastern and western regions of R.
pipiens were differentially influenced by glacial expansion
and retreat as evidenced by significant variation in genetic
diversity among haplotypes within each region. Finally, this
study illustrates how complementary methods of data anal-
ysis can be used to disentangle recent and ancient effects on
the genetic structure of a species.

ACKNOWLEDGMENTS

We would like to thank F. Schueler, J. Schlosser, N. Volk-
er, J. Cronin, A. Collier, W. Herman, C. Cicero, H. Waye,
J. K. Werner, W. Leonard, C. Hitchcock, and K. Fields for
help in obtaining samples and especially F. Schueler for as-
sistance in obtaining NMC samples. We would also like to
thank G. Appelson for R. utricularia samples. Additionally,
we thank M. Pfrender and L. Mead for assistance with ML
and NCA analysis and K. Monsen for helpful criticism on
earlier versions of the manuscript. This manuscript was great-
ly improved by the comments of J. Wiens, H. B. Shaffer,
and an anonymous reviewer. This research was funded by
U.S. Geological Survey contract 0OOHQAGO0027 to MB and
Washington Department of Fish and Wildlife grant 58300726
to EH.

LiTERATURE CITED

Althoff, D. M., and O. Pellmyr. 2002. Examining genetic structure
in abogus yuccamoth: asequential approach to phylogeography.
Evolution 56:1632-1643.

Arbogast, B. S., S. V. Edwards, J. Wakeley, P. Beerli, and J. B.
Slowinski. 2002. Estimating divergence times from molecular
data on phylogenetic and population genetic timescales. Annu.
Rev. Ecol. Syst. 33:707-740.

Avise, J. C. 2000. Phylogeography, the history and formation of
species. Harvard Univ. Press, Cambridge, MA.

Avise, J. C., C. Giblin-Davidson, J. Laerm, J. C. Patton, and R. A.
Lansman. 1979a. Mitochondrial DNA clones and matriarchal
phylogeny within and among geographic populations of the
pocket gopher, Geomys pinetis. Proc. Natl. Acad. Sci. USA 76:
6694-6698.

Avise, J. C., R. A. Lansman, and R. O. Shade. 1979b. The use of
restriction endonucleases to measure mitochondrial DNA se-
guence relatedness in natural populations. |. Population structure
and evolution in the genus Peromyscus. Genetics 92:279-295.

Avise, J. C., D. Walker, and G. C. Johns. 1998. Speciation durations
and Pleistocene effects on vertebrate phylogeography. Proc. R.
Soc. Lond. B 265:1707-1712.

Bernatchez, L. 1997. Mitochondrial DNA analysis confirms the ex-
istence of two glacial races of rainbow smelt Osmerus mordax
and their reproductiveisolation in the St. Lawrence River estuary
(Quebec, Canada). Moal. Ecol. 6:73-83.

———. 2001. Evolutionary history of brown trout (Salmo truttaL.)
inferred from phylogeographic, nested clade, and mismatch anal -
yses of mitochondrial DNA variation. Evolution 55:351-379.

Bernatchez, L., and C. C. Wilson. 1998. Comparative phylogeog-
raphy of Nearctic and Palearctic fishes. Mol. Ecol. 7:431-452.

Blair, W. F. 1965. Amphibian speciation. Pp. 543-556 in H. E.
Wright Jr. and David G. Frey, eds. The Quaternary of the United
States: areview volume for the 7th congress of the International

157

Association for Quaternary Research. Princeton Univ. Press,
Princeton, NJ.

Buonaccorsi, V., K. Reece, L. Morgan, and J. Graves. 1999. Geo-
graphic distribution of molecular variance within the blue marlin
(Makairanigricans): ahierarchical analysisof allozymes, single-
copy nuclear, and mitochondrial DNA markers. Evolution 53:
568-579.

Burbrink, F. T., R. Lawson, and J. B. Slowinski. 2000. Mitochon-
drial DNA phylogeography of the polytypic North American rat
snake (Elaphe obsoleta): a critique of the subspecies concept.
Evolution 54:2107-2118.

Castelloe, J.,, and A. R. Templeton. 1994. Root probabilities for
intraspecific gene trees under neutral coalescent theory. Mol.
Phylogenet. Evol. 3:102-113.

Clement, M., D. Posada, and K. A. Crandall. 2000. TCS: acomputer
program to estimate gene genealogies. Mol. Ecol. 9:1657—-1659.

Comps, B., D. Gomory, J. Letouzey, B. Thiebaut, and R. J. Petit.
2001. Diverging trends between heterozygosity and allelic rich-
ness during postglacial colonization in the European beech. Ge-
netics 157:389-397.

Conant, R., and J. T. Collins. 1991. Reptiles and amphibians: east-
ern/central North America. Houghton Mifflin, Boston.

Conroy, C. J, and J. A. Cook. 2000. Phylogeography of a post-
glacial colonizer: Microtus longicaudus (Rodentia: Muridae).
Mol. Ecol. 9:165-175.

Dole, J. W. 1971. Dispersal of recently metamorphosed leopard
frogs, Rana pipiens. Copeia 1971:221-228.

Driscoll, D. 1998. Genetic structure of the frogs Geocrinia luteas
and Geocrinia rosea reflects extreme population divergence and
range changes, not dispersal barriers. Evolution 52:1147-1157.

Dunlap, D. G., and J. E. Platz. 1981. Geographic variation of pro-
teins and call in Rana pipiens from the north-central United
States. Copeia 1981:876-879.

Edwards, S. V., and P. Beerli. 2000. Perspective: gene divergence,
population divergence, and the variance in coalescence time in
phylogeographic studies. Evolution 54:1839-1854.

Felsenstein, J. 1985. Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39:783—791.

Franck, P., L. Garnery, A. Loiseau, B. Oldroyd, H. Hepburn, M.
Solignac, and J. Cornuet. 2001. Genetic diversity of the hon-
eybee in Africa: microsatellite and mitochondrial data. Heredity
86:420-430.

Fu, Y. 1997. Statistical tests of neutrality of mutations against pop-
ulation growth, hitchhiking and background selection. Genetics
147:915-925.

Fu, Y.-X., and W.-H. Li. 1993. Statistical tests of neutrality of
mutations. Genetics 133:693-709.

Gillespie, H., and J. W. Crenshaw. 1966. Hemoglobin variation in
Rana pipiens (Amphibia: Anura). Copeia 1966:889-893.

Green, D. M. 1986. Systematics and evolution of western North
American frogs allied to Rana aurora and Rana boylii: electro-
phoretic evidence. Syst. Zool. 35:283-296.

Green, D. M., T. F. Sharbel, J. Kearsley, and H. Kaiser. 1996.
Postglacial range fluctuations, genetic subdivision and speciation
in the western North American spotted frog complex, Rana pre-
tiosa. Evolution 50:374-390.

Harpending, H. C. 1994. Signature of ancient population growth in
a low-resolution mitochondrial DNA mismatch distribution.
Hum. Biol. 66:591-600.

Hasegawa, M., H. Kishino, and T. Yano. 1985. Dating the human-
ape splitting by a molecular clock of mitochondrial DNA. J.
Mol. Evol. 22:160-174.

Hewitt, G. 1993. Postglacial distribution and species substructure:
lessons from pollen, insects, and hybrid zones. Pp. 97-123 in
D. R. Leesand D. Edwards, eds. Evolutionary patterns and pro-
cesses. Academic Press, San Diego, CA.

———. 1996. Some genetic consequences of ice ages, and their
role in divergence and speciation. Biol. J. Linn. Soc. 58:
247-276.

———.2000. The genetic legacy of the Quaternary ice ages. Nature
405:907-913.

Hillis, D. M. 1988. Systematics of the Rana pipiens complex: puzzle
and paradigm. Annu. Rev. Ecol. Syst. 19:39-63.



158

Hillis, D. M., J. S. Frost, and D. A. Wright. 1983. Phylogeny and
biogeography of the Rana pipiens complex: a biochemical eval-
uation. Syst. Zool. 32:132-143.

Holman, J. A. 1995. Pleistocene amphibians and reptiles in North
America. Oxford monographs on geology and geophysics no.
32. Oxford Univ. Press, New York.

Jaeger, J. R., B. R. Riddle, R. D. Jennings, and D. F. Bradford.
2001. Rediscovering Rana onca: evidence for phylogenetically
distinct leopard frogs from the border region of Nevada, Utah,
and Arizona. Copeia 2001:339-354.

Janzen, F. J., J. G. Krenz, T. S. Haselkorn, E. D. Brodie Jr.,and E.
D. Brodie Il1. 2002. Molecular phylogeography of common gar-
ter snakes (Thamnophis sirtalis) in western North America: im-
plications for regional historical forces. Mol. Ecol. 11:
1739-1751.

Johnson, J. B., and S. Jordan. 2000. Phylogenetic divergence in
leatherside chub (Gila copel) inferred from mitochondrial cy-
tochrome b sequences. Mol. Ecol. 9:1029-1035.

Kimberling, D. N., A. F. Ferreira, S. M. Shuster, and P. Keim. 1996.
RAPD marker estimation of genetic structure among isolated
northern leopard frog populations in the south-western USA.
Mol. Ecol. 5:521-529.

Knowles, L. L., and W. P. Maddison. 2002. Statistical phylogeog-
raphy. Mol. Ecol. 11:2623-2635.

Kreiser, B. R., J. B. Mitton, and J. D. Woodling. 2001. Phylo-
geography of the plains killifish, Fundulus zebrinus. Evolution
55:339-350.

Lansman, R. A., J. C. Avise, C. F. Aquadro, J. F. Shapira, and S.
W. Daniel. 1983. Extensive genetic variation in mitochondrial
DNA'’s among geographic populations of the deer mouse, Per-
omyscus maniculatus. Evolution 37:1-16.

Macey, J. R., J. A. Schulte Il, A. Larson, Z. Fang, Y. Wang, B. S.
Tuniyev, and T. J. Papenfuss. 1998a. Phylogenetic relationships
of toads in the Bufo bufo species group from the eastern es-
carpment of the Tibetan plateau: a case of vicariance and dis-
persal. Mol. Phylogenet. Evol. 9:80-87.

Macey, J., J. Schulte I, N. Ananjeva, A. Larson, N. Rastegar-
Pouyani, S. Shammakov, and T. Papenfuss. 1998b. Phylogenetic
relationships among agamid lizards of the Laudakia caucasia
species group: testing hypotheses of biogeographic fragmenta-
tion and an area cladogram for the Iranian Plateau. Mol. Phy-
logenet. Evol. 10:118-131.

Merrell, D. J. 1977. Life history of the leopard frog, Rana pipiens,
in Minnesota. Occasional Papers no. 15. Bell Museum of Natural
History, Univ. of Minnesota, Minneapolis, MN.

Miller, L. M., and A. R. Kapuscinski. 1996. Microsatellite DNA
markers reveal new levels of genetic variation in northern pike.
Trans. Am. Fish Soc. 125:971-977.

Monsen, K. J.,, and M. S. Blouin. 2003. Genetic structure in a
montane ranid frog: restricted gene flow and nuclear-mitochon-
drial discordance. Mol. Ecol. 12:3275-3286.

Moore, J. A. 1949. Geographic variation of adaptive characters in
Rana pipiens Schreber. Evolution 3:1-24.

Nei, M., and W.-H. Li. 1979. Mathematical model for studying
genetic variation in terms of restriction endonucleases. Proc.
Natl. Acad. Sci. USA 76:5269-5273.

Newman, R., and T. Squire. 2001. Microsatellite variation and fine-
scale population structure in the wood frog (Rana sylvatica).
Mol. Ecol. 10:1087-1100.

Nielson, M., K. Lohman, and J. Sullivan. 2001. Phylogeography of
the tailed frog (Ascaphus truei): implications for the biogeog-
raphy of the Pacific Northwest. Evolution 55:147-160.

Nyakaana, S., and P. Arctander. 1999. Population genetic structure
of the African elephant in Uganda based on variation at mito-
chondrial and nuclear loci: evidence for male-biased gene flow.
Mol. Ecol. 8:1105-1115.

Pielou, E. C. 1991. After the ice age: return of life to glaciated
North America. Univ. of Chicago Press, Chicago, IL.

Pook, C. E., W. Wuster, and R. S. Thorpe. 2000. Historical bio-
geography of the western rattlesnake (Serpentes: Viperidae: Cro-
talus viridis), inferred from mitochondrial DNA sequence in-
formation. Mol. Phylogenet. Evol. 15:269-282.

E. A. HOFFMAN AND M. S. BLOUIN

Posada, D., and K. A. Crandall. 1998. MODELTEST: testing the
model of DNA substitution. Bioinformatics 14:187-818.

———. 2001. Intraspecific gene genealogies. trees grafting into
networks. Trends Ecol. Evol. 16:37-45.

Posada, D., K. A. Crandall, and A. R. Templeton. 2000. GeoDis:
A program for the cladistic nested analysis of the geographical
distribution of genetic haplotypes. Mol. Ecol. 9:487-488.

Post, D. D., and D. Pettus. 1966. Variation in Rana pipiens (Anura:
ranidae) of eastern Colorado. Southwest. Nat. 11:476-482.
Rogers, A. R. 1995. Genetic evidence for a Pleistocene population

explosion. Evolution 49:608-615.

Rogers, A. R., and H. Harpending. 1992. Population growth makes
waves in the distribution of pairwise genetic differences. Mol.
Biol. Evol. 9:552-569.

Ross, T. K. 1999. Phylogeography and conservation genetics of the
lowa Pleistocene snail. Mol. Ecol. 8:1363-1373.

Rowe, G., T. J. C. Beebee, and T. Burke. 2000. A microsatellite
analysis of natterjack toad, Bufo calamita, metapopulations. Oi-
kos 88:641-651.

Rozas, J., and R. Rozas. 1999. DnaSP version 3: an integrated
program for molecular population genetics and molecular evo-
lution analysis. Bioinformatics 15:174-175.

Ryan, R. A. 1953. Growth rates of some ranids under natural con-
ditions. Copeia 1953:73-80.

Sage, R. D., and J. O. Wolff. 1986. Pleistocene glaciations, fluc-
tuating ranges, and low genetic variability in a large mammal
(Ovis dalli). Evolution 40:1092—-1095.

Salthe, S. N. 1969. Geographic variation of the lactate dehydro-
genases of Rana pipiens and Rana palustris. Biochem. Genet. 2:
271-303.

Sambrook, J., F. F. Fritsch, and T. Maniatis. 1989. Molecular clon-
ing, alaboratory manual. Cold Springs Harbor Laboratory Press,
Plainview, NY.

Schneider, S., and L. Excoffier. 1999. Estimation of past demo-
graphic parameters from the distribution of pairwise differences
when the mutation rates vary among sites: application to human
mitochondrial DNA. Genetics 152:1079-1089.

Schneider, S., D. Roessli, and L. Excoffier. 2000. Arlequin ver.
2.000: a software for population genetic data analysis. Genetics
and Biometry Laboratory, Univ. of Geneva, Switzerland.

Shaffer, H. B., G. Fellers, A. Magee, and R. Voss. 2000. The ge-
netics of amphibian declines: population substructure and mo-
lecular differentiation in the Y osemite toad, Bufo canorus (An-
ura, Bufonidae) based on single-strand conformation polymor-
phism analysis (SSCP) and mitochondrial DNA sequence data.
Mol. Ecol. 9:245-257.

Slatkin, M., and R. R. Hudson. 1991. Pairwise comparison of mi-
tochondrial DNA sequences in stable and exponentially growing
populations. Genetics 129:555-562.

Spolsky, C., C. Phillips, and T. Uzzell. 1992. Antiquity of clonal
salamander lineages revealed by mitochondrial DNA. Nature
356:706—708.

Starkey, D. E., H. B. Shaffer, R. L. Burke, M. R. J. Forstner, J. B.
Iverson, F. J. Janzen, A. G. J. Rhodin, and G. R. Ultsch. 2003.
Molecular systematics, phylogeography, and the effects of Pleis-
tocene glaciation in the painted turtle (Chrysemys picta) com-
plex. Evolution 57:119-128.

Swofford, D. L. 2002. PAUP*: phylogenetic analysis using parsi-
mony (* and other methods). Ver. 4.0b10. Sinauer Associates,
Sunderland, MA.

Swofford, D. L., G. J. Olsen, P. J. Waddell, and D. M. Hillis. 1996.
Phylogenetic inference. Pp. 407-514 in D. M. Hillis, C. Moritz,
and B. K. Mable, eds. Molecular systematics. 2d ed. Sinauer
Associates, Sunderland, MA.

Tajima, F. 1989. Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics 123:585-595.
Taylor, E. B., S. Pollard, and D. Louie. 1999. Mitochondrial DNA
variation in bull trout (Salvelinus confluentus) from northwestern
North America: implications for zoogeography and conserva-

tion. Mol. Ecol. 8:1155-1170.

Templeton, A. R, and C. F. Sing. 1993. A cladistic analysis of

phenotypic associations with haplotypes inferred from restric-



EVOLUTIONARY HISTORY OF RANA PIPIENS

tion endonuclease mapping. 1V. Nested analyses with cladogram
uncertainty and recombination. Genetics 134:659—-669.

Templeton, A. R., E. Boerwinkle, and C. F. Sing. 1987. A cladistic
analysis of phenotypic associations with haplotypes inferred
from restriction endonuclease mapping. |. Basic theory and an
analysis of alcohol dehydrogenase activity in Drosophila. Ge-
netics 117:343-351.

Templeton, A. R., K. A. Crandall, and C. F. Sing. 1992. A cladistic
analysis of phenotypic associations with haplotypes inferred
from restriction endonuclease mapping and DNA sequence data.
I11. Cladogram estimation. Genetics 132:619-633.

Templeton, A. R., E. Routman, and C. A. Phillips. 1995. Separating
population structure from population history: acladistic analysis
of the geographical distribution of mitochondrial DNA haplo-
typesin thetiger salamander, Ambystoma tigrinum. Genetics 140:
767-782.

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL
W: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res. 22:
4673-4680.

159

Turgeon, J., and L. Bernatchez. 2001. Mitochondrial DNA phylo-
geography of lake cisco (Coregonus artedi): evidence supporting
extensive secondary contacts between two glacial races. Mol.
Ecol. 10:987-1001.

Weisrock, D. W., and F. J. Janzen. 2000. Comparative molecular
phylogeography of North American softshell turtles (Apalone):
implications for regional and wide-scale historical evolutionary
forces. Mol. Phylogenet. Evol. 14:152-164.

Wilson, C. C., P. D. N. Herbert, J. D. Reist, and J. B. Dempson.
1996. Phylogeography and postglacial dispersal of arctic charr
Salvelinus alpinus in North America. Mol. Ecol. 5:187-197.

Yang, Y., L. Yao-Sung, J. Wu, and C. Hui. 1994. Variation in
mitochondrial DNA and population structure of the Taipei tree-
frog Rhacophorus taipeinus in Taiwan. Mol. Ecol. 3:219-222.

Zamudio, K., and H. Greene. 1997. Phylogeography of the bush-
master (Lachesis muta: Viperidae): implications for Neotropical
biogeography, systematics, and conservation. Biol. J. Linn. Soc.
62:421-442.

Corresponding Editor: J. J. Wiens



