J. N. Am. Benthol. Soc., 2004, 23(4):824-838
© 2004 by The North American Benthological Society

Phylogeographic and nested clade analysis of the stonefly Pteronarcys

californica (Plecoptera:Pteronarcyidae) in the western USA

JoHN S. K. KAUWE!
Department of Biology, Washington University, St. Louis, Missouri 63110 USA

DENNIS K. SHIOZAWA?
Department of Integrative Biology, Brigham Young University, Provo, Utah 84602 USA

R. PAuL EVANS®

Department of Microbiology and Molecular Biology, Brigham Young University, Provo, Utah 84602 USA

Abstract.  Long-distance dispersal by aquatic insects can be difficult to detect because direct mea-
surement methods are expensive and inefficient. When dispersal results in gene flow, signs of that
dispersal can be detected in the pattern of genetic variation within and between populations. Four
hundred seventy-five base pairs of the mitochondrial gene, cytochrome b, were examined to inves-
tigate the pattern of genetic variation in populations of the stonefly Pteronarcys californica and to
determine if long-distance dispersal could have contributed to this pattern. Sequences were obtained
from 235 individuals from 31 different populations in the western United States. Sequences also were
obtained for Pteronarcella badia, Pteronarcys dorsata, Pteronarcys princeps, Pteronarcys proteus, and Pter-
onarcys biloba. Phylogenies were constructed using all of the samples. Nested clade analysis on the P
californica sequence data was used to infer the processes that have generated the observed patterns
of genetic variation. An eastern North American origin and 2 distinct genetic lineages of P. californica
could be inferred from the analysis. Most of the current population structure in both lineages was
explained by a pattern of restricted gene flow with isolation by distance (presumably the result of
dispersal via connected streams and rivers), but our analyses also suggested that long-distance, over-

land dispersal has contributed to the observed pattern of genetic variation.
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Studies investigating the dispersal of aquatic
insects have become common, but much re-
mains to be learned about patterns of dispersal
and mechanisms of gene flow (Bilton et al.
2001). Dispersal poses risks for any organism,
but it also can be beneficial (Stenseth and Lid-
icker 1992). It allows organisms to colonize new
and open habitat, and it reduces the risk of in-
breeding depression. Dispersal that results in
gene flow between populations increases genetic
variation within a population and decreases ge-
netic variation between populations. Conversely,
absence of gene flow between populations can
result in evolutionarily independent populations
of the same species (Bilton et al. 2001).

Aquatic invertebrates disperse via active and
passive mechanisms (Bilton et al. 2001). Active
dispersal is accomplished mostly by adult flight.
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Passive dispersal is often the result of down-
stream drift (Waters 1972), but it also can occur
when insects are carried to new habitat by ani-
mal vectors or wind (Maguire 1963). Even in-
sects that are weak fliers can experience long-
distance dispersal when aided by wind (Kelly
et al. 2001). Invertebrates living in riverine en-
vironments have additional opportunities for
passive dispersal. Insects can cross drainage di-
vides from stream headwaters if they actively
disperse upstream as adults after drifting pas-
sively downstream as larvae or nymphs (Miiller
1954). Historical processes such as stream-and
river-capture events also can allow aquatic or-
ganisms to disperse into previously isolated
drainages (Taylor 1985).

Many mechanisms of long-distance dispersal
are known, but the extent to which each mech-
anism actually occurs is unclear. Direct esti-
mates of overland dispersal by aquatic inverte-
brates involve the use of various types of traps
(Jackson and Resh 1989, Kovats et al. 1996, Col-
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lier and Smith 1998, Griffith et al. 1998), radio-
active and stable isotopes (Service 1993), or
transponder tags (Riley et al. 1996). These tools
provide useful information about present-day
dispersal, but they are unlikely to detect rare
chance events or dispersal associated with the
geologic history of a region. Such events can be
assessed with indirect measures of dispersal.

These indirect measures rely on the fact that
dispersal resulting in gene flow can alter the
spatial pattern of genetic variation in the spe-
cies. Thus, dispersal can be detected through
careful analysis of genetic information. Allo-
zymes, mitochondrial DNA (mtDNA) haplo-
types, randomly amplified polymorphic DNA,
and microsatellites have been used to investi-
gate gene flow in aquatic invertebrates (e.g.,
Crease et al. 1997, Taylor et al. 1998, Thomas et
al. 1998, Hughes et al. 1999, Freeland et al. 2000,
Monaghan et al. 2001, Schultheis et al. 2002).
Population genetic parameters also can be esti-
mated from these genetic markers (Wright 1951,
Nei 1972). A relatively new approach, nested
clade analysis (NCA), provides a unique and es-
pecially sensitive means by which geographical
data and allele frequencies can be used to dif-
ferentiate between recurring and historical dis-
persal events (Templeton 1998).

NCA uses a haplotype network to evaluate
the relationship between mtDNA haplotypes
and geography. NCA assumes that haplotypes
and clades on the interior of the network are
ancestral and that haplotypes on the tips of the
network are more recent. This temporal infor-
mation is then used to partition the recent and
historical processes responsible for the observed
pattern of genetic variation. The method tries to
reject the null hypothesis of no association be-
tween haplotype variation and geography. If the
null hypothesis is rejected, then an explicit in-
ference key is used to interpret the statistically
significant associations. This method allows in-
ference of multiple, separate events in space and
time (e.g., fragmentation, range expansion, gene
flow, and genetic drift; Templeton 1998, Pfen-
ninger and Posada 2002).

Various hypotheses have been generated to
explain stonefly dispersal. Predation on stonefly
eggs by stream trout, and the subsequent dis-
persal of eggs that have passed through the di-
gestive system unharmed, may be a dispersal
mechanism (Hartleb and Timm 2000). Recent
studies suggest that movement by nymphs is an
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important mechanism of dispersal for the stone-
fly Peltoperla tarteri (Schultheis et al. 2002). The
main method of invasion of new habitat by
stoneflies may be overland dispersal (Hughes et
al. 1999, Ketmaier et al. 2001), but other studies
suggest that, in some cases, overland dispersal
may not be as important as historical geography
(Houseman and Baumann 1997, Baumann et al.
1999).

Pteronarcys californica Newport is well-known
among the species of stoneflies found in the
western United States, and it has a widespread
distribution. Pteronarcys californica is the largest
of all stoneflies. The nymphs are usually dark
brown and average between 35 and 50 mm in
length. Pteronarcys californica usually is found in
2nd- to 7th-order streams with swift, clean water
and rocky bottoms. These stoneflies are shred-
ders (Merritt and Cummins 1996), and their dis-
tribution is patchy; densities are high in areas
with large amounts of allochthonous input and
very low in areas with little or no allochthonous
input (DKS, unpublished data). The nymphs un-
dergo multiple instars as they progress through
a 2- to 4-y life cycle (Stewart and Stark 1993).
Very little is known about the dispersal mecha-
nisms and capabilities of P. californica. However,
its large size and flight capabilities suggest that
overland movement by adults may be a signif-
icant mechanism of dispersal in this organism.

Our study used the mitochondrial gene, cy-
tochrome b (cyt b), from populations of P cali-
fornica to determine whether long-distance,
overland dispersal resulting in gene flow has
been a factor in shaping patterns of genetic var-
iation in this species. A haplotype network was
used to describe the pattern of genetic variation
in P, californica. Significant events in the dispers-
al history of P californica were then inferred by
statistical analyses of that pattern.

Methods
Sampling

Pteronarcys californica nymphs were collected
from 31 sites in the western US (Fig. 1). Pter-
onarcys princeps nymphs were collected from
several western states, and Pteronarcella badia
nymphs were collected from Utah. Pteronarcys
dorsata nymphs were collected from sites in
northern Minnesota, Alabama, and North Car-
olina. Pteronarcys proteus nymphs were collected
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The distribution of Pteronarcys californica sampling sites in western USA. Pie diagrams show the %

composition of haplotypes at each site. Population identification numbers are as in Table 1. Major haplotypes
(frequency > 0.1; see Table 2) are identified by patterns (inset); minor haplotypes (frequency < 0.1) are in

white.

from sites in Pennsylvania and North Carolina,
and Pteronarcys biloba nymphs were collected
from sites in North Carolina. All specimens
were preserved in 95% ethanol immediately af-
ter collection. Global positioning system (GPS)
coordinates were recorded at each site (P cali-
fornica sample sites can be found in Table 1).
Voucher specimens were identified by Drs Riley
Nelson and Richard Baumann, Brigham Young
University.

DNA was extracted from up to 10 individuals
from each population of P californica (n = 235
individuals) using the DNeasy protocol (Qia-

gen, Valencia, California). DNA was extracted
from 11 P. princeps, 9 P. proteus, 5 P. dorsata, and
3 P biloba using the same method. Polymerase
chain reaction (PCR) was performed using 2
stonefly-specific primers, Plecoptera cyt-b F (5'-
TGT CCA TAT TTG YCG AGA TGT-3’) and Ple-
coptera cyt-b R (5'-CTT ATG TTT TCA AAA
CAT ATG C-3'). These primers were designed
by examining other insect cyt b sequences and
targeting conserved regions. The primers am-
plified ~850 base pairs (bp) of the mitochon-
drial cyt b gene. PCR was performed in 50-pL
reaction mixtures consisting of DNA template
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TABLE 1. Population identification (ID) number, number of mitochondrial DNA (mtDNA) sequences sampled,
and location for each population of Pteronarcys californica. GPS = global positioning system.

mtDNA

GPS coordinates

ID sequences River or stream State/county (Latitude longitude)
1 5 South Fork Boise River Idaho/Elmore 43°34.00 N 115°83.00 W
2 9 Huntington Creek Utah/Emory 39°46.00 N 111°20.00 W
3 7 Provo River Utah/Utah 40°20.00 N 111°35.00 W
4 6 Diamond Fork Utah/Utah 40°04.00 N 111°30.00 W
6 2 Russian River California/Mendocino 39°20.00 N 123°60.00 W
7 8 Ogden River Utah/Weber 41°17.00 N 111°40.00 W
8 8 Blacksmith Fork Utah/Cache 41°35.00 N 111°50.00 W
9 6 Ogden River Utah/Weber 41°17.00 N 112°00.00 W
10 9 Beaver River Utah/Beaver 38°12.00 N 112°52.30 W
13 8 Pecos River New Mexico/San Miguel 35°10.07 N 105°06.48 W
14 6 Mammoth Creek Utah/Garfield 37°38.00 N 112°30.00 W
16 7 Cow Creek Oregon/Jackson 42°54.84 N 123°28.78 W
17 9 Middle Fork John Day River Oregon/Grant 44°37.31 N 118°34.82 W
18 10 Pitt River California/Shasta 41°00.27 N 121°43.22 W
19 10 Canyon Creek Oregon/Grant 44°15.39 N 118°55.44 W
20 9 Birch Creek Idaho/Clark 44°80.35 N 112°54.02 W
21 9 Beaver Creek California/Siskiyou 41°52.23 N 122°49.00 W
23 10 Upper Marys River Nevada/Elko 41°24.00 N 115°13.00 W
24 8 North Fork Alsea River Oregon/Benton 44°24.95 N 123°33.73 W
25 9 Mill Creek Washington/Walla Walla 46°50.13 N 118°13.69 W
27 9 McKinley Creek Idaho/ Valley 44°40.00 N 116°15.00 W
28 10 Fall River Idaho/Fremont 44°01.27 N 111°75.23 W
29 10 Salmon River Idaho/Custer 44°28.23 N 114°12.03 W
30 9 Clark’s Fork Wyoming /Park 44°50.51 N 109°19.04 W
31 10 Tongue River Wyoming/Sheridan 44°52.69 N 107°16.09 W
32 10 Yellowstone River Montana /Park 45°06.18 N 110°47.44 W
34 9 Hoback River Wyoming 43°19.03 N 110°42.03 W
35 1 Madison River Montana/Madison 44°49.60 N 111°39.24 W
36 10 Grays River Wyoming/Lincoln 43°08.73 N 110°58.26 W
37 1 North Fork Cache Creek California/Lake 38°98.83 N 122°53.88 W
40 1 Pine Creek Wyoming/Pine Dale 42°52.00 N 109°52.00 W

(100 ng), deoxyribonucleotides (0.125 mM each),
primers (10 pmoles each), buffer (10 mM Tris-
HCI; 1.5 mM MgCl,, 25 mM KCl), and Taq poly-
merase (0.5 units) as follows: 4 min at 95°C; 34
cycles of 20 s at 94°C, 30 s at 47°C, and 1.5 min
at 72°C; and 7 min at 72°C. Purification of the
PCR product was performed using the QBioge-
ne Gene Clean III protocol (Qbiogene, Carlsbad,
California). Cycle sequencing was performed
using the ABI Big Dye terminator protocol (Ap-
plied Biosystems, Foster City, California). Sam-
ples were submitted to the Brigham Young Uni-
versity DNA Sequencing Center and were se-
quenced on an ABI 377 automated sequencer.

Sequence alignment

Sequences were edited and aligned with Se-
quencher 3.0 software (Gene Codes Corporation,

Ann Arbor, Michigan). The alignment was un-
equivocal because the sequences included no in-
sertions, deletions, or repeats. Sequences were
trimmed to 475 bp.

Phylogenetic analyses

The 235 P californica sequences were collapsed
into haplotypes. Haplotypes with frequencies
<0.01 were derivatives of the more common
haplotypes and were excluded from the phylo-
genetic analysis because of limits on computa-
tional power. Thus, the analysis included 10 P
californica haplotypes and the sequence data
from 5 other species (P biloba, P. dorsata, P. prin-
ceps, P. proteus, and Pteronarcella badia). Sequenc-
es from Pteronarcella badia were used to root the
tree. The phylogeny was estimated using the
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maximum parsimony (MP) setting in MEGA 2.0
(Kumar et al. 2001). A set of MP trees was ob-
tained using close-neighbor-interchange (search
level = 2, random additions = 200). Bootstrap
consensus values were calculated from 225 rep-
licates. Mean genetic diversities were calculated
using the Kimura 2-parameter model in MEGA
2.0.

Nested clade and GeoDis analyses

A network of P californica haplotypes was
constructed using statistical parsimony as im-
plemented by the software program TCS (Clem-
ent et al. 2000). Ambiguities in the network
(parts of the network where a single haplotype
is connected to >2 other haplotypes) were re-
solved according to 3 criteria derived from co-
alescent theory: 1) geography—haplotypes are
more likely to be connected to haplotypes from
the same population or region than to haplo-
types occurring in distant populations; 2) to-
pology—haplotypes are more likely to be con-
nected to interior (ancestral) haplotypes than to
tip (more recent) haplotypes; and 3) frequen-
cy—haplotypes are more likely to be connected
to haplotypes with high frequency than to sin-
gletons (for further detail see Pfenninger and
Posada 2002). NCA (Templeton 1998), an objec-
tive method for assessing associations of geog-
raphy and haplotypes (Cruzan and Templeton
2000), was used to determine the nesting struc-
ture of the network.

Other methods exist for using haplotype data
to investigate population history (mismatch pair
distribution, Rogers and Harpending 1992; the
skyline plot method, Pybus et al. 2000; and sta-
tistical phylogeography, Knowles and Maddison
2002). However, these other methods investigate
single historical events, deal exclusively with ex-
pansion and contraction of populations, or re-
quire specific, a priori hypotheses of historical
events. In contrast, NCA can help reconstruct
complex phylogeographical histories with little
or no prior information (Fetzner and Crandall
2003, Templeton 2004). The software program
GeoDis 2.0 (Posada et al. 2000; http://darwin.
uvigo.es/software/geodis.html) was used to
calculate the NCA distance measures and deter-
mine the statistical relationship between the
haplotypes in the network and geography. This
program calculates the following NCA distanc-
es: 1) average clade distance (D,), the average
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distance of all clade members from the geo-
graphical center of the clade relative to the other
clades within the same nesting clade; 2) nested
clade distance (D,), a measure of how wide-
spread a clade is relative to the distribution of
its nesting clade; and 3) interior—tip (I-T) dis-
tances, measures that indicate how widespread
younger clades (tip clades) are compared to
their ancestors (interior clades) relative to other
clades within the same nesting clade. Statistical
significance of these distances was tested by
comparing each value with a null distribution
generated by random permutation of clades
against sample sites (Pfenninger and Posada
2002). Euclidean distances between sites were
based on GPS coordinates. Euclidean distances
were used in the GeoDis calculations rather
than river distances because stoneflies are ca-
pable of overland dispersal and specific hypoth-
eses of ancient drainage connections do not ex-
ist (Fetzner and Crandall 2003). The associations
that were significant at « = 0.05 in the GeoDis
calculations were interpreted using the updated
version of the inference key (Templeton 1998;
most recent update available from: http://
darwin.uvigo.es/download /geodisKey-14Jul04.
pdf).

Results
Phylogenetic analyses

Pteronarcys californica had 33 unique haplo-
types (Table 2), but only 10 of these had a fre-
quency >0.01. These were haplotypes 10, 12, 13,
17,21, 23, 24, 25, 27, and 30 (Table 2). Haplotype
23 was basal to all other P, californica haplotypes
(Fig. 2). Haplotypes 24, 25, 27, and 30 were bas-
al to haplotypes 10, 12, 13, 17, and 21. A strict
consensus (cutoff level = 75%) was used to
summarize 1344 MP trees (Fig. 2). The basal
nodes of this phylogeny were well-resolved.
They supported previously published, morphol-
ogy-based phylogenies in that they defined the
eastern species, P. dorsata, P. proteus, and P, biloba,
as basal to P. californica and P. princeps (Nelson
1988). However, our phylogeny placed speci-
mens identified as P proteus collected from
Pennsylvania with specimens identified as P, bi-
loba collected from North Carolina.

NCA and GeoDis analysis

The nested cladogram consisted of 3 levels:
thirty-three O-step clades (each individual hap-
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TABLE 2. Pteronarcys californica haplotypes, the
population in which each haplotype occurred, and the
frequency of each haplotype with respect to the total
number of individuals sampled. Population identifi-
cation (ID) numbers are as in Table 1.

Haplo- Haplotype
type Population ID frequency
1 18 0.004
2 6 0.004
3 18 0.004
4 18 0.004
5 18 0.004
6 21 0.004
7 21 0.004
8 37 0.004
9 4 0.004
10 4,6,8,9,10,13,18,19, 21, 0.119
24,28
11 13 0.004
12 2,3,7,8,9,10, 13, 14, 28, 0.289
30, 32, 34, 36, 40
13 9,25,29 0.021
14 28 0.004
15 21 0.004
16 10 0.008
17 3,7,8,28,34,35,36 0.055
18 2 0.004
19 3,34 0.008
20 16,24 0.008
21 4,14,16,27,29 0.021
22 23 0.004
23 20,23 0.042
24 16,17, 19, 20, 21, 24, 25, 27, 0.144
29, 30, 31, 36
25 1,4,9,16,17,19, 24, 25, 0.144
27,29, 30, 31
26 16 0.004
27 17,19, 25,29, 36 0.034
28 19 0.004
29 31 0.004
30 31 0.012
31 24 0.004
32 1,19 0.008
33 1 0.004

lotype), six 1-step clades (haplotypes within 1
mutational step of each other; designated 1-1
through 1-6 in Fig. 3), and two 2-step clades
(haplotypes within 2 mutational steps of each
other; designated 2-1 and 2-2 in Fig. 3). Am-
biguities existed in 5 different locations on the
cladogram (A, B, C, D, and E in Fig. 3). A, C,
and D were resolved by geographic criteria; B
was resolved using frequency criteria; and E
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was resolved using both geographic and fre-
quency criteria (Pfenninger and Posada 2002).
In clade 1-1, the D, of interior haplotype 10
(D, = 531.74) and the I-T distance (D, = 455.04)
were significantly large (Table 3). In clade 1-2,
the D, of tip haplotype 15 (D, = 971.29) was
significantly large, and the D, of tip haplotype
17 (D. = 151.07) was significantly small. In
clade 1-3, the D, and the D, of interior haplo-
type 24 (D, = 320.37, D, = 333.35) and the I-T
distance (D, = 338.62, D, = —301.91) were sig-
nificantly small. In clade 1-4, the D, and the D,
of interior haplotype 23 (D, = 162.29, D, =
152.68) and the I-T distance (D. = 162.29, D, =
65.73) were significantly large. No significant as-
sociations were observed in clade 1-5. In clade
1-6, the D, of tip haplotype 30 (D, = 0) was
significantly small, and the I-T distance (D, =
332.57) was significantly large. The D, for tip
haplotypes 20 (D, = 667.58), 30 (D, = 641.14),
and 31 (D, = 660.94) were significantly large. In
clade 2-1, the D, for interior clade 1-1 (D, =
626.63) and the D, and D, for I-T distance (D,
= 213.04, D, = 263.79) were significantly large,
and the D_and D, for tip clade 1-2 (D, = 274.59,
D, = 362.84) were significantly small. In clade
2-2, the D, for tip clades 1-4 (D, = 141.93) and
1-5 (D, = 216.58) and the D, for tip clade 1-5
(D, = 248.69) were all significantly small. In the
total cladogram, the D, for tip clade 2-1 (D, =
526.33) was significantly small, and the D, for
interior clade 2-2 (D, = 565.42) and the I-T dis-
tance (D, = 39.09) were significantly large.

Discussion
Phylogenetic analyses

The family Pteronarcyidae includes 12 extant
species, found only in North America. Ten of
these are members of the genus Pteronarcys, and
all but 2 of these 10 are found exclusively east
of the continental divide. Pteronarcys dorsata is a
sister taxon of the western clade, and its range
extends to the eastern border of the continental
divide (Nelson 1988, Kondratieff and Baumann
2000). Pteronarcys californica is found throughout
the northern and eastern Basin and Range prov-
ince of the western US but is conspicuously ab-
sent in the western Great Basin, where P prin-
ceps is the sole representative of the genus (Shel-
don 1979). Published phylogenies of the family
Pteronarcyidae regard the species on the eastern
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FiG. 2. Strict consensus (cutoff level = 75%) of 1344 maximum parsimony trees. Phylogeny defines the
position of the Pteronarcys californica/P princeps clade in the family Pteronarcyidae. Pteronarcys californica hap-
lotype (Hap) identification numbers are in parentheses following each entry. See Table 1 for population details
and Table 2 for haplotype identification numbers and details. States in which other species were collected are
indicated in parentheses following each entry. State abbreviations are: Alabama (AL), California (CA), Montana
(MN), North Carolina (NC), Nevada (NV), Pennsylvania (PA), Utah (UT), and Washington (WA).
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FiG. 3. Representation of the genetic structure of Pteronarcys californica based on nested clade analysis.
Identification numbers (1—33) in open circles refer to haplotypes (0-step clades) described in Table 2. One-step
clades in dark boxes are labeled 1-1 through 1-6. Two-step clades enclosed in light boxes are labeled 2-1 and
2-2. Letters (A, B, C, D, and E) refer to ambiguities in the network; see text for explanation. A solid line
indicates a connection between haplotypes. A dashed line indicates a relationship that was broken to solve

ambiguities in the network.

side of the continental divide as basal to the
western clade of P. californica/P. princeps (Nelson
1988). The results of our phylogenetic analysis
also support the hypothesis that the western
clade is derived from an eastern ancestor (Fig.
2). Interestingly, specimens that were identified
morphologically as P proteus from Pennsylvania
clearly were included in a clade with P biloba
from North Carolina. This group was distinct
from the North Carolina P, proteus clade (Fig. 2),
which was basal to all other Pteronarcys includ-
ed in this analysis. This paraphyletic association
in P proteus could have been the result of con-
tamination of DNA in some step of the analysis,
a lack of consistency in the morphological char-
acters used to identify nymphs, or introgression
between the 2 species. Introgression could have
caused mtDNA from P. proteus to become fixed
in P, biloba in the northern part of its range. The
possibility of DNA contamination was evaluated

by isolating DNA from additional specimens
from Pennsylvania collections. The additional
analyses generated the same phylogenetic rela-
tionships, supporting the close phyletic associ-
ation of Pennsylvania P. proteus with North Car-
olina P biloba. In addition, the specimens were
re-examined, and they clearly fit the key mor-
phological characters for P proteus as given in
Ricker (1952). Therefore, the most likely expla-
nations for the grouping are that introgression
has occurred or that nymphal characters are
more variable than has been assumed in the lit-
erature. This result was not part of the main
objective of this study, but it certainly warrants
further investigation.

NCA inferences

The results of the NCA suggest that the his-
torical events that led to the present-day popu-
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TABLE 3. Nested clade analysis of the haplotype network with average clade distance (D,) and nested clade
distance (D,) for each haplotype and clade, and interior-tip (I-T) distances for each clade. Distances that were
significantly large or small (via permutation tests) are labeled (*) and (°), respectively.

Topology Haplotype D, D,
Clade 1-1 Tip 1 0 257.51
Tip 2 0 467.05
Tip 3 0 257.51
Tip 4 0 257.51
Tip 5 0 257.51
Tip 6 0 373.44
Tip 7 0 373.44
Tip 8 0 394.18
Tip 9 0 614.85
Interior 10 531.74- 525.39
Tip 13 214.77 599.58
I-T 455.04" 78.89
Clade 1-2 Tip 11 0 890.65
Interior 12 272.55 267.79
Tip 14 0 265.52
Tip 15 0 971.29-
Tip 16 0 416.06
Tip 17 151.07° 232.53
Tip 18 0 214.14
Tip 19 167.09 168.2
-T 163.12 —43.3
Clade 1-3 Interior 21 459.07 500.86
Interior 24 320.37% 333.35%
Tip 26 0 585.17
Tip 29 0 729.42
I-T 338.62°% —-301.91°%
Clade 1-4 Tip 22 0 86.95
Interior 23 162.29% 152.68"-
I-T 162.29- 65.73"-
Clade 1-5 Interior 27 226.53 222.79
Tip 28 0 164.85
I-T 226.53 57.94
Clade 1-6 Tip 20 83.18 667.58"-
Interior 25 378.21 376.23
Tip 30 0s 641.14~
Tip 31 0 660.94"-
Tip 32 122.23 138.47
Tip 33 0 61.79
I-T 332.57"- -96.9
Clade 2-1 Interior Clade 1-1 487.63 626.63-
Tip Clade 1-2 274.595 362.845
I-T 213.04~ 263.79"
Clade 2-2 Interior Clade 1-3 374.23 381.55
Tip Clade 1-4 141.93% 296.27
Tip Clade 1-5 216.58° 248.69%
Tip Clade 1-6 387.16 386.32
I-T 38.91 25.9
Cladogram Tip Clade 2-1 528.92 526.33°
Interior Clade 2-2 551.96 565.42"-

I-T 23.04 39.09"
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TABLE 4. The inference chain and inference(s) for each clade (inference key is available at http://darwin.
uvigo.es/download/geodisKey-14Jul04.pdf). NA = not applicable.

Inference
Clade chain Inference

Clade 1-1 2-3-4-NO Restricted gene flow with isolation by distance

Clade 1-2 2-3-5-6-7-8-YES Restricted gene flow and isolation by distance with some long-
distance dispersal over intermediate areas not occupied by
the species

Clade 1-3 2-11-12-NO Contiguous range expansion

Clade 1-4 2-3-4-NO Restricted gene flow with isolation by distance

Clade 1-5 NA No inference

Clade 1-6 2-3-5-6-7-YES Restricted gene flow with isolation by distance with some
long-distance dispersal

Clade 2-1 2-3-4-NO Restricted gene flow with isolation by distance

Clade 2-2 2-3-4-NO Restricted gene flow with isolation by distance

Total cladogram 2-11-17-4-NO Restricted gene flow with isolation by distance

lation structure of P californica consisted of both
restricted gene flow with isolation by distance
and long-distance dispersal events (Table 4). The
total nested cladogram and clades 2-1, 2-2, 1-
1, and 1-4 all provided inferences of restricted
gene flow with isolation by distance (see Tem-
pleton et al. 1995 for a discussion of the statis-
tical associations that produce each inference).
The total cladogram and the 2-step clades rep-
resented the most ancient events that influenced
population structure in this analysis (Posada
and Crandall 2001). Clade 1-1 was an interior
clade and represented more ancient historical
processes. Clade 14 was a tip clade and was
inferred to represent more recent historical pro-
cesses (Templeton 1998).

The inference of restricted gene flow with iso-
lation by distance at every level of the clado-
gram suggests that restricted gene flow has
been a dominant mechanism influencing dis-
persal throughout the history of this organism.
Clade 1-3 was an interior clade and was asso-
ciated with a contiguous range expansion from
the northeastern corner of the distribution to the
west and south (Fig. 4). Clades 1-2 and 1-6
were tip clades. They both provided inferences
of restricted gene flow with some long-distance
dispersal. Clade 1-2 also identified a distinct
southern lineage of the species that was defined
by a single, nonsynonymous substitution.

Population genetic structure

The inferences from NCA suggested the ex-
istence of a northern P californica lineage, char-

acterized by clades 1-3 and 1-6, and a geneti-
cally distinct southern lineage characterized by
clade 1-2 (Figs 1, 4). Three of the 4 major hap-
lotypes (haplotypes 10, 24, and 25) were found
almost exclusively in the northern lineage. The
4" major haplotype (12), which had a single
nonsynonymous substitution, defined the south-
ern lineage and was also present in the north-
eastern part of the range of P californica, where
the 2 lineages overlap, but was absent from the
rest of the northern lineage (Figs 1, 4). In addi-
tion, many minor haplotypes present in the
northern lineage were absent from the southern
lineage, and vice versa. The existence of 2 dis-
tinct lineages was further supported by the fact
that the largest genetic difference between P cal-
ifornica populations occurred between popula-
tions 1 (South Fork Boise River, Idaho) and 36
(Grays River, Wyoming). These populations are
both in the Snake River Basin, but were geneti-
cally associated with the northern and southern
lineages, respectively.

The northern lineage included an interior
clade, but the southern lineage did not. This ev-
idence from the NCA suggests that the northern
lineage may be more ancient than the southern
(Templeton 1998). Dispersal and diversification
may have occurred in the north prior to the es-
tablishment of the southern lineage. These pro-
cesses may have caused the higher mean genetic
diversity observed in the northern lineage
(0.00586 vs 0.00479). The region where the
northern and southern lineages overlap had the
highest mean genetic diversity (0.00640). High
genetic diversity often is associated with the
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Fic. 4. Geographical distribution of clades 1-2, 1-3, and 1-6. In our study, clades 1-3 and 1-6 were des-
ignated as northern lineages, and clade 1-2 was designated as a southern lineage.

most ancestral part of a species’ range, but the
high diversity also could have been the result of
secondary contact between 2 diverged lineages.
Dispersal from a northeast (Wyoming—Mon-
tana) origin to the west and south is more con-
cordant with the data than secondary contact
because the phylogenetic tree suggested that the
P, californica/P. princeps clade was derived from
an eastern ancestor.

Means of dispersal

The inferences from our NCA suggest that the
dominant mechanism in creating the pattern of
genetic variation observed in P californica was

restricted gene flow with isolation by distance.
This mechanism is consistent with a pattern of
downstream dispersal via river connections,
and would have provided intermittent oppor-
tunities for dispersal as drainage connections
changed through geological time. However, the
geographic associations of some haplotypes in
clades 1-2 and 1-6 cannot be explained by this
mechanism. These associations suggest that di-
rect gene flow between distant populations has
occurred.

The inference of long-distance dispersal in
clade 1-2 is based on the presence of a nonsy-
nonymous substitution in population 21 (from
California) and populations 2, 3, 7, 8, 9, 10, 13,



2004]

14, 28, 30, 32, 34, 36, and 40 (from New Mexico,
Utah, Wyoming, Montana, and western Idaho)
and the absence of the substitution in our sam-
ples from populations in the intermediate re-
gion (populations 1, 18, and 23 from Idaho,
Utah, California, and Nevada, respectively).
This substitution is the only nonsynonymous
substitution in the data set. Its existence sug-
gests that the inference of long-distance dis-
persal between these populations is not spuri-
ous. However, the statistical analysis performed
by GeoDis cannot distinguish between long-dis-
tance dispersal and restricted gene flow with
isolation by distance (if P californica were once
present in the intermediate region, but had since
been extirpated).

No evidence exists to indicate that P, californica
or other species that inhabit similar habitats
(e.g., whitefish, cottids, and salmonids) were
ever present in the southwestern Great Basin
(Hubbs and Miller 1948). Instead, the aquatic or-
ganisms in this part of the Great Basin appear
to have a southern origin (Hubbs and Miller
1948, Polhemus and Polhemus 2002). Neverthe-
less, whitefish, cottids, and salmonids are pre-
sent in the Lahontan Basin, and rivers in the
Lahontan Basin subunit of the Great Basin could
have acted as dispersal routes, especially during
pluvial times. Pteronarcys californica was collect-
ed in the Marys River, a major tributary to the
upper Humboldt River, which flows west across
the northeastern Lahontan Basin. Further inves-
tigation of other Lahontan Basin tributaries will
be needed to determine whether the observed
pattern of genetic variation is indicative of long-
distance dispersal.

In clade 1-6, a statistically significant relation-
ship was found between populations 27 and 20
(from the Payette River drainage and the Lost
Rivers of Idaho) and populations 24 and 16
(from coastal Oregon). Five populations (1, 17,
19, 25, and 29) were sampled in the intermediate
region (Boise River, John Day River, Salmon
River, Columbia River; Fig. 1) but none of the
populations exhibited any statistically signifi-
cant relationships. This pattern of genetic vari-
ation is best explained by the occurrence of
long-distance dispersal, i.e., overland dispersal
of adult stoneflies.

Biogeography
The inferences of: 1) an origin in the north-
eastern part of the range for P, californica, 2) both
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westerly and southerly dispersal via river con-
nections, and 3) occasional overland dispersal
are consistent with the phylogenetic relation-
ships of the 2 western species, which are de-
rived from the more basal eastern taxa. If the
ancestor of P californica crossed the continental
divide in the Miocene or Pliocene, then the like-
ly source of the invasion would have been the
Hudson Bay drainage via the upper Missouri
River, which has been hypothesized to have
been part of the Hudson Bay drainage at that
time (Howard 1958, Smith 1987).

However, the relatively low level of mitochon-
drial differentiation seen in P, californica and the
tendency of haplotypes to be broadly distrib-
uted indicate either high mobility or relatively
recent (likely Pleistocene epoch) dispersal. Dur-
ing the Pleistocene, the Laurentian ice sheet es-
tablished the modern path of the upper Missou-
ri River. Low temperatures associated with gla-
ciation could have facilitated the invasion of a P
dorsata-like ancestor from the upper midwest,
across the plains, to the continental divide
where the ancestral P. californica/P. princeps line
was established. Subsequent dispersal probably
allowed the divergence of the 2 species.

Given that P princeps is present in isolated
headwaters in the northern Great Basin, it seems
plausible that this species moved down the up-
per Snake River and into the Great Basin, pos-
sibly through headwater transfers and short
overland flights. A later, or parallel, westward
expansion of the ancestral form could have es-
tablished the northern lineage of P californica.
The relative timing of this invasion might have
been resolved if specimens of P, pictetii had been
included in the phylogenetic analysis. Unfortu-
nately, we did not have access to that species.
Regardless, this invasion could have followed
the Snake River, but a more northerly path, per-
haps along the upper Columbia River, Clark’s
Fork River, or upper Salmon River, also could
have been the route taken by this species. Sub-
sequently, another dispersal event from the east-
ern part of P californica’s range occurred, this
time to the south into the Bonneville, Colorado
River, and Rio Grande drainages. This invasion
would have established the southern lineage, all
members of which share the same nonsynony-
mous substitution. Pteronarcys californica from
the eastern and northern extremes of their range
were not examined. Nymphs from both of these



836

areas should be examined to provide a complete
picture of the overall patterns of dispersal.

In conclusion, the patterns of genetic variation
that were observed in P californica suggest that
the species originated in the northeastern part
of its present-day range and subsequently was
divided into genetically distinct northern and
southern lineages. Our data also suggested that
downstream movement via river connections
was probably the dominant mechanism of dis-
persal, but that long-distance dispersal also may
have shaped the current pattern of genetic var-
iation.
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