
ECOLOGY AND POPULATION BIOLOGY

Population Subdivision of Zarhipis integripennis (Coleoptera:
Phengodidae), in Southern California

MAXI POLIHRONAKIS RICHMOND1,2 AND MICHAEL S. CATERINO1,3

Ann. Entomol. Soc. Am. 105(2): 241Ð252 (2012); DOI: http://dx.doi.org/10.1603/AN11079

ABSTRACT The current study investigates phylogeographic structure of Zarhipis integripennis
(LeConte) (Coleoptera: Phengodidae), a sexually dimorphic beetle with strongly asymmetrical
dispersal abilities, to elucidate the spatial and temporal mechanisms of gene ßow among populations
in southern California. Using DNA sequences of a mitochondrial DNA marker and a nuclear intron
in the krotzkopf verkehrt gene we compared the effect of differential dispersal on patterns of genetic
structure amongZ. integripennis populations across this area. Integrating these data with an ecological
niche modeling analysis supported the hypothesis that dispersal between populations with fragmented
niche availability was biased toward males and that female movement was limited and based on the
availability of contiguous habitat. There was also evidence for historical restrictions to gene ßow in
the Sierra Pelona region of the Transverse Ranges based on a genetic break in both genes in this region.

KEY WORDS Male-mediated dispersal, California Floristic Province (CFP), cytochrome oxidase
subunit I (COI), krotzkopf verkehrt

The southern portion of the California Floristic Prov-
ince comprises a diverse mosaic of habitat-types, ow-
ing to a combination of extreme topographic com-
plexity and steep climatic gradients. Thus, habitat
continuity is likely to exert signiÞcant inßuence on the
contemporary and historical movement of individuals
and genes, and must be considered an important con-
tributor to phylogeographic patterns in resident or-
ganisms. Further, the growth of human populations
and development in this area has resulted in increased
fragmentation and isolation of natural areas and the
populations they host (Vandergast et al. 2008, 2009).
Phylogeographic studies typically have focused on iden-
tifying historical, abiotic factors responsible for popula-
tion structuring within species. However, it is increas-
ingly important to identify contemporary factors,
including species-speciÞc dispersal patterns, to assess or
predicttheimpactsofanthropogenicfragmentation,par-
ticularly in rapidly changing environments of high con-
servation value such as southern California.

Early phylogeographic studies in southern Califor-
nia emphasized relatively sedentary vertebrates (re-
viewed in Calsbeek et al. 2003), but research has
broadened to cover a wide variety of taxa with varied
dispersal abilities, including highly mobile terrestrial
vertebrates (Pease et al. 2009); birds (Sgariglia and
Burns 2003, Alexander and Burns 2006, Burns and
Barhoum 2006, Spellman et al. 2007); winged inver-
tebrates (Forister et al. 2004, Althoff et al. 2007, Oliver
and Shapiro 2007, Fordyce et al. 2008, Short and Ca-

terino 2009); and terrestrial invertebrates (Tripodi et
al. 2006; Chatzimanolis and Caterino 2007a,b; Starrett
and Hedin 2007; Vandergast et al. 2007; Chatzimanolis
and Caterino 2008; Caterino and Chatzimanolis 2009;
Polihronakis and Caterino 2010; Polihronakis et al.
2010). These studies reveal considerable phylogeo-
graphic complexity, with overlapping historical and
contemporary barriers that have differential effects on
taxa with varied dispersal capabilities.

In the current study we investigate the respective
roles of historical barriers and contemporary restric-
tions to gene ßow, and their inßuence on phylogeog-
raphy. SpeciÞcally, we contrast patterns in mitochon-
drial andnuclearmarkers in thebioluminescentbeetle
Zarhipis integripennis (LeConte). This species offers a
unique opportunity to address this topic because
males and females have very different dispersal capa-
bilities; males are fully winged and disperse by ßight,
whereas females are paedomorphic (larviform), and
disperse solely by crawling (Linsdale 1964, Tiemann
1967). Although evidence exists documenting bipa-
rental inheritance of mitochondrial DNA (mtDNA) in
some organisms (Fontaine et al. 2007 and references
therein), in general, it is assumed that mtDNA is in-
herited maternally (Avise 2004). Thus, phylogeo-
graphic patterns based on this marker should reßect
limited female dispersal ability, whereas analysis of a
nuclear gene will allow us to compare the effect of
male-biased dispersal. Noncoding nuclear introns,
such as that examined here, are expected to have high
mutation rates (Hare 2001), and preliminary results
indicated similar levels of haplotype diversity to
mtDNA in this species, supporting its use for assessing
intraspeciÞc relationships.
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Multigene studies of phylogeographic relationships
will help test and overcome limitations associated with
single marker approaches, especially where that single
marker is mtDNA (Hare 2001, Godinho et al. 2008,
Sequeira et al. 2008). The few studies to date that have
integrated multiple markers in studying the phylo-
geography of southern California have revealed a
more comprehensive understanding of the evolution-
ary processes at work than mtDNA-based studies,
shedding light on dispersal and mechanisms of diver-
siÞcation (Conroy and Neuwald 2008, Fordyce et al.
2008, Parham and Papenfuss 2009, Spinks et al. 2010),
although also showing that phylogeographic breaks may
bemarker-dependent(PolihronakisandCaterino2010).
Althoughmanyresearchers recognize the importanceof
generating phylogeographic hypotheses through multi-
locus analyses, the availability of nuclear genes with
sufÞcient variation to track population-level processes
remains a limiting factor. We introduce a novel nuclear
marker, an intron of the krotzkopf verkhert (KKV) gene,
with sufÞcient intraspeciÞc variation for phylogeo-
graphic study with the potential for application to other
species of beetles and insects.

The species Z. integripennis is the most widespread
of three banded glowworm species in the western
United States. It originally was divided into seven
species because of morphological variation observed
across its range (California, Washington, Oregon, Ne-
vada, and Arizona), but these have long since been
synonymized (Linsdale 1964). The luminescence ofZ.
integripennis begins several weeks into the egg stage,
and continues through subsequent larval stages. As
adults, males and females show extreme sexual dimor-
phism. Females retain the larval morphology, are
ßightless, and continue to glow throughout life. Males
resemble typical soft-winged beetles, are much smaller
than the larviform female, and stop glowing upon eclo-
sion from the pupa. Larvae and adult females are spe-
cialized predators of millipedes, and have evolved traits
allowing them to bypass the toxic millipede defensive
chemistry (Tiemann 1967, Eisner et al. 1998).

Our analyses examine local and regional patterns of
population structure, and contrast these patterns across
markers. By examining multiple markers within a dis-
persal-variable species we avoid one of the principal
confounding factors in interpreting comparative phylo-
geographic data, the variable of species-speciÞc history.
Finally, to determine the extent to which contemporary
ecological factorseither limitorencouragegeneßow,we
use ecological niche modeling techniques, assessing the
relationship between genetic breaks and the predicted
distribution for this species.

Materials and Methods

Sampling andData Collection. Taxon sampling was
focused in the southern California region and in-
cluded collections in the Santa Lucia Mountains, Si-
erra Nevada Mountains, Tehachapi Mountains, and
Peninsular Ranges (Fig. 1a). Male Z. integripennis
were collected at blacklight traps set up from dusk
until�11:30p.m., and stored in95%ethanol ina �80�C

freezer. Genomic DNA was extracted from forebodies
(head and prothorax) of Þeld collected specimens by
using DNeasy Tissue extraction kits (Qiagen, Valen-
cia, CA). Apart from dissection, extractions were min-
imally destructive, and chitinous parts were mounted
as vouchers after extraction and integrated into the
entomology collection at the Santa Barbara Museum
of Natural History. Full collection data, including
voucher numbers and corresponding DNA extrac-
tions, can be accessed through the California Beetle
Project database at www.sbnature.org/calbeetles. A
portion of the cytochrome oxidase subunit I (COI)
gene was ampliÞed using primers C1-J-1859 and C1-
N-2617 (Simon et al. 1994). The nuclear marker used
was from an intron of the krotzkopf verkehrt gene that
encodes chitin synthase. This marker was identiÞed by
the authors during a screening of Tribolium introns
(M.S.C. et al., unpublished data) provided by V.
Krauss (Krauss et al. 2008). The targeted region was
located in the sixth coding sequence relative to the
Drosophilamelanogaster genome, and initially was am-
pliÞed using primers KKV2768 F (5� TCG ACC ATH
GCC AAY ATC ATG GA 3�) and KKV3023R (5� GTA
CCN ACD ATN ACN GCC ATC AT 3�). Subsequent
ampliÞcation was optimized by developing a species-
speciÞc reverse primer (KKV3023R_Zain; 5� GTA
CCG ACG ATG ACG GCC ATC AT) in the same
location as the original but with reduced degeneracy
(polymerase chain reaction (PCR) proÞle: initial de-
nature, 94�C for 2 min.; 35 (mtDNA) or 40 (KKV)
cycles of: 94�C for 30 s/varied annealing temps. [COI:
45�; KKV: 53Ð58� touch-up] for 30 s/72�C for 3 min; and
Þnal extension of 72�C for 5 min.). PCR products were
puriÞed using QIAquick PCR PuriÞcation kits (Qia-
gen) or ExoSAP-IT (USB Corp., Cleveland, OH). For-
ward and reverse sequencing reactions and sequence
visualization were done by Macrogen, Inc. (Seoul,
Korea). All DNA sequences were edited in Geneious
Pro 4.5.4 (Biomatters Ltd., Auckland, NZ) and aligned
in Se-Al v2.0a11 (http://tree.bio.ed.ac.uk/software/
seal/).Genesequenceswerealignedmanually anddid
not contain any indels. Recombination in the nuclear
gene was assessed using the pairwise homoplasy index
(PHI) statistic (Bruen et al. 2006) implemented in the
program SplitsTree v4.10 (Huson 1998, Huson and
Bryant 2006). To test for patterns of selection at either
locus, TajimaÕs D (Tajima 1989) was estimated in Ar-
lequin v3.1 (ExcofÞer et al. 2005). SigniÞcance was
evaluated by comparing the observed test statistic to
a distribution generated from 1,000 permutations of
the original data such that P values represent the
proportion of the distribution that is less than or equal
to the observed value.
Data Analysis. Phylogenetic analysis of each gene

was done in MrBayes v3.1 (Huelsenbeck and Ronquist
2001) to infer relationships among individuals. Models
of molecular evolution for each marker were evalu-
ated in MrModelTest v2.3 (Nylander 2004). Accord-
ing to the Akaike Information Criterion, the COI data
best Þt the GTR � I � G model, and the KKV data best
Þt the GTR � I model. Gene trees were inferred in
MrBayes, imposing the model speciÞed by the Akaike
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Information Criterion, by using default priors. Maxi-
mum corrected pairwise distances for each gene were
calculated inPAUP* v4.0(Swofford2002)byusing the
appropriate models of molecular evolution. We also
constructed haplotype networks for each gene by us-
ing TCS v1.21 (Clement et al. 2000) to obtain a non-
bifurcating perspective of relationships. We used the
default settings of a 95% connection limit.

Toassess the scaleofpopulation structure in the two
genes, and thus to reveal patterns of sex-biased dis-
persal, we investigated patterns of isolation-by-dis-
tance (IBD) by using spatial autocorrelation analyses.
Analyses were performed in GeneAlEx v6.1 (Peakall
and Smouse 2006), with each marker treated individ-
ually as a single population by using 10 even distance
classes of 50 km with a maximum distance class size of
500 km. SigniÞcance of the autocorrelation coefÞcient
was assessed using 999 permutations of the data in
addition to 1,000 bootstrap replicates.

To identify limits to gene ßow and population struc-
ture across the sampling region, we computed pair-
wise �st values (ExcofÞer et al. 1992) among groups of
populations, and performed analyses of molecular
variance (AMOVA), both using Arlequin v.3.1 (Ex-
cofÞer et al. 2005). Tested groups corresponded to
major geographic regions (following Chatzimanolis
and Caterino 2007a,b; Caterino and Chatzimanolis
2009; Polihronakis and Caterino 2010) with some pop-
ulations aggregated because of small sample sizes in
some areas (Fig. 1a). The goal of the AMOVAs was to
identify the deepest genetic divisions (and hence the
most signiÞcant barriers to dispersal) in each gene.
Two-group analyses successively grouped different
combinations of northern versus southern regions to-
gether to test all possible single break scenarios (with
the exception of the southernmost because of very
small sample size for the single small southern popu-
lation that would constitute one group; see Table 2 for
all AMOVA comparisons). Finding a single break sep-
arating the Sierra Nevada from all other populations
(at least in COI) to be the most signiÞcant, three-
group scenarios examined secondary breaks within
the Transverse Ranges, with the Sierra Nevada form-
ing its own group and the remaining populations di-
vided into various groups. Four- and Þve-group tests
further separated non-Sierran populations to deter-
mine whether increasing subdivision better reßected
patterns of isolation.

To examine potential ecological correlates of phy-
logeographic breaks we constructed an ecological
niche model (ENM), generating a predicted spatial
distribution forZ. integripennis based on climatic vari-
ables in the program Maxent v3.3.1(Phillips et al.
2006). This program uses a maximum entropy method
to generate species distribution models based on pres-
ence-only data. Because samples collected for this
study were available only for central and southern
California, we also incorporated published and un-
published records from several other museum collec-
tions to maximize accuracy of the ENM. Altogether we
gathered specimen records representing 134 unique
localities, covering nearly all parts of the speciesÕ Cal-

ifornia range (available through the California Bee-
tle Project databaseÑhttp://www.sbnature.org/
calbeetles). Nineteen BIOCLIM environmental vari-
ables and elevation data were acquired from World-
Clim (www.worldclim.org) (Hijmans et al. 2005); all
at 2.5-in. spatial resolution. The Maxent program eval-
uates the predictive power of the model by plotting
the receiver operating characteristic curve and calcu-
lating the value of the area under this curve (AUC) for
a random fraction of samples referred to as test points
(Phillips et al. 2006). We allocated 25% of the samples
to be used as test points and the remaining 75% were
used as training points to build the model. Lastly, the
jackknife option was used to identify which variables
made the largest contribution to the species distribu-
tion model, and thus which environmental factors
might limit dispersal for the species.

Results

Sampling and Data Collection.Our sampling effort
resulted in the collection of 58 male Z. integripennis
from 21 localities (Fig. 1a). The portion of the COI
gene ampliÞed was 757 bp long with 114 parsimony
informative sites; and resulted in 29 different haplo-
types from the 54 individuals sequenced (GenBank
accessions HM047005-HM047033; Appendix 1). The
KKV intron had 406 bp, 15 of which were parsimony
informative, and resulted in 27 haplotypes from the
53 individuals sequenced (GenBank accessions
HM047034-HM047056; Appendix 1). There were 33
individuals that were heterozygous at the KKV locus.
Haplotype phase was inferred using the program
Phase v2.1 (Stephens et al. 2001, Stephens and Scheet
2005). There were nine individuals that had one or two
positions that could not be determined with proba-
bility �0.95 and so these positions were coded using
the International Union of Pure and Applied Chem-
istry ambiguity codes. There was no statistically sig-
niÞcant evidence for recombination in the KKV gene
(P 	 0.17). TajimaÕs D was not signiÞcant in any
population at either locus, indicating selective neu-
trality. Maximum corrected divergence in COI was
0.27 (GTR � I � G), and that observed across KKV
alleles was 0.04 (GTR � I).
Phylogeographic Relationships. Analyses of rela-

tionships among COI haplotypes showed relatively
high levels of divergence, with strong, but not com-
plete localization and isolation. All localities that were
�7 km apart had unique haplotypes. The TCS analysis
resulted in four separate networks that were largely
congruent with geography, and several disconnected,
divergent haplotypes (Fig. 1b). The subnetworks cor-
responded to 1) the western and central Transverse
Range populations, 2) the eastern Transverse Range
and Peninsular Range populations, 3) the southern
Sierra Nevada populations, and 4) the Tehachapi
Mountains Population. In the case of disconnected
haplotypes, haplotype 21 (Bell Canyon in the San
Gabriel Mountains) was more closely related to hap-
lotypes from the Sierra Nevada than to others from the
San Gabriels, although this evidence was not very
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Fig. 1. a) Map of southern California depicting collecting locality and population information as presented in Appendix
1. Population colors correspond to haplotype networks in b) and c). b) Networks of COI haplotypes. Independent
subnetworks (enclosed by ellipses) and haplotypes that could not be connected at the 95% level by TCS are connected by
branches reconstructed in the Bayesian analysis; numbers indicate haplotype number as presented inAppendix 1, size of circle
is proportional to haplotype frequency. c) Fully connected haplotype network of KKV alleles.
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strongly supported (0.86 posterior probability). Hap-
lotype 5 (Carrizo Plain, on the northern fringes of the
western Transverse Ranges) and haplotype 20 (Saw-
mill Mountain in the Sierra Pelona) were not found to
be closely related to any others. Together, the mito-
chondrial results indicated that major regions were
dominated by closely related haplotypes, but that
some relationships spanned multiple mountain sys-
tems. In particular, the two individuals from the Pen-
insular Ranges shared a haplotype that was relatively
closely related to those haplotypes in the eastern
Transverse Ranges. Although there was a strong divi-
sion between the western and eastern parts of the
Transverse Ranges overall, the Sierra Pelona (geo-
graphically intermediate) was not closely related to
either.

Relationships among areas as revealed by the net-
work analysis of the KKV gene showed much weaker
Þdelity to region (the Bayesian gene tree offered no
additional resolution and is not presented). Here the
parsimony network connected all haplotypes (Fig.
1c). Haplotypes 2, 4, 5, and 8 formed a closely related
group that predominated in the eastern and southern
parts of the region, whereas the closely related hap-
lotypes 1, 3, 11, 12, 15, 17, and 24 formed a predomi-
nantly western and central group. Separating these
haplotypes were more distantly related, exclusively
eastern haplotypes (13, 16), as well as two found only

in the Sierra Nevada and Tehachapis (19, 26). How-
ever, in both of these geographically centered clusters,
the most common haplotypes also were found in other
areas at low frequencies. The predominantly western
haplotype group shared two haplotypes (1 and 3) with
individuals from the eastern group; and the predom-
inantly eastern group shared three haplotypes (2, 4,
and 8) with individuals from western localities. A
diversity of haplotypes was found in the Sierra Nevada
and Tehachapis, most of them as closely related to
those haplotypes in other areas as to each other. Of
these, three were unique and only found in the Sierra
Nevada, two were shared only with the Tehachapis,
and two were shared with central and western areas.
There were no shared haplotypes between the Sierra
Nevada, Tehachapi Mountains, and the predomi-
nantly eastern haplotype group. Alleles found in the
mitochondrially isolated Sierra Pelona (1, 2, 4, and 22)
spanned both major KKV haplotype groups, reßecting
its intermediate location. In sum, the KKV network
exhibited a weak phylogeographic break between
eastern and western areas, with considerable sharing
across boundaries and among populations.

Only the mitochondrial gene showed a strong
isolation-by-distance pattern (Fig. 2a), as revealed
by spatial autocorrelation analyses. Autocorrelation
among individuals declined steadily to distances of 150
km, above which genetic autocorrelation was random
or signiÞcantly negative. The KKV haplotypes showed
little evidence of IBD (Fig. 2b). At the smallest dis-
tance class there was no signiÞcant autocorrelation,
and for the 50Ð100-km distance class autocorrelation
was weakly signiÞcant. This result is not surprising
given high levels of intrapopulation and even intra-
individual variation in this gene. Together these re-
sults support female philopatry based on strong IBD
based on the mitochondrial gene but not for the nu-
clear gene.

Population level analyses for the two genes echoed
the results of the IBD tests. Pairwise �st values in-
ferred from the COI data showed that regional rela-
tionships were highly structured and that all areas

Table 1. �st values for COI (lower diagonal) and KKV (upper
diagonal)

Population 1 2 3 5 6

1. WTrvRg �0.12 0.44 0.15 �0.03
2. CTrvRg 0.25 0.36 �0.06 0.00
3. ETrvRg 0.73 0.55 0.45 0.09
5. SSierra 0.86 0.74 0.82 0.11
6. Tehach 0.79 0.50 0.69 0.88

Population numbers correspond to population designations as in
Fig. 1a.

Values in bold are signiÞcant. Due to the small sample size of the
Peninsular Range population (n 	 2), estimates of �st were not
calculated for this population.

Table 2. AMOVA results

No. groups Partitions
COI KKV

Among groups Among pops Within pops Among groups Among pops Within pops

2 (1)/(2 � 3 � 4 � 5 � 6) �10.43 81.51 28.92 1.3 21.44 77.26
2 (1 � 2)/(3 � 4 � 5 � 6) 15.97 57.7 26.33 14.74 11.62 73.64
2 (1 � 2 � 5)/(3 � 4 � 6) 11.45 61.85 26.7 19.42 8.09 72.48
2 (1 � 2 � 5 � 6)/(3 � 4) 1.23 71.11 27.66 28.07 2.35 69.58
2 (5)/(1 � 2 � 3 � 4 � 6) 57.78 26.86 15.36 �4.35 23.99 80.36
2 (5 � 6)/(1 � 2 � 3 � 4) 16.43 58.64 24.93 �2.66 23.62 79.03
3 (1)/(2 � 3 � 4)/(5 � 6) �23.74 95.23 28.5 21.21 3.31 75.49
3 (1)/(5)/(2 � 3 � 4 � 6) 41.05 34 24.95 1.97 20.78 77.25
3 (1 � 2)/(5)/(3 � 4 � 6) 57.21 18.56 24.24 19.21 6.65 74.14
3 (1 � 2)/(3 � 4)/(5 � 6) 22.84 50.46 26.7 26.08 �0.15 74.07
4 (1)/(2 � 6)/(3 � 4)/(5) 68.81 6.34 24.85 24.31 �0.53 76.22
5 (1)/(2)/(3 � 4)/(5)/(6) 75.35 �2.49 27.14 22.21 0.92 76.86

Numbering for population groupings follow Figure 1 (1 equals Western Transverse Ranges; 2 equals Central Transverse Ranges; 3 equals
eastern Transverse Ranges; 4 equals San Diego and Peninsular Ranges; 5 equals southern Sierra Nevada; 6 equals Tehachapi Mountains) with
AMOVA groups within parentheses separated by slashes.

Bold indicates maximum among group variation for each marker.
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were signiÞcantly isolated (Table 1). Pairwise �st val-
ues for KKV, however, showed signiÞcant structure
between the eastern Transverse Ranges and areas to
the north and west. There was no evidence for pop-
ulation structure in the nuclear marker among the
western, central, Tehachapi, and Sierra Nevada re-
gions, indicating substantial gene ßow among them.
These results provide additional evidence for female
philopatry and male-dominated gene ßow.

The AMOVA provided some additional resolution
for structuring among regions for COI, but none for
KKV (Table 2). Based on COI, the highest among
group variation was achieved in the most highly par-
titioned, Þve-group scenario (grouping only the east-
ern Transverse Ranges and Peninsular Ranges because
of small sample size in the latter). The deepest single
breakamongregions separated theSierraNevadapop-
ulations from all others. In prospective three-group
scenarios, recognition of a secondary break dividing
the western and central from the eastern and Penin-
sular Range (across the Sierra Pelona) areas exhibited
only slightly lower among group variation than a single
break. Based only on the nuclear marker, the largest
single break divided the eastern and Peninsular Range
populations from all others, as shown by �st. But under
no further partitioning scenario did among-group vari-
ation approach within-population variation.
Niche Modeling. The ecological niche model (Fig.

3) suggests that highly suitable habitat for Z. integri-
pennis is relatively limited in extent in southern Cal-
ifornia, and is mostly found in moister coastal and
midelevation montane areas. The AUC value, aver-
aged over 10 replicates, for the test data were 89%,
indicating good, but not exceptional Þt of the model to
the test data points. The environmental variable con-
tributing most to the model (44.5%) was seasonality of
precipitation, indicating that Z. integripennis is asso-
ciated strongly with the most Mediterranean (winter
wet) parts of the region. The proportions of annual

precipitation occurring during the coldest, warmest,
and wettest quarters of the year accounted for re-
spectively decreasing fractions. The lowest suitability
habitat was found in the driest (excluding much of the
central valley and eastern deserts) and highest eleva-
tion (mainly Sierra Nevada) areas. Large parts of the
region were found to constitute moderately suitable
habitat (light to dark green in Fig. 3), although several
individuals were collected in such areas. Given that
precipitation is highly limited and variable from year-
to-year, it is likely that areas of moderate suitability
cannot support dense and sustained populations of the
beetles. Indeed these areas correspond to the most
signiÞcant genetic breaks observed (separating the
Sierra Nevada from areas to the south in mtDNA;
separation of eastern and Peninsular Range popula-
tions in both genes.)

Discussion

HistoricalEffects onPhylogeographicPattern.Phy-
logeographic patterns uncovered in Z. integripennis
correspond in many respects to patterns reported for
other taxa in the region. The predominant break re-
vealed by mitochondrial DNA separates populations
in the Sierra Nevada and Tehachapi Mountains from
those populations in the Transverse and coastal
ranges. In most beetle taxa studied to date, this break
has been deeper than any found within or across the
Transverse Ranges (Caterino and Chatzimanolis
2009), and it has been reported in numerous other
taxa, as well (Rich et al. 2008, Feldman and Spicer
2006, Kuchta and Tan 2006). Beyond the isolation of
the Sierran populations, the southern Sierra Nevada
frequently hosts higher haplotype diversity and
deeper divergence among haplotypes (Jockusch and
Wake 2002, Rissler et al. 2006, Caterino and Chatzi-
manolis 2009, Polihronakis and Caterino 2010). The
diversity in this region has been hypothesized to stem
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Fig. 2. Spatial autocorrelation correlograms of a) COI data, and b) KKV data. The y-axis represents the degree of
autocorrelation (r), and the x-axis represents 50-km distance classes. The dotted lines indicate the 95% conÞdence interval
based on 999 permutations of the data, and the error bars show the 95% conÞdence interval as determined by bootstrapping.
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from high refugial persistence of populations relative
to many other parts of southern California (Jockusch
andWake2002,Richet al. 2008).Although thispattern
is more evident in mitochondrial haplotype diversity
than in the nuclear intron, nuclear diversity in this
region is also relatively high, especially considering
the level of sampling compared with other areas.
Sex-Biased Dispersal. Our results support the hy-

pothesis that female philopatry in Z. integripennis is
responsible for higher apparent genetic structure in
mitochondrial DNA than in the KKV gene. Limited
female dispersal has resulted in highly isolated popu-
lations of mtDNA markers in practically all areas, with
no shared mitochondrial haplotypes over distances �7
km. Yet nuclear sequences from the same individuals
indicate that populations have had much stronger con-
nections, even over large distances. The only area in
which the two markers showed similar levels of struc-
ture was across the Sierra Pelona break separating the
western and eastern parts of the Transverse Ranges,
both showing restricted gene ßow across this gap (ac-
cording to �st measurements and AMOVA analyses).

Otherwise, most regions did not have signiÞcant �st

values based on the nuclear gene, although exhibiting
highly restricted mitochondrial haplotypes. This is
precisely the pattern predicted under female philo-
patry comparing a maternally transmitted marker with
a biparentally transmitted one (Urquhart et al. 2009).
In the only other population study of an insect with
larviform females that we know of, Usener and Cog-
nato (2005) found similarly strong mitochondrial iso-
lation among populations of the lampyrid beetle Mi-
crophotus octarthrus Fall in the western United States,
and the authors raised the possibility that cryptic spe-
cies might be present. It would be interesting to revisit
that species by using nuclear markers to compare
patterns with Z. integripennis.
Correspondence of ENM to Phylogeographic Pat-
tern. Patterns of isolation and contact among popu-
lations found interesting correlates in the ecological
niche model. Although it is obvious that the species
can occur in areas of marginal quality, these areas
nonetheless correspond well to the positions of the
deepest phylogeographic breaks. The large swath of

Fig. 3. Predicted distribution of Z. integripennis in California based on the Maxent ecological niche modeling analysis.
The colored scale provides a measure of the strength that Z. integripennis is distributed in a particular each area with warmer
colors representing stronger conÞdence. Sampling sites for the current study are indicated by black circles.
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moderate quality habitat (green in Fig. 3) separating
the central Transverse Ranges from the San Gabriels
and the other eastern ranges exactly matches the only
break affecting both markers, and it is particularly
interesting to note that this area includes the entire
Sierra Pelona Range. Across the other signiÞcant ge-
netic break in Z. integripennis high quality habitat is
restricted to a few small islands between the Sierra
Nevada and the central part of the Transverse Ranges,
suggesting the need for a stepping-stone mode of dis-
persal, viable for ßying male beetles but not for ßight-
less females. Looking at the ENM from the opposite
perspective, some continuous areas of high quality
habitat corresponded well with areas experiencing
close historic relationships, ongoing gene ßow (west-
ern and central Transverse Ranges), or both, although
this was not always the case (such as along the Sierra
Nevada front range where mitochondrial populations
showed deep historical divisions). In general, in most
areas of moderate-quality habitat male dispersal ap-
pears to have been adequate to prevent signiÞcant
nuclear differentiation, yielding varying degrees of
population connectivity in most parts of the Trans-
verse Ranges. Together these results suggest that al-
though female movement is restricted enough that
unique haplotypes are spatially restricted, the avail-
ability of suitable habitat on a large scale has pre-
vented signiÞcant population structuring for the spe-
cies as a whole.

To reconcile the current existence of populations in
areas that the ENM considers marginal for the species
with evidence of genetic breaks in some of those areas,
we suggest that over larger temporal windows, areas of
moderate suitability cannot support dense and sus-
tained populations of the beetles. Precipitation in
southern California is very limited, and highly variable
from year-to-year, and populations in these areas may
rarely grow large and be persistent enough to produce
migrants to more distant populations. Therefore, we
propose that in at least some cases, phylogeographic
breaks correspond to population sinks. It would be
interesting in future studies to examine paleoenviron-
mental variables in these regions to determine the
long-term stability of habitat across some of the ge-
netic discontinuities.
Caveats and Assumptions to Examine.No observed

evolutionary pattern is without alternative explana-
tions, and we brießy discuss some limits to our infer-
ences and possible alternatives here. First, because we
wereable to sampleonlymalebeetles, it is conceivable
that populations do not in fact exist in some of the
areas where we collected samples. If it is indeed
true that they migrate long distances, perhaps many of
these migrants never Þnd mates, and are no more than
transients in the areas where we found them. This
would argue for a phylogeographic situation closer to
that revealed by mtDNA, with conßicting nuclear
signal representing little more than noise in the data.
This concern can be countered by the observation that
individual male beetles possessed distantly related nu-
clear alleles. In fact most (33 out of 53) males were
found to be heterozygous, and nearly half (16 out of

33) of these males had haplotypes that spanned the
eastern and western clusters of KKV haplotypes. Many
offspring are clearly fathered by historically immi-
grant males.

The other more difÞcult caveat is that mitochon-
drial loci are expected to coalesce more recently
(Palumbi et al. 2001, Avise 2009 and references
therein) than nuclear genes, and thus, the implication
is both shallower and more isolated relationships. This
is because of its smaller effective population size re-
sulting from haploid transmission. In the case of Z.
integripennis, this might permit a scenario wherein
genetic signatures for interpopulation relationships
are maintained for a longer duration in nuclear mark-
ers because a larger effective population retains a
larger proportion of ancestral polymorphism. The per-
sisting mitochondrial clades in each population may
represent a random sample of the diversity historically
there. Although this cannot be fully discounted, both
genes exhibited a comparable number of haplotypes
throughout the sampling region. Based on signiÞ-
cant �st values (which take into consideration vari-
ance in frequencies and mutations between haplo-
types), it also was evident that the nuclear data were
able to detect population level processes in some
pairwise population comparisons where retention
of ancestral polymorphism could explain haplotype
sharing. In other words, where retained ancestral
polymorphism in the nuclear gene was responsible
for shared alleles among populations, their fre-
quency in a population would be independent of
their phylogenetic relationships. A similar concern
is that ßuctuating populations would disproportion-
ately reduce mitochondrial diversity, obscuring his-
torical relationships in that marker. Indeed, we be-
lieve this may explain the patterns of mitochondrial
isolation that we observe, and is precisely why mul-
tiple independent loci are needed to accurately re-
construct phylogeographic relationships.
Conclusions. Phylogeographic analysis of Z. integri-

pennis revealed different patterns of population struc-
ture and gene ßow between the maternally inherited
mitochondrial marker and the biparentally inherited nu-
clear marker. Contrasting these patterns permitted us to
recognize shared historical structure across genes, al-
though revealing contemporary factors obscuring or
modifying these patterns through differential dispersal.
MitochondrialDNAshowedthemajorbreakinsouthern
California to fall between the Sierra Nevada and the
Transverse Ranges, although there was only a weak in-
dication of this in the nuclear gene.

Further analyses of alternative, independent mark-
ers (such as microsatellites) would help paint a more
comprehensive picture of phylogeographic relation-
ships in the area, and could assist in elucidating male-
biased dispersal patterns. Further, a better integration
of ecological variables, present and past, will help
illuminate the respective roles topography, environ-
ment, and stochasticity play in driving phylogeo-
graphic divergence in this interesting region.

248 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 105, no. 2

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/article/105/2/241/120621 by guest on 16 M

ay 2023



Acknowledgments

We are grateful for the Þeld assistance of S. Chatzimanolis,
C. Grinter, K. Hopp, S. and P. Russell, and A. Short. The
California Department of Fish and Game, CA State Parks, Los
Padres National Forest, Angeles National Forest, Cleveland
National Forest, Sequoia National Forest, San Bernardino
National Forest, San Dimas Experimental Forest, Sierra Na-
tional Forest, the Arroyo Hondo Preserve (Land Trust for
Santa Barbara County), the Santa Barbara Botanic Garden,
the UC Sedgwick Reserve, and the UC James Reserve per-
mitted and facilitated our collections. We appreciate the
assistance of C. Martin and I. Ouzounov in the lab, and thank
V. Krauss for sharing his Tribolium intron data. Finally, thank
you to D. Kavanaugh and J. Schweikert (California Academy
of Sciences), A. Cline (California Department of Food and
Agriculture), and C. Barr (Essig Museum of Entomology, UC
Berkeley) for providing specimen records for the ENM anal-
ysis. This work was supported by the Schlinger Foundation,
a bequest from G. Ostertag, and National Science Foundation
award DEB0447694 to M. Caterino.

References Cited

Alexander, M. P., and K. J. Burns. 2006. IntraspeciÞc phy-
logeography and adaptive divergence in the white-
headed woodpecker. Condor 108: 489Ð508.

Althoff, D. M., G. P. Svensson, and O. Pellmyr. 2007. The
inßuence of interaction type and feeding location on the
phylogeographic structure of the yucca moth community
associated with Hesperoyucca whiplei. Mol. Phylogenet.
Evol. 43: 398Ð406.

Avise, J. C. 2004. Molecular markers, natural history and
evolution, 2nd ed. Sinauer, Inc., Sunderland, MA.

Avise, J. C. 2009. Phylogeography: retrospect and prospect.
J. Biogeogr. 36: 3Ð15.

Bruen, T. C., H. Phillip, and D. Bryant. 2006. A simple and
robust statistical test for detecting the presence of re-
combination. Genetics 172: 2665Ð2681.

Burns, K. J., and D. N. Barhoum. 2006. Population-level
history of the wrentit (Chamaea fasciata): implications
for comparative phylogeography in the California Flo-
ristic Province. Mol. Phylogenet. Evol. 38: 117Ð129.

Calsbeek, R., J. N. Thompson, and J. E. Richardson. 2003.
Patterns of molecular evolution and diversiÞcation in a
biodiversity hotspot: the California Floristic Province.
Mol. Ecol. 12: 1021Ð1029.

Caterino, M. S., and S. Chatzimanolis. 2009. Conservation
genetics of three ßightless beetle species in southern
California. Conserv. Genet. 10: 203Ð216.

Chatzimanolis, S., andM. S. Caterino. 2007a. Toward a bet-
ter understanding of the “Transverse Range break”: lin-
eage diversiÞcation in southern California. Evolution 61:
2127Ð2141.

Chatzimanolis, S., and M. S. Caterino. 2007b. Limited phy-
logeographic structure in the ßightless ground beetle,
Calathus ruficollis, in southern California. Divers. Distrib.
13: 498Ð509.

Chatzimanolis, S., and M. S. Caterino. 2008. Phylogeogra-
phy of the darkling beetle Coelus ciliatus in California.
Ann. Entomol. Soc. Am. 101: 939Ð949.

Clement, M., D. Posada, and K. A. Crandall. 2000. TCS: a
computer program to estimate gene genealogies. Mol.
Ecol. 9: 1657Ð1660.

Conroy, C. J., and J. L. Neuwald. 2008. Phylogeographic
study of the California vole,Microtus californicus. J. Mam-
mal. 89: 755Ð767.

Eisner, T., M. Eisner, A. B. Attygalle, M. Deyrup, and J.
Meinwald. 1998. Rendering the inedible edible: circum-
vention of a millipedeÕs chemical defense by a predaceous
beetle larva (Phengodidae). Proc. Natl. Acad. Sci. U.S.A.
95: 1108Ð1113.

Excoffier,L., P.E. Smouse, and J.M.Quattro. 1992. Analysis
of molecular variance inferred from metric distances
among DNA haplotypes: application to human mitochon-
drial DNA restriction data. Genetics 131: 479Ð491.

Excoffier, L., G. Laval, and S. F. Schneider. 2005.
ARLEQUIN version 3.0: an integrated software package
for population genetics data analysis. Evol. Bioinform. 1:
47Ð50.

Feldman, C. R., and G. S. Spicer. 2006. Comparative phy-
logeography of woodland reptiles in California: repeated
patterns of cladogenesis and population expansion. Mol.
Ecol. 15: 2201Ð2222.

Fontaine, K.M., J. R. Cooley, and C. Simon. 2007. Evidence
for paternal leakage in hybrid periodical cicadas
(Hemiptera: Magicicada spp.). PLoS One 2: e892.

Fordyce, J. A., M. L. Forister, C. C. Nice, J. M. Burns, and
A. M. Shapiro. 2008. Patterns of genetic variation be-
tween the checkered skippers Pyrgus communis and Pyr-
gus albescens (Lepidoptera: Hesperiidae). Ann. Entomol.
Soc. Am. 101: 794Ð800.

Forister, M. L., J. A. Fordyce, and A.M. Shapiro. 2004. Geo-
logical barriers and restricted gene ßow in the holarctic
skipper Hesperia comma (Hesperiidae). Mol. Ecol. 13:
3489Ð3499.

Godinho, R., E. G. Crespo, and N. Ferrand. 2008. The limits
of mtDNA phylogeography: complex patterns of popu-
lation history in a highly structured Iberian lizard are only
revealed by the use of nuclear markers. Mol. Ecol. 17:
4670Ð4683.

Hare, M. P. 2001. Prospects for nuclear gene phylogeogra-
phy. Trends Ecol. Evol. 16: 700Ð706.

Hijmans, R. J., S. E. Cameron, J. L. Parra, P. G. Jones, and A.
Jarvis. 2005. Very high resolution interpolated climate
surfaces for global land areas. Int. J. Climatol. 25: 1965Ð
1978.

Huelsenbeck, J. P., and F. Ronquist. 2001. MrBayes: Bayes-
ian inference of phylogeny. Bioinformatics 17: 754Ð755.

Huson, D. H. 1998. SplitsTree: a program for analyzing and
visualizing evolutionary data. Bioinformatics 14: 68Ð73.

Huson, D. H., and D. Bryant. 2006. Application of phylo-
genetic networks in evolutionary studies. Mol. Biol. Evol.
23: 254Ð267. (www.splitstree.org).

Jockusch, E. L., and D. B. Wake. 2002. Falling apart
and merging: diversiÞcation of slender salamanders
(Plethodontidae: Batrachoseps) in the American West.
Biol. J. Linn. Soc. 76: 361Ð391.

Krauss, V., C. Thummler, F. Georgi, J. Lehmann, P. F.
Stadler, and C. Eisenhardt. 2008. Near intron positions
are reliable phylogenetic markers: an application to ho-
lometabolous insects. Mol. Biol. Evol. 25: 821Ð830.

Kuchta, S., and A.-M. Tan. 2006. Lineage diversiÞcation on
an evolving landscape: phylogeography of the California
newt, Taricha tarosa (Caudata: Salamandridae). Biol. J.
Linn. Soc. 89: 213Ð239.

Linsdale, D. D. 1964. A revision of the genus Zarhipis Le-
Conte (Coleoptera: Phengodidae). Wasmann J. Biol. 22:
225Ð260.

Nylander, J.A.A. 2004. MrModeltest version 2. Program dis-
tributed by author. Evolutionary Biology Centre, Uppsala
University, Uppsala, Sweden.

Oliver, J. C., and A. M. Shapiro. 2007. Genetic isolation and
cryptic variation within the Lycaena xanthoides species

March 2012 RICHMOND AND CATERINO: PHYLOGEOGRAPHY OF Z. integripennis 249

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/article/105/2/241/120621 by guest on 16 M

ay 2023



group (Lepidoptera: Lycaenidae). Mol. Ecol. 16: 4308Ð
4320.

Palumbi, S.R.,F.Cipriano, andM.P.Hare. 2001. Predicting
nuclear gene coalescence from mitochondrial data: the
tree-times rule. Evolution 55: 859Ð868.

Parham, J. F., and T. J. Papenfuss. 2009. High genetic di-
versity among fossorial lizard populations (Anniella pul-
chra) in a rapidly developing landscape (Central Cali-
fornia). Conserv. Genet. 10: 169Ð176.

Peakall, R., and P. E. Smouse. 2006. Genalex 6: genetic anal-
ysis in Excel. Population genetic software for teaching
and research. Mol. Ecol. Notes 6: 288Ð295.

Pease, K. M., A. H. Freedman, J. P. Pollinger, J. E. McCor-
mack, W. Buermann, J. Rodzen, J. Banks, E. Meredith,
V. C. Bleich, R. J. Schaefer, et al. 2009. Landscape ge-
netics of California mule deer (Odocoileus hemionus): the
roles of ecological and historical factors in generating
differentiation. Mol. Ecol. 18: 1848Ð1862.

Phillips, S. J., R. P. Anderson, and R. E. Schapire. 2006.
Maximum entropy modeling of species geographic dis-
tributions. Ecol. Modell. 190: 231Ð259.

Polihronakis, M., andM. S. Caterino. 2010. Multilocus phy-
logeography of the ßightless darkling beetle Nyctoporis
carinata (Coleoptera: Tenebrionidae) in the California
Floristic Province: deciphering an evolutionary mosaic.
Biol. J. Linn. Soc. 99: 424Ð444.

Polihronakis,M.,M. S.Caterino, andS.Chatzimanolis. 2010.
Elucidating the phylogeographic structure among a mo-
saic of unisexual and bisexual populations of the weevil
Geodercodes latipennis (Coleoptera: Curculionidae) in
the Transverse Ranges of southern California. Biol. J.
Linn. Soc. 101: 935Ð948.

Rich, K. A., J. N. Thompson, and C. C. Fernandez. 2008.
Diverse historical processes shape deep phylogeographi-
cal divergence in the pollinating seed parasite Greya
politella. Mol. Ecol. 17: 2430Ð2448.

Rissler, L. J., R. J. Hijmans, C. Graham, C. Moritz, and D. B.
Wake. 2006. Phylogeographic lineages and species com-
parisons in conservation analyses: a case study of Cali-
fornia herpetofauna. Am. Nat. 167: 655Ð666.

Sequeira, F., J. Alexandrino, S. Weiss, and N. Ferrand. 2008.
Documenting the advantages and limitations of different
classes of molecular markers in a well-established phy-
logeographic context: lessons from the Iberian endemic
golden-striped salamander, Chioglossa lusitanica (Cau-
data: Salamandridae). Biol. J. Linn. Soc. 95: 371Ð387.

Sgariglia,E.A., andK. J.Burns. 2003. Phylogeography of the
California thrasher (Toxostomaredivivum) based on nest-
ed-clade analysis of mitochondrial-DNA variation. Auk
120: 346Ð361.

Short, A.E.Z., and M. S. Caterino. 2009. On the validity of
habitat as a predictor of genetic structure in aquatic
systems: a comparative study using California water bee-
tles. Mol. Ecol. 18: 403Ð414.

Simon, C., F. Frati, A. Beckenbach, B. Crespi, H. Liu, and P.
Flook. 1994. Evolution, weighting, and phylogenetic
utility of mitochondrial gene sequences and a compila-
tion of conserved polymerase chain reaction primers.
Ann. Entomol. Soc. Am. 87: 651Ð701.

Spellman, G. M., B. Riddle, and J. Klicka. 2007. Phylogeog-
raphy of the mountain chickadee (Poecile gambeli): di-
versiÞcation, introgression, and expansion in response to
Quaternary climate change. Mol. Ecol. 16: 1055Ð1068.

Spinks, P. W., R. C. Thomson, and H. B. Shaffer. 2010. Nu-
clear gene phylogeography reveals the historical legacy
of an ancient inland sea on lineages of the western pond
turtle, Emys marmorata in California. Mol. Ecol. 19: 542Ð
556.

Starrett, J., and M. Hedin. 2007. Multilocus genealogies re-
veal multiple cryptic species and biogeographical com-
plexity in the California turret spider Antrodiaetus riversi
(Mygalomorphae, Antrodiaetidae). Mol. Ecol. 16: 583Ð
604.

Stephens, M., and P. Scheet. 2005. Accounting for decay of
linkage disequilibrium in haplotype inference and miss-
ing data imputation. Am. J. Hum. Genet. 76: 449Ð462.

Stephens, M., N. J. Smith, and P. Donnely. 2001. A new
statistical method for haplotype reconstruction from pop-
ulation data. Am. J. Hum. Genet. 68: 978Ð989.

Swofford, D. L., 2002. PAUP*. Sinauer, Inc., Sunderland,
MA.

Tajima, F. 1989. Statistical method for testing the neutral
mutation hypothesis by DNA polymorphism. Genetics
123: 585Ð595.

Tiemann,D. L. 1967. Observations on the natural history of
the western banded glowworm Zarhipis integripennis
(LeConte) (Coleoptera: Phengodidae). Proc. Calif.
Acad. Sci. 35: 235Ð264.

Tripodi, A. D., J.W. Austin, A. L. Szalanski, J. McKern,M. K.
Carroll, R. K. Saran, and M. T. Messenger. 2006. Phylo-
geography of Reticulitermes termites (Isoptera: Rhinoter-
mitidae) in California inferred from mitochondrial DNA
sequences. Ann. Entomol. Soc. Am. 99: 697Ð706.

Urquhart, J., W. Yuezhao, and F. Jinzhong. 2009. Historical
vicariance and male-mediated gene ßow in the toad-
headed lizards Phrynocephalus przewalskii.Mol. Ecol. 18:
3714Ð3729.

Usener, J. L., and A. I. Cognato. 2005. Patterns of mitochon-
drial diversity among desert Þreßy populations (Lampyri-
dae:Microphotus octarthrusFall). Coleopt. Bull. 59: 361Ð367.

Vandergast, A. G., A. J. Bohonak, S. A. Hathaway, J. Boys, and
R. N. Fisher. 2008. Are hotspots of evolutionary poten-
tial adequately protected in southern California? Biol.
Conserv. 141: 1648Ð1664.

Vandergast, A. G., A. J. Bohonak, D. B. Weissman, and R. N.
Fisher. 2007. Understanding the genetic effects of re-
cent habitat fragmentation in the context of evolutionary
history: phylogeography and landscape genetics of a
southern Californian endemic Jerusalem cricket (Or-
thoptera: Stenopelmatidae: Stenopelmatus). Mol. Ecol. 16:
977Ð992.

Vandergast,A.G.,E.A.Lewallen, J.Deas,A. J.Bohanak,D.B.
Weissman, and R. N. Fisher. 2009. Loss of genetic con-
nectivity and diversity in urban microreserves in a south-
ern California endemic Jerusalem cricket (Orthoptera:
Stenopelmatidae: Stenopelmatus “santa monica”. J. Insect
Conserv. 13: 329Ð345.

Received 28 April 2011; accepted 11 January 2012.

250 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 105, no. 2

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/article/105/2/241/120621 by guest on 16 M

ay 2023



Appendix 1. Collecting locality information with extraction voucher numbers

Locality
DNA

extract no.
Locality

(from specimen label)
COI

haplotype
COI

GenBank
KKV

haplotype
KKV

Genbank

1.1 2109 CA: San Luis Obispo Co., Oso Flaco sand dunes,
35.0082 N, 120.6091 W

C29 HM047033

1.2 1422 CA: San Luis Obispo Co., Carrizo Plain NM,
35.1273 N, 119.8430 W

C05 HM047009 K06 HM047039

1.3 1434 CA: Santa Barbara Co., Sedgwick Reserve,
34.7197 N, 120.0366 W

C09 HM047013 K15 HM047048

1.3 1439 CA: Santa Barbara Co., Sedgwick Reserve,
34.7197 N, 120.0366 W

C13 HM047017 K15, K16 HM047048,
HM047049

1.3 1440 CA: Santa Barbara Co., Sedgwick Reserve,
34.7197 N, 120.0366 W

C09 HM047013 K08, K15 HM047041,
HM047048

1.3 1441 CA: Santa Barbara Co., Sedgwick Reserve,
34.7197 N, 120.0366 W

C14 HM047018 K01 HM047034

1.3 1442 CA: Santa Barbara Co., Sedgwick Reserve,
34.7197 N,120.0366 W

C09 HM047013 K02, K04 HM047035,
HM047037

1.4 1416 CA: Santa Barbara Co., Santa Barbara Botanic
Garden, 34.4573 N, 119.7094 W

C01 HM047005 K01 HM047034

1.4 1417 CA: Santa Barbara Co., Santa Barbara Botanic
Garden, 34.4573 N, 119.7094 W

C02 HM047006 K01, K02 HM047034,
HM047035

1.4 1427 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C01 HM047005 K01, K10 HM047034,
HM047043

1.4 1428 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C01 HM047005 K02, K11 HM047035,
HM047044

1.4 1429 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C07 HM047011 K12, K13 HM047045,
HM047046

1.4 1430 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C01 HM047005 K02, K11 HM047035,
HM047044

1.4 1432 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C08 HM047012

1.4 1433 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C01 HM047005 K12, K14 HM047045,
HM047047

1.4 1443 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C07 HM047011

1.4 1444 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C08 HM047012

1.4 1445 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C01 HM047005 K01, K17 HM047034,
HM047050

1.4 1458 CA: Santa Barbara Co., 3770 Foothill Rd.,
34.4700 N, 119.7300 W

C01 HM047005 K01 HM047034

2.1 1464 CA: Ventura Co., LPNF: Pine Mt., 34.6386 N,
119.3266 W

K02 HM047035

2.1 1465 CA: Ventura Co., LPNF: Pine Mt., 34.6386 N,
119.3266 W

C15 HM047019 K01, K15 HM047034,
HM047048

2.1 1466 CA: Ventura Co., LPNF: Pine Mt., 34.6386 N,
119.3266 W

C15 HM047019 K03, K15 HM047036,
HM047048

2.2 1825 CA: Ventura Co., LPNF, Mt. Pinos, Seymour
Cyn Rd., 34.8055 N, 119.0886 W

C23 HM047027 K15 HM047048

2.2 1826 CA: Ventura Co., LPNF, Mt. Pinos, Seymour
Cyn Rd., 34.8055 N, 119.0886 W

C23 HM047027 K15 HM047048

2.3 1471 CA: Los Angeles Co., Angeles NF, Sawmill Mt,
34.6837 N, 118.5405 W

C20 HM047024 K01, K04 HM047034,
HM047037

2.3 1472 CA: Los Angeles Co., Angeles NF, Sawmill Mt,
34.6837 N, 118.5405 W

C20 HM047024 K02 HM047035

2.3 1473 CA: Los Angeles Co., Angeles NF, Sawmill Mt,
34.6837 N, 118.5405 W

C20 HM047024 K22 HM047055

3.1 1418 CA: Los Angeles Co., Angeles NF, SDEF Bell
Cyn., 34.1826 N, 117.7938 W

C03 HM047007 K03, K04 HM047036,
HM047037

3.1 1419 CA: Los Angeles Co., Angeles NF, SDEF Bell
Cyn., 34.1826 N, 117.7938 W

C03 HM047007 K02 HM047035

3.1 1420 CA: Los Angeles Co., Angeles NF, SDEF Bell
Cyn., 34.1826 N, 117.7938 W

C04 HM047008 K01, K05 HM047034,
HM047038

3.1 1421 CA: Los Angeles Co., Angeles NF, SDEF Bell
Cyn., 34.1826 N, 117.7938 W

C03 HM047007 K02, K04 HM047035,
HM047037

3.1 1474 CA: Los Angeles Co., Angeles NF, SDEF Bell
Cyn., 34.1826 N, 117.7938 W

C21 HM047025 K23 HM047056

3.2 1423 CA: San Bernardino Co., San Bern.NF, 34.1609
N, 116.9179 W

C06 HM047010 K02, K07 HM047035,
HM047040

3.2 1424 CA: San Bernardino Co., San Bern.NF, 34.1609
N, 116.9179 W

C06 HM047010 K02 HM047035

3.2 1425 CA: San Bernardino Co., San Bern.NF, 34.1609
N, 116.9179 W

C06 HM047010 K02, K08 HM047035,
HM047041

Continued on following page
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Appendix 1. Continued

Locality
DNA

extract no.
Locality

(from specimen label)
COI

haplotype
COI

GenBank
KKV

haplotype
KKV

Genbank

3.2 1426 CA: San Bernardino Co., San Bern.NF, 34.1609
N, 116.9179 W

K09 HM047042

3.2 1461 CA: San Bernardino Co., SBNF: Deer Ck.,
34.1741 N, 116.9844 W

C06 HM047010 K02, K18 HM047035,
HM047051

3.2 1462 CA: San Bernardino Co., SBNF: Deer Ck.,
34.1741 N, 116.9844 W

C06 HM047010 K08, K18 HM047041,
HM047051

3.2 1463 CA: San Bernardino Co., SBNF: Deer Ck.,
34.1741 N, 116.9844 W

C06 HM047010 K02, K08 HM047035,
HM047041

3.3 1435 CA: Riverside Co., San Jacinto R., 34.7244 N,
116.8061 W

C10 HM047014 K02 HM047035

3.3 1436 CA: Riverside Co., San Jacinto R., 34.7244 N,
116.8061 W

C11 HM047015 K02 HM047035

3.3 1437 CA: Riverside Co., San Jacinto R., 34.7244 N,
116.8061 W

C11 HM047015 K04, K08 HM047037,
HM047041

3.3 1438 CA: Riverside Co., San Jacinto R., 34.7244 N,
116.8061 W

C12 HM047016 K02, K05 HM047035,
HM047038

3.3 1459 CA: Riverside Co., James Reserve, 33.8099 N,
116.7750 W

C12 HM047016 K01, K02 HM047034,
HM047035

3.3 1460 CA: Riverside Co., James Reserve, 33.8099 N,
116.7750 W

C12 HM047016 K01, K02 HM047034,
HM047035

4.1 1824 CA: San Diego Co., Clev. NF, Hwy 76 NW Lk
Henshaw, 33.2691 N, 116.8253 W

K04 HM047037

4.2 1822 CA: San Diego Co., Balboa Park, Florida Cyn.,
32.7389 N, 117.1442 W

C22 HM047026 K05, K08 HM047038,
HM047041

4.2 1823 CA: San Diego Co., Balboa Park, Florida Cyn.,
32.7389 N, 117.1442 W

C22 HM047026 K04 HM047037

5.1 2106 CA: Fresno Co., Sierra NF, Kirch Flat
Campground, 36.8793 N, 119.1505 W

C28 HM047032 K26, K27 HM047059,
HM047060

5.2 1470 CA: Tulare Co., Sequoia NF, F.S. 14S75, 36.6720
N, 118.9798 W

C19 HM047023 K01, K19 HM047034,
HM047052

5.3 1467 CA: Tulare Co., Sequoia NF, Boulder Ck.,
36.1585 N, 118.5406 W

C16 HM047020 K19 HM047052

5.3 1468 CA: Tulare Co., Sequoia NF, nr. Needlerock
Ck., 36.1000 N, 118.5090 W

C17 HM047021 K19, K20 HM047052,
HM047053

5.4 1469 CA: Tulare Co., Sequoia NF, Packsaddle Ck.,
35.9455 N, 118.5839 W

C18 HM047022 K21 HM047054

6.1 1827 CA: Kern Co., Tehachapi Mt. Park, 35.0677
N,118.4806 W

C24 HM047028 K01, K15 HM047034,
HM047048

6.1 1828 CA: Kern Co., Tehachapi Mt. Park, 35.0713
N,118.4860 W

C25 HM047029 K24, K25 HM047057,
HM047058

6.1 1829 CA: Kern Co., Tehachapi Mt. Park, 35.0713
N,118.4860 W

C26 HM047030 K15, K19 HM047048,
HM047052

6.1 1830 CA: Kern Co., Tehachapi Mt. Park, 35.0713
N,118.4860 W

C27 HM047031 K15, K26 HM047048,
HM047059
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