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Abstract

We review the evolutionary history and systematic status of species and subspecies
of the desert woodrat complex of the Neotoma lepida group. Currently, this
complex comprises six taxa currently recognized as species from western North
America, two “continental” (Neotoma lepida Thomas and Neotoma devia
Goldman) and four from islands on both the Pacific and gulf sides of Baja
California (Neotoma anthonyi [Todos Santos], Neotoma martinensis [San Martin],
Neotoma bryanti [Cedros], and Neotoma bunkeri [Coronados]). In this review, we
examined more than 4600 museum specimens for morphological characters, both
qualitative and quantitative craniodental, male phallic, and colorimetric variables,
analyzed mitochondrial DNA (mtDNA) sequence data for the cytochrome-b gene
and allelic variation for 18 nuclear microsatellite loci from more than 1000
individuals, and nuclear DNA sequences (nucDNA) from intron 7 of the (-
fibrinogen gene (Fgb-17) from 166 specimens. We analyzed morphological data
by a combination of univariate and multivariate methods to define discrete groups
in nature and to document patterns of variation across geography. We applied
phylogenetic analyses to delineate geographic clusters that are evolutionarily
independent and examined the concordance between these lineages and
morphological groupings. We used population genetic methods to determine the
degree to which there is genetic exchange between phylogenetic and morphological
groups where they co-occur in nature. We then used coalescent approaches to
develop hypotheses about the timing and processes that underlie diversification of
the molecular and morphological groups that we identified. Finally, we examined
a set of testable, objective criteria that can be used to bound species groups in
nature, and we rearranged the taxonomy of this group of woodrats according to
those criteria.

Our analyses, applications, and results confirm the inadequacy of the
current systematics of the Neotoma lepida group. We define four species: (1)
Neotoma bryanti Merriam, which is distributed along coastal California and
throughout Baja California, including all islands on both sides of that peninsula
occupied by woodrats except one; (2) Neotoma insularis Townsend, from Isla
Angel de la Guarda in the northern Gulf of California; (3) Neotoma lepida Thomas,
which occurs throughout the Colorado, Mojave, and Great Basin deserts west and
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north of the Colorado River; and (4) Neotoma devia Goldman, distributed south
and east of the Colorado River in Arizona and northwestern Sonora, Mexico. Each
of these species is defined as a unique and independent phylogenetic lineage
established by molecular sequences and diagnosed by a number of discrete
qualitative morphological craniodental and male phallic characters as well as by
multivariate analyses of craniodental and colorimetric variables. Each of these
species, with the exception of the insular N. insularis, is also composed of two or
three well-defined molecular subclades. While subclade structure indicates deep
and complex histories, nuclear genetic markers suggest that individuals of separate
mtDNA subclades within each of these species are both completely interfertile and
continue to interbreed freely at points of contact.

Both a molecular clock based approach and the use of coalescent
parameters provide estimates of the timing of species and clade diversification. All
splits occurred within the Pleistocene, with timing ranging from about 1.6 Ma for
the basal split within the group to approximately 50-100 Ka for the most terminal
splits among molecular subclades within N. lepida. These dates typically fall well
after the major vicariant geological processes that have been suggested to underlie
the diversification of other co-distributed species of vertebrates and invertebrates.
We also employ coalescent methods and Nested Clade analysis to develop
hypotheses of the past population history of each molecular clade and subclade
defined. The subclades of N. bryanti, for example, have undergone combinations
of geographic expansion on one margin of their current ranges while experiencing
fragmentation on another. Each of these subclades is older than those of N. lepida
or N. devia. In contrast, the two subclades of N. lepida, and particularly the
geographically widespread subclade 2A, have experienced recent and rapid spatial
expansion throughout the central deserts of the United States, a process that is
perhaps still in progress.

Limited hybridization with backcrossing does occur at two areas of contact
of the coastal N. bryanti and desert N. lepida (Morongo Valley, San Bernardino
Co., California, and Kelso Valley, Kern Co., California), but evidence for
introgression from 18 microsatellite loci is limited to the contact populations and
does not extend into the parental ranges of either species. Thus, although the two
species are not reproductively isolated, the lack of introgression beyond the point
of contact suggests lowered fitness of hybrid individuals and thus the genetic
isolation of both species.



INTRODUCTION

This study examines the distribution, biogeographic history, and systematics of
woodrats of the Neotoma lepida group from the western United States and
northwestern Mexico. Collectively referred to as desert woodrats, these are
ubiquitous occupants of dryland habitats from western Arizona to coastal
California and from southern Idaho and Oregon to the cape region of Baja
California Sur in Mexico. Their historical record is widespread and temporally
deep. As we detail below, the taxonomic history of this group has been
complicated, but most authors of the past half-century have viewed the complex to
include one or two mainland species and four insular ones off the Pacific and gulf
coasts of Baja California (e.g., Hall, 1981; Musser and Carleton, 2005).

As Verts and Carraway (2002) detail in their synopsis of the population
ecology and behavior of Neotoma lepida, these rats are important components of
the small mammal fauna throughout their range. They construct stick nests that
serve as refuges for a variety of other taxa, both vertebrate and invertebrate; they
serve as important prey for avian and non-avian reptiles as well as other mammals;
they play a critical role in nutrient cycling; and they provide, with other woodrat
species, perhaps the best historical record of vegetation community change of the
late and post Pleistocene (Betancourt et al., 1990; Grayson, 1993). Members of the
lepida group range in habitat from desert scrub communities below sea level in
Death Valley to the Mediterranean scrub or oak woodland of coastal California to
pifion-juniper woodlands at elevations above 7,000 feet in the Great Basin. They
are dominant members of the Baja California mammalian fauna, occurring in all
major vegetation communities including the pine-oak woodland of the Sierra La
Laguna in the Cape Region; they also occur on five islands along the Pacific Coast
and eight within the Sea of Cortez.

Our interest in this complex of woodrats began with Jim Mascarello’s 1978
analysis of chromosomal, allozymic, and morphological differentiation among
population samples across the lower Colorado River. This study established the set
of species boundaries currently recognized (e.g., Musser and Carleton, 2005),
although others (e.g., Hoffmeister, 1986) have challenged his taxonomic
conclusions. One of us (DGH) then began a more thorough geographic review of
one of the character suites employed by Mascarello — bacular morphology and the
soft anatomy of the glans penis. This culminated in an unpublished manuscript that
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detailed the taxonomic history of the complex and drew attention to additional
questions about species boundaries as well as the correct applicability of available
names based on standard nomenclatural rules. Planz (1992), in an unpublished
PhD dissertation, also addressed the issue of species boundaries within the lepida
group through a geographically limited use of restriction fragment length analysis
of mitochondrial DNA sequences. He summarized some of his views in a
generalized treatment on North American mammals (Planz, 1999). Finally, Patton
and Alvarez-Castafieda (2005) undertook a more thorough analysis of variation in
mitochondrial DNA sequences that, in conjunction with these previous studies,
supported revisions in the current systematics of the /epida group. Because each of
the studies had been limited both geographically and in character dataset, we
decided to combine efforts and provide the thorough review necessary to resolve
these lingering systematic issues.

The primary, or fundamental component of biodiversity is the definition of
species boundaries and the delimitation of subspecies, which are the
unambiguously diagnosable geographic units within species. To understand
species and subspecies boundaries within this complex of woodrats, we use a
combination of traditional univariate and multivariate morphological analyses of
museum specimens coupled with molecular markers from both the mitochondrial
and nuclear genomes. We then build hypotheses of a second fundamental
component of biodiversity, which is the history of diversification and range
occupation of evolutionary lineages over the past millennia. We end with a
synopsis of the nomenclatural history of the taxa we recognize, with a
rationalization of why we make the choices we do with regard to species and
subspecies definitions.

We recognize that this type of intensive systematic study has lost favor in
the past decade, particularly with the burgeoning and now, nearly sole use of
molecular genetic applications to investigate biodiversity and systematic questions.
We believe, however, that such limited analyses, although exceedingly powerful
and unparalleled for their insight into evolutionary history, nevertheless run the risk
of losing sight of the organism in nature. We hope that our combined character and
analytical approaches provide the reader with a useful understanding not only of
the biological diversity of this complex of woodrats but also a view of these taxa as
the naturally occurring organisms that they are.

TAXONOMIC HISTORY OF THE Neotoma lepida GROUP

Our concept of the Neotoma lepida group, and thus the taxa included in this
monograph, follows Goldman (1932), but excludes N. goldmani and N. stephensi.
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This narrowed view also excludes N. fuscipes and N. macrotis, sister species to
those of “N. lepida” based on molecular phylogenetic analyses and placed, as such,
in a broadened lepida species group by Edwards and Bradley (2002; see also
Matocq et al, 2007).

Merriam (1887) named the first taxon of the Neotoma lepida group, N.
bryanti, based on a single specimen from Isla Cedros (= Cerros), Baja California,
Mexico that was singed in a fire deliberately set to drive it from its nest. Six years
later, Thomas (1893) named N. lepida, based on a specimen that was, according to
Goldman (1910, p. 79), obtained by the British Museum from the U. S. National
Museum and originally identified as N. cinerea; he gave the type locality as
“Utah.” Rhoads (1894) named N. intermedia from Dulzura, San Diego Co.,
California and N. intermedia gilva from Banning, San Bernardino Co., California.
In May of that year, Price (1894) named N. californica from Bear Valley, San
Benito Co., California. The following July, Merriam (1894a) named N. desertorum
from Furnace Creek, Inyo Co., California and N. desertorum sola from San
Emigdio, Kern Co., California. He suggested that both californica Price and gilva
Rhoads were the same as typical N. intermedia, placed N. desertorum and N.
intermedia together as the only two members of the desertorum group, and placed
N. arizonae, which he had described in 1893, and N. lepida together in his arizonae
group. In September 1894, Merriam (1894b) listed N. lepida as a synonym of N.
arizonae, albeit with a question mark. Allen (1898) named N. arenacea from San
Jose del Cabo, Baja California Sur, Mexico and N. anthonyi from Isla Todos
Santos, Baja California, Mexico. He considered N. arenacea related to N. fuscipes
macrotis but considered N. anthonyi to have no close relatives within the genus.
Bangs (1899) named N. bella from Palm Springs, Riverside Co., California,
synonymized N. desertorum with N. lepida, and put N. bella into an "intermedia-
lepida" group. Elliot (1903) named N. bella felipensis from San Felipe, Baja
California, Mexico, and referred specimens from numerous localities in the
northern part of Baja California to N. intermedia. Elliot (1904), without describing
any new forms, assigned specimens to N. desertorum and N. d. sola and remarked
that he did not agree with Bangs (1899) that N. lepida and N. desertorum were the
same animal. Elliot (1904) also reduced N. bella to a subspecies of N. intermedia
and listed both that form and N. intermedia gilva from a single locality,
Whitewater, Riverside Co., California. Goldman (1905) named N. martinensis
from Isla San Martin, Baja California, Mexico and N. nudicauda from Isla Carmen,
Baja California Sur, Mexico. He wrote that N. martinensis resembled N. anthonyi
in color but not in skull morphology and that N. nudicauda resembled N. arenacea
and N. albigula. Goldman (1909) named N. intermedia pretiosa from Matancita,
N. i. perpallida from Isla San José, N. i. vicina from Isla Espiritu Santo, and N.
abbreviata (which he placed in the intermedia group) from Isla San Francisco, all
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four localities in Baja California Sur, Mexico. In February 1910, Taylor named M.
nevadensis from Virgin Valley, Humboldt Co., Nevada and considered it related to,
but specifically distinct from, both N. desertorum and N. lepida.

In October 1910, Goldman published his revision of the genus in which he
recognized seven species groups in the nominate subgenus. Species in his
intermedia group inhabited coastal southern California and virtually all of Baja
California and included the species N. abbreviata, N. anthonyi, N. bryanti, N.
intermedia (with the 5 subspecies: arenacea, gilva, perpallida, pretiosa, and
vicina), N. martinensis, and N. nudicauda. He arranged N. californica as a
synonym of N. intermedia and both N. desertorum sola and N. bella felipensis as
synonyms of N. intermedia gilva. His desertorum group included as full species N.
desertorum, N. goldmani, and N. lepida, with N. stephensi arranged as a subspecies
of N. lepida and both N. bella and N. nevadensis listed as synonyms of N.
desertorum. Goldman did not consider his intermedia group to be particularly
closely related to his desertorum group. Furthermore, he believed the type locality
of N. lepida to be unknown, not “Utah” as identified by Thomas (1893), probably
because he believed the name represented a taxon that occurred only south of the
Utah-Arizona border. He also treated N. arizonae as a subspecies of N. cinerea,
where it has remained.

Townsend (1912) named N. insularis from Isla Angel de la Guarda, Baja
California, Mexico and considered it most closely related to N. intermedia gilva.
Townsend based his description on a female deposited in the AMNH; a few years
later the holotype was transferred to the USNM (catalog number 198405). To our
knowledge, all subsequent references to the holotype still list it as in the AMNH.

Grinnell and Swarth (1913), based on specimens collected in the vicinity of
the San Jacinto Mountains in southern California, suggested that N. intermedia
intergraded with N. desertorum and arranged the latter as a subspecies of the
former. At least in part, their conclusion rested on the earlier assumption by
Goldman (1910) that N. bella from Palm Springs represented the same species as
N. desertorum from Furnace Creek. Goldman (1927) accepted the conclusion of
Grinnell and Swarth and named the sample from Tanner Tank, Coconino Co.,
Arizona as N. intermedia devia. He gave the range of this new taxon as western
Arizona east of the Colorado River. Nelson and Goldman (1931) named M.
intermedia ravida from Comondu, Baja California Sur, Mexico and gave its
distribution as the volcanic region of southern Baja California from the Sierra de la
Giganta north to latitude 28°.

Goldman (1932) reviewed the entire complex and concluded that all
specimens that he (1910) previously referred to N. lepida, except the type,
belonged to a different species, the oldest name for which is N. stephensi Goldman
(1905). He considered the specimens he had listed in 1910 as nominate N. lepida
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(following the custom of the time, he had not used trinomials for nominate
subspecies) to be subspecifically distinct from true N. stephensi and named them as
N. s. relicta, with the type locality as Keams Canyon, Navajo Co., Arizona. Part of
the confusion resulted from difficulties with determining the type locality of N.
lepida. Goldman concluded that the type specimen had been collected on the
Simpson expedition that started at Camp Floyd (= Fairfield), Utah and ended in
Carson City, Nevada but could not determine the locality more exactly. He
considered N. lepida as the oldest name for all forms previously listed as
subspecies of either N. intermedia or N. desertorum and arranged arenacea, devia,
felipensis, gilva, intermedia, notia, perpallida, pretiosa, ravida, and vicina as
subspecies of N. lepida, while retaining N. anthonyi, N. abbreviata, N. bryanti, N.
insularis, N. martinensis, and N. nudicauda as full species. He treated the names
bella, desertorum, and nevadensis as synonyms of N. [. lepida; treated sola as a
synonym of N. [. gilva; and listed californica as a synonym of N. /. intermedia. He
named N. . monstrabilis from Ryan, Coconino Co., Arizona as a new subspecies of
N. lepida, giving its range as southern Utah and Arizona north of the Colorado
River. Finally, he retained N. goldmani as a full species in his lepida group.

Burt (1932) named N. lepida marcosensis from Isla San Marcos, N. I
latirostra from Isla Danzante, and N. bunkeri from Isla Coronados, all three
localities in Baja California Sur, Mexico. He placed N. bunkeri in the subgenus
Homodontomys and considered the skull similar to that of N. fuscipes macrotis.
Blossom (1933) named N. auripila from near Papago Well, Agua Dulce Mts., Pima
Co., Arizona and considered it related to N. lepida devia. Orr (1934) named N.
lepida egressa from El Rosario, Baja California, Mexico giving its range as the
Pacific coast between 30° 03' and 31°N. Blossom (1935) named N. lepida bensoni
from Papago Tanks in the Pinacate Mts., Sonora, Mexico with its range restricted
to that region. Later that same year Benson (1935) reviewed geographic variation
in N. lepida in Arizona; he named N. /. flava from Tinajas Altas, Yuma Co. with a
range restricted to the Tinajas Altas Mts., reduced auripila to a subspecies of N.
lepida, and referred all other specimens from the state to N. /. devia or N. L
monstrabilis. Huey (1937) named N. [. aureotunicata from Punta Pefiascosa,
Sonora, Mexico and N. [. harteri from south of Gila Bend, Maricopa Co., Arizona,
both then known only from their respective type localities. Von Bloeker (1938)
resurrected californica as a subspecies of N. lepida with a range along the inner
coast ranges of California from Santa Clara Co. south to Monterey Co. and named
N. . petricola from Abbott's Ranch, Arroyo Seco, Monterey Co., California and
gave its distribution as the Santa Lucia and Sierra de Salinas mountains. Goldman
(1939) named N. lepida marshalli from Carrington Island, Tooele Co., Utah,
known only from its type locality. Hall (1942) named N. lepida grinnelli from
north of Picacho, Imperial Co., California, and defined its range as the western side
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of the Colorado River in Nevada and California. Huey (1945) named N. lepida
molagrandis from Santo Domingo Landing, Baja California with a range along the
northern and western coastal section of the Vizcaino Desert region of the
peninsula. Kelson (1949) named N. lepida sanrafaeli from Rock Canyon Corral,
near Valley City, Grand Co., Utah with a range in eastern Utah north of the
Colorado River. The most recently described taxon in this complex is N. lepida
aridicola, which Huey (1957) named from El Barril, Baja California, Mexico and
occurs on the Gulf side of the peninsula from San Francisquito Bay to El Barril.

Relying solely on characters of the baculum, Burt and Barkalow (1942)
suggested that Neotoma bunkeri was related to N. lepida and not to N. fuscipes and
that the bacula of N. bunkeri and N. lepida differed sufficiently from those of other
members of the species group to suggest separate subgeneric status. The
taxonomic arrangement of Neotoma in Hall and Kelson (1959) summarized the
numerous changes to that time. Hoffmeister and de la Torre (1959) concluded that
the baculum of N. stephensi was more similar to either N. mexicana or N. phenax
than to that of N. lepida. Burt (1960), in his monograph on the bacula of North
American mammals, reiterated the conclusions of Burt and Barkalow (1942),
considered N. stephensi more similar to N. mexicana than to N. phenax, and, based
on the examination of one specimen, suggested that N. lepida insularis had an
abnormal baculum. Hooper (1960), in his account of the soft anatomy of the glans
penis of Neotoma and related genera, also stated that N. lepida was unique in the
genus to the point of possibly requiring its own subgenus and that the glans penis
of N. stephensi resembled those of N. mexicana and N. phenax more than the glans
of N. lepida.

Baker and Mascarello (1969) documented differences among different
populations of N. lepida based on standard karyotypes of non-differentially stained
chromosomes.  Mascarello and Hsu (1976) subsequently showed that the
karyotypic variation, based on C- and G-banded chromosomes, was between
populations on opposite sides of the Colorado River. Differences between
karyotypes consisted of heterochromatic short-arm additions on two autosomes and
a pericentric inversion in chromosome 2. They also decided that the karyotypes
did not support putting N. stephensi in the same species group with N. lepida, a
conclusion subsequently supported by a cladistic analysis of Neotoma banded
karyotypes (Koop et al., 1985). Mascarello (1978) utilized characters of the glans,
chromosomes, and isozymes to determine that N. lepida comprised three forms:
one from Baja California and coastal California corresponding to the N. intermedia
of Goldman (1910); one from the deserts of California ranging north into Nevada,
Utah, Colorado, and Arizona north of the Colorado River corresponding roughly to
N. desertorum (= N. lepida) of Goldman; and one occurring east of the Colorado
River in Arizona and Sonora (= N. devia). Mascarello did not consider the first and
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second forms sufficiently different to warrant treating them as separate species but
did suggest recognizing N. devia as a species.

Carleton (1980), in his study of phylogenetic relationships among taxa of
the neotomine-peromyscine complex, once again concluded that N. lepida showed
few close affinities with other members of the genus but declined to propose a new
subgenus for it. Hall (1981) summarized all previous work except that of
Mascarello (1978) by recognizing a single species, N. lepida, with 31 subspecies.
Hall also retained as full species the four island forms not previously treated as
subspecies of N. lepida, and did not recognize any species groups in the subgenus.
Hoffmeister (1986), in his monograph on Arizona mammals, concluded that the
glans penis characters used by Mascarello to separate N. lepida from N. devia did
not hold and, without evaluating the isozyme or chromosomal data, considered the
two forms as conspecific. Musser and Carleton (1993), in their review of the
taxonomy of muroid rodents, followed Mascarello in recognizing N. devia as a
species separate from N. lepida, but listed monstrabilis Goldman and sanrafaeli
Kelson, both from north of the Colorado River in Arizona, Utah, and Colorado, as
synonyms of N. devia. In their more recent synopsis, however, Musser and
Carleton (2005) limited their concept of N. devia to only those samples south and
east of the Colorado River in Arizona and Sonora, and included aureotunicata,
auripila, bensoni, flava, and harteri as synonyms. They allocated both
monstrabilis and sanrafaeli to N. lepida. Finally, these authors in both their 1993
and 2005 reviews continued to recognize the insular taxa N. anthonyi, N. bryanti,
N. bunkeri, and N. martinensis as distinct species and treated insularis as a
synonym of N. lepida.

Riddle et al. (2000a) supported Mascarello’s (1978) suggestion that M.
lepida itself might be a composite of two species based on mtDNA sequence data.
Edwards and Bradley (2002) examined phylogenetic relationships among species
of woodrats based on mtDNA cytochrome b gene sequences, and limited
Goldman’s lepida group to N. lepida and N. devia. Matocq et al. (2007)
documented a phylogenetic sister relationship between N. lepida (including devia)
and the N. fuscipes-N. macrotis complex based on evidence from both mtDNA and
nuclear DNA sequences. None of these authors, however, examined the insular
“species” of the lepida group, namely N. bryanti, N. anthonyi, N. martinensis, and
N. bunkeri. Finally, Patton and Alvarez-Castafieda (2005) delineated cyt-b
sequence variation throughout the range of the lepida group, as redefined by
Edwards and Bradley, including the insular N. bryanti from Isla Cedros. They
documented strong molecular clade structure, with populations from the coastal
region of California and Baja California more differentiated from N. lepida proper
then N. lepida is from populations of N. devia from east of the Colorado River in
Arizona.  Their analysis suggested the possible nomenclatural priority of
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Merriam’s (1887) name N. bryanti for the coastal California-Baja California
complex, an action that awaited “...integrated morphological and molecular
confirmation” (Musser and Carleton, 2005, p. 1056). Our objective here is to
provide such confirmation based on a thorough analysis of craniodental and
colorimetric data combined with qualitative morphological characters of the skull
and glans along with molecular genetic data from both the nuclear and
mitochondrial genomes.



MATERIALS AND METHODS

SPECIMENS AND ABBREVIATIONS

We examined more than 4,600 specimens of desert woodrats from 1,095 individual
localities. Most of these are housed in the collections of the Museum of Vertebrate
Zoology, which contains 3,419 specimens of woodrats of the Neotoma lepida
group (see http://mvz.berkeley.edu/), including 3,004 from the United States and
415 from Mexico. More than 1,100 specimens were collected specifically for this
study. The additional specimens we surveyed are housed in the mammal
collections at the National Museum of Natural History, Smithsonian Institution
(USNM, n = 683), Academy of Natural Sciences, Philadelphia (ANSP, n = 2),
Museum of Comparative Zoology, Harvard University (MCZ, n = 3), Dickey
Collection, University of California Los Angeles (UCLA, n = 69), Los Angeles
County Museum of Natural History (LACM, n = 288), San Diego Society for
Natural History (SDNH, n = 277), California State University, Long Beach
(CSULB, n = 62), University of Washington Burke Museum (UWBM, n = 1),
University of Illinois Museum of Natural History (UINHM, n = 17), University of
North Texas (UNT, n = 11), and Centro de Investigaciénes Bioldgicas del
Noroeste, La Paz, Baja California, Mexico (CIB, n = 131). We examined
holotypes of 30 of the 38 named forms of the /epida group (considered as valid
taxa or as junior synonyms; see Hall, 1981; Alvarez-Castafieda and Cortés-Calva,
1999; and Musser and Carleton, 2005): abbreviata Goldman (MCZ 12260),
aridicola Huey (SDNHM 15595), aureotunicata Huey (SDNHM 10907), bella
Bangs (MCZ 5308), bryanti Merriam (USNM 186481), bunkeri Burt (UCLA
19725), desertorum Merriam (USNM 33139/25739), devia Goldman (USNM
226376), egressa Orr (MVZ 50142), flava Benson (MVZ 62657), gilva Rhoads
(ANSP 1665), grinnelli Hall (MVZ 10438), harteri Huey (SDMNH 11462),
insularis Townsend (USNM 198405), intermedia Rhoads (ANSP 8343), latirostra
Burt (UCLA 19718), marcosensis Burt (UCLA 20010), marshalli Goldman
(USNM 263984), martinensis Goldman (USNM 81074), molagrandis Huey
(SDNHM 14065), monstrabilis Goldman (USNM 243123), nevadensis Taylor
(MVZ 8282), notia Nelson and Goldman (USNM 146794), nudicauda Goldman
(USNM 79073), perpallida Goldman (USNM 79061), petricola von Bloeker
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(MVZ 30203), pretiosa Goldman (USNM 140123), ravida Nelson and Goldman
(USNM 140692), sola Merriam (USNM 43381/31516), and vicina Goldman
(USNM 146803).

A complete list of localities for which we have examined specimens is
provided in the Appendix. Each locality is assigned a unique number for reference
in the lists of specimens used in the separate geographically based analyses. We
obtained the georeferenced coordinates used to map localities from each museum
collection database via the Mammal Networked Information Systems (MaNIS;
http://manisnet.org). Because these data are dynamic and thus subject to change as
locality coordinates are refined, all data from non-MVZ specimens are from 1
January 2005; those from MVZ are from 1 January 2006; and those from CIB,
which is not yet a participant of the MaNIS network, are from 10 December 2005.

MORPHOMETRICS

We took external measurements from specimen labels, as follows:

TOL Total length, from tip of nose to tip of terminal tail vertebra

TAL Tail length, from dorsal flexure at base of the tail to tip of the last
vertebra

HF Hind foot length, from proximal margin of calcaneus to tip of
longest claw

E Ear height, from notch to top of pinna (only crown height is

available for many specimens collected in the early part of the
1900s; these measurements were excluded from analyses)

We took twenty-one cranial dimensions with digital calipers to the nearest
0.01 mm (Fig. 1), as follows:

CIL Condyloincisive length, from the anterior margins of the upper
incisors to the posterior margins of the occipital condyles

7B Zygomatic breadth, greatest breadth across the zygomatic arches

10C Interorbital constriction, least distance across the roof of the skull
between the orbits

RL Rostral length, diagonal measurement taken from anterior margin of
orbit to anterior margin of nasal bones

NL Nasal length, maximum midline length of nasal bones

RW Rostral width, taken across outside margins of the nasolacrimal

capsule
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OL Orbital length, taken diagonally from the anterior to posterior
margins of the orbit

D Diastema length, from the posterior face of the upper incisors to the
anterior edge of M1

MTRL Molar toothrow length, alveolar length of maxillary toothrow

IFL Incisive foramen length, length of maximal opening of incisive
foramen

PBL Palatal bridge length, from the posterior margins of upper incisors to
anterior margin of mesopterygoid fossa

AW Alveolar width, outside distance across the alveolae of the second
upper molars

OCB Occipital condyle breadth, outside distance between occipital
condyles

MB Mastoid breadth, greatest width of cranium across the mastoid bones

BOL Basioccipital length, distance from ventral margin of foramen
magnum to basioccipital-basisphenoid suture

MFL Mesopterygoid fossa length, midline distance from anterior margin
of posterior tip of hamular processes

MFW Mesopterygoid fossa width, maximal width taken at suture of
palatine and pterygoids bones

ZPL Zygomatic plate length, taken at mid-height from anterior to
posterior margins of zygomatic plate

CDh Cranial depth, vertical distance from plane determined by incisor
tips and bullae and top of cranial vault

BUL Bullar length, greatest length of tympanic bulla

BUW Bullar width, greatest width of tympanic bulla

We estimated age by measuring the height of the hypoflexus on the first
upper molar using an optical micrometer (M1H; Fig. 1). The molars of woodrats
are coronally hypsodont, with elevated crowns that erupt and begin to wear before
the tooth roots and growth ceases. Most individuals with the base of the
hypoflexus still hidden by the bony alveolus were still in juvenile or subadult
pelage and were considered very young and not measured. For all remaining
individuals for which the height of the hypoflexus could be measured, we placed
individuals into one of five equal groups: Age 5 (youngest): height 2.00-2.50 mm;
Age 4: height 1.50-1.99 mm; Age 3: height 1.00-1.49 mm; Age 2: height 0.50-
0.99; and Age 1 (oldest): height 0.00-0.49. Individuals in all five age-categories
had adult pelage, although they may not have been post-reproductive. We included
all age 1-5 individuals in the analyses we undertook. Exceptions to this “age”
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scheme are the very large-bodied individuals from Baja California, where animals
in adult pelage and with evidence of reproductive activity may also have
incompletely erupted molars wherein the base of the hypoflexus is below the bony
alveolus. These specimens were measured and tested to determine if they could be
included in an “adult” category for statistical comparisons.

We performed statistical analyses with one of three commercially available
programs for the personal computer. Univariate summaries of morphometrics
variables were performed primarily with StatView® (version 5.0; SAS Institute
Inc.). Principal components and discriminant function analyses designed to
compare samples pooled by locality were performed with JMP® (version 5.0, SAS
Institute Inc.) or Statistica® (StatSoft, Inc.). We examined nongeographic
variation (due to sex and age as estimated from the tooth height categories, and
their interaction) by two-way analysis of variance (ANOVA, random-effects model
to accommodate unequal sample sizes), and all univariate comparisons between
populations or geographic areas used one-way ANOVAs, again with a random-
effects model. Both sets of analyses used StatView. All multivariate analyses used
log;o transformations of the original cranial variables. Finally, to explore the
effects of age, as measured by hypoflexus height, on multivariate analyses, we
performed separate analyses with the raw transformed variables and the residuals
taken from the regression of each original transformed variable on hypoflexus
height. This “correction” for age had no effect on the patterns of variation or on
the conclusions that stem from the interpretation of those patterns.
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Figure 1. Views of the cranium (dorsal, ventral, and lateral) and labial view of the
measurements taken from woodrat specimens examined. Abbreviations are
defined in the text.
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We summarize variation in both external and craniodental variables by
standard descriptive statistics (mean =+ standard error, sample size, and range) for
all samples and use multivariate principle components (PCA) and canonical
variates analyses (CVA) to document trends in character variation across
geography and at particular regions of sharp transition. Because of the pronounced
size variation exhibited among both peninsular and insular samples from Baja
California, for these samples we employed a size-free canonical discriminant
analysis (CDA) following the methodology outlined by Patton and Smith (1990)
and dos Reis et al. (1990). The first step in this procedure is to perform a PCA on
the within-group variance-covariance matrix on the log-transformed craniodental
variables. The resulting first PC axis can be considered a multivariate size vector if
all variables load positively and are significantly correlated with the values of their
respective cranial characters (Strauss, 1985). Residuals are then obtained from the
regression of each original craniodental variable on PC-1 scores and entered into a
CDA with sample groups (taxa or geographic groups) identified a priori. The
resulting distribution of these groups in multivariate space is then based on size-
free cranial proportions or a measure of overall cranial shape in our comparisons
among groups. We then assessed how individual characters might influence the
separation of these sample groups by transforming canonical coefficients into
correlation vectors calculated from the correlation between individual scores for
the canonical variables and the actual values of the characters for each individual
(Strauss, 1985).

Finally, we determined empirically the sample groups used in analyses of
geographic trends in an iterative process, using both each individual univariate
character as well as scores on PC-1 and PC-2 axes. Individual sample localities
were initially grouped arbitrarily by close geographic proximity and commonality
of taxon assignment. If fewer than 5 of the 21 craniodental univariate characters
and neither PC-1 and PC-2 scores were found to be significantly different among
this set of geographic samples (based on one-way ANOVA, using Fisher’s PLSD
posterior multiple pairwise test and applying the Bonferroni correction; Rice,
1989), this set of samples was then joined as a single, pooled sample and compared
in a similar fashion to other pooled samples geographically adjacent and currently
assigned to the same taxon, based on present taxonomy (e.g., Grinnell, 1933; Hall,
1981; Alvarez-Castafieda. and Cortés-Calva, 1999). The final groups thus included
clusters of geographically adjacent localities that were statistically uniform in the
characters examined, at both the univariate and multivariate levels. Because we
wished to examine the veracity of current infraspecific taxonomy, we also made
sure that pooled geographic samples included only localities currently allocated to
a single subspecies (as mapped by Hall, 1981).
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GLANS PENIS, INCLUDING BACULUM

One of us (DGH) prepared glandes originally dried on museum skins by clearing
them with 2% potassium hydroxide for no longer than 48 hrs and staining them
with alizarin red S followed by storage in glycerin prior to examination. We also
had available a large number of specimens originally preserved in formalin and
maintained in 70% ethanol; most of these were not cleared and stained. Of the
total examined, 606 specimens from 216 localities proved complete enough for
detailed analysis. Many of the glandes dried on the skins no longer contained the
all-important tip (see below). We noted that many of the specimens that had been
cleared and stained by other workers were stretched and excessively cleared, with
the result that the spines were lost and the glans greatly distorted. Some workers
processed the specimens only to use the baculum; in these cases almost all soft
tissues were lost. We recommend that anyone wishing to preserve glandes of these
species place them in formalin in the field, since drying them on the skin risks
damaging the tip. We also recommend that dried glandes not be left in KOH
longer than 48 hrs, with an additional day for staining; any longer risks major
damage to the specimen.

We used characters 52 through 67 of Carleton (1980) to describe the
glandes. Characters 63 through 67 refer to measurements. The varying methods of
preservation of these elongate penial structures have produced much variation in
the length and width of the glans, and additionally, the curved nature of the
baculum makes its length very difficult to determine accurately. Therefore we
based decisions on character states on direct comparisons rather than on actual
measurements. Further, the tip-type was classified according to Mascarello (1978,
Fig. 5).

We examined glandes from specimens referable to all of the 31 subspecies
of this complex recognized in Hall (1981) except N. /. aureotunicata and marshalli.
In addition, we examined topotypes or near topotypes of all other named forms,
even those not currently recognized at the subspecies level, except /lepida,
desertorum, grinnelli, intermedia, sola, bella, and egressa. Our list includes
specimens from all but three of the islands known to have populations of this
complex; all three of these island forms for which no glandes are available were
originally named as full species (N. anthonyi, N. martinensis, and N. bunkeri) and
retained as such by all subsequent workers. Unfortunately, we know of no
specimens of N. bunkeri collected since its description or of either N. anthonyi or
N. martinensis collected since the mid-1920s (specimens in the MVZ); each of
these populations may be extinct (see Mellink, 1992a, b).
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COLORIMETRY

We employed an X-Rite Digital Swatchbook® spectrophotometer (X-Rite, Inc.,
Grandville, MI, USA) to measure color on a total of 3,406 study skins of woodrats
from 835 specific localities. Specimens examined span the entire range of the
Neotoma lepida group and include all insular and mainland taxa. We set the
spectrophotometer to compare measured colors to the CIE (Commission
Internationale de [”Eclairage, or International Commission on Illumination)
Standard Illuminant F7 for fluorescent illumination, which represents a broadband
daylight fluorescent lamp (6500 K). We chose this standard because all
measurements were taken indoors under fluorescent ambient lighting. The
instrument provides a reflectance spectrum (390-700 nm) of the object being
measured as well as tristimulus color scores (CIE X, Y, and Z) that can be directly
compared to scores from the Munsell or other color references (Hill, 1998).

We measured color with a 3 mm diameter port placed at four topographic
positions on each individual specimen: (1) on the dorsal surface at mid-rump, (2)
on the dorsal stripe of the tail about 1/3 its length from the base, (3) just above the
lateral point of contact between the dorsal and ventral color on the flank, and (4) at
mid-chest on the ventral surface. Dorsal and tail color is generally uniform for any
given individual specimen, and the exact placement of the colorimeter resulted in
little variation in the measurements obtained. The color of the sides of a specimen,
where there is always an abrupt shift from the dorsal to ventral color, may simply
involve a gradual lightening of the dorsal color laterally or may be more complex
with a distinct lateral line of a color different from that of either the dorsal or
ventral surfaces. Consequently, care was taken in all lateral measurements to place
the colorimeter port on the flank just above the contact point with the ventral color,
thereby ensuring measurement of any lateral line color if present. The color and
pattern of color across the venter varies greatly, both with regard to the degree of
exposure of the gray base of individual hairs and of the different colors of the hair
tips. Because it was not possible to record all of this variation in a single
measurement, we always measured the mid-chest between the axillary regions of
the forearms. We examined only adult, non-molting specimens with non-oily fur.
Finally, to determine the repeatability of the instrument, we took 10 separate
measurements from each of the four sites on the skin for an initial set of 10
specimens from each of three different populations whose dorsal color was easily
distinguished by eye and examined the mean and variance of each. Because the
variance was less than 3% in all cases, we subsequently took three separate
measures from each specimen and used the means of these as input data for
analysis.
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We also took color measurements from Munsell glossy finish colors
(Munsell, 1976) so that direct comparisons could be made between our
measurements of color for any sample of woodrats to this standard color system.
We chose the series of Munsell colors that we determined by visual comparison to
be closest to the range of dorsal colors exhibited in museum skins of desert
woodrats.

We examined variation in X, Y, and Z variables both separately as well as
combined for each of the four topographic areas of the skin by standard univariate
and multivariate statistics using the StatView, JMP, or Statistica software
programs. We then compared in a single analysis the range of measured color for
each topographic region to same variable taken from the Munsell color chips. This
allows one to associate more formally the Munsell color system with woodrat
colors than by simple visual notation. Finally, we examined color among samples
organized for each of the geographic transects concomitantly with variation in
craniodental and molecular data. Because melanism is common among many
desert woodrat populations, particularly those inhabiting basalt flows of even
limited geographic extent (e.g., Leiberman and Lieberman, 1970), we undertook
separate analyses to compare the color characteristics of melanic populations
occurring on different lava fields and encompassing separate molecular clades.
This analysis examined the degree of phenotypic similarity among melanic
individuals, regardless of geographic area or hypothesized phyletic origin of their
respective populations.

ENVIRONMENTAL VARIATION

We examined the relationship between morphological attributes, both each separate
craniodental or colorimetric variable as well as their multivariate PCA summaries,
and environmental variables in our geographic analyses, below. To do this, we
used the 19 bioclimatic (Bioclim) variables derived from the monthly temperature
and rainfall values from weather stations in the western United States and northern
Mexico. These data are archived in the WorldClim database that is accessible at
http:/www.worldclim.org/bioclim.htm. We then generated data layers for each
environmental variable in ArcView 3.2 (http://www.esri.com/), with point data
interpolated and extracted for each geographic sampled locality (see Appendix)
using DIVA-GIS, version 5.2 (http://www.diva-gis.org/). These data were then
subjected to a principal components analysis to reduce the large number of
correlated individual bioclimatic variables to a reduced set of orthogonal axes. We
then used correlation analyses to relate craniometric and colorimetric variables to
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bioclimatic scores on the first two PC axes, which combine to explain 73% of the
total pool of variation among the 19 individual Bioclim variables.

MOLECULAR SEQUENCE METHODOLOGY

We extracted genomic DNA from liver or ear biopsies either preserved originally
in 95% ethanol or frozen in liquid nitrogen in the field and maintained at -80°C in
the lab, using either Chelex® (Walsh et al., 1991) or DNAeasy kits (Qiagen Inc.).
We specify the methods employed for each molecular marker system we used in
the three following sections.

mtDNA cytochrome b gene sequence

The mitochondrial cytochrome b gene (cyt-b) in Neotoma is 1143 base pairs (bp) in
length (Edwards and Bradley 2001, 2002; Edwards et al. 2001). We amplified the
entire gene in two fragments of approximately equal length that overlapped by
about 350 bp. Primer pair MVZ05-MVZ16 amplified the initial 800+ bases of the
gene, and primer pair MVZ127-MVZ108 amplified the terminal 700+ bases
(primer sequences in Smith and Patton, 1999; Leite, 2003). We purified double
stranded DNA using the QIAquick PCR Purification kit (Qiagen, Valencia, CA),
and then cycle-sequenced this template with MVZ05 and MVZI127 for the light
strand and MVZ108 and MVZ16 for the heavy strand using the Taq FS kit. We
generated all sequences on either an ABI 377 slab gel or ABI 3730 capillary
automated sequencer following manufacturer protocols. We aligned and edited all
sequences using the Sequence Navigator software (Applied Biosystems, Inc.).
Both strands of the entire gene were sequenced for an initial set of 203 specimens
to ensure the constancy of sequence for each individual, but only the light strand
was then obtained for subsequent specimens, which comprised the majority of the
sequences examined.

We also extracted DNA from museum specimens of four taxa of the
Neotoma lepida group now believed to be extinct (anthonyi [USNM 137173,
137201], bunkeri [UCLA 19720], insularis [UCLA 19911], and martinensis
[USNM 139030]), following established guidelines for ‘“ancient” DNA (e.g.,
Gilbert et al., 2005). In each case, a small piece of skin was removed from the
edge of the ventral incision with sterilized instruments, hair was carefully removed
by a sterile scalpel blade, the skin fragment was subsequently soaked in sterile
ddH,0 overnight, with extraction then performed with the DNAeasy kits in the
same fashion as tissue samples for freshly collected samples. All procedures took
place in a “DNA clean room” under a pressurized hood to eliminate opportunities
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for contamination. We amplified extracted DNA from these samples in smaller
fragments, averaging about 400 bp in length, using a combination of published
primer pairs (MVZ03, MVZ04, MVZ103, and MVZ14; Smith and Patton, 1991,
1993) and others designed from multiply-aligned sequences that we had previously
generated from fresh specimens of the N. lepida group. The latter included primer
pair Neo66F (5>—CYA CCC CAC CCA ACA TCT CAT CAT G—3’) and
Neo66R (5—TTG TRA TAA CNG TGG CYC CTC AGA ARG—3’), which
amplified a 376 bp fragment beginning at position 66 in the Neotoma cyt-b
genome, and primer pair Neo365F (5’—CCG TAA TAG CAA CAG CAT TTA
TAG G—3’) and Neo365R (5"—GCT GGG GTG TAG TTG TCT GG—3’),
which produced a 411 bp fragment beginning at position 365. All extraction and
PCR procedures were done in a clean room physically separated from laboratory
areas where modern samples are routinely processed. We sequenced each sample
on multiple occasions using separate extractions and amplification reactions, as
well as in both directions. Each sequence we report here and list in GenBank was
thus confirmed independently by at least three separate amplification and
sequencing reactions.

We obtained the entire 1143 bp cytochrome b sequence for 500 specimens
and the initial 801 bp fragment of this same gene from an additional 648
individuals, for a total of 1148 specimens from 198 localities of the Neotoma
lepida group. These data include topotypes or near topotypes (defined as
specimens collected from within approximately 1 km of the type locality) from 25
of the 35 named taxa currently recognized within this complex (following Hall,
1981; Table 1). The only taxon not sampled by us is flava Benson, from
southwestern Arizona. Singleton specimens represent seven taxa, six of which are
insular races (bryanti, bunkeri, insularis, marshalli, martinensis, and vicina).
Excluding these singletons, the average number of specimens per taxon sampled is
39.4 (range = 2 [anthonyi] to 410 [lepida]). Not surprisingly, the most completely
sampled taxa are those with the broadest distributions (lepida [n = 410, 43
localities] and gilva [n = 243, 48 localities]), which are also more heavily sampled
because of our desire to examine contact points between them. The total number
of localities sampled per taxon ranged from one to 48 (mean = 8.06), with an
average of 5.97 individuals per locality (range 1 — 66, Fig. 2). The fewest
specimens and localities in proportion to the number of described taxa are those
from Baja California, although samples are available from the length of the
peninsula and from all of the islands on both sides that historically, if not presently,
contain woodrat populations (Alvarez-Castafieda and Cortés-Calva, 1999).

Forty-two of the 1148 individuals examined lack museum vouchers; these
came from one of three localities in California (Deep Canyon, Riverside Co. [n =
1]; Freeman Canyon, Kern Co. [n = 21]; and Furnace Creek, Death Valley, Inyo
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Co. [n = 20]) where on-going mark-recapture population studies precluded
sacrificing specimens. For these, ear biopsies were taken and preserved in 95%
ethanol in the field from living individuals that were subsequently released. We
used sequences for most other species in the genus, obtained from GenBank based
on data published in Edwards et al. (2001) and Edwards and Bradley (2001, 2002)
or obtained by us, as outgroups in phylogenetic analyses (Table 1). Unique
complete cytochrome b sequences from 188 individuals representing each taxon
and each mtDNA clade and subclade (see below) are deposited in GenBank as
accession numbers DQ781064-DQ781305.

Table 1. List of taxa of the Neotoma lepida group (from Hall, 1981) and outgroups
used in the phylogenetic analyses, including sample sizes for mtDNA sequences.

Taxon Nindividuals Npopulations Topotypes *
ingroup
lepida abbreviata 6 1 yes
lepida arenacea 16 6 -
lepida aridicola 3 1 yes
lepida aureotunicata 8 1 yes
lepida auripila 17 42 yes
lepida bensoni 4 1 yes
lepida californica 37 6 yes
lepida devia 20 3 yes
lepida egressa 10 5 -
lepida felipensis 1 1 yes
lepida flava - - -
lepida gilva 245 48 yes
lepida grinnelli 49 4 -
lepida harteri 4 2 yes
lepida insularis’ 1 1 yes
lepida intermedia 15 5 -
lepida latirostra 6 1 yes
lepida lepida 410 43 -
lepida marcosensis 10 1 yes
lepida marshalli 1 1 -
lepida molagrandis 23 14 -
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Table 1 (continued)

lepida monstrabilis 31 7 yes
lepida nevadensis 10 3 yes
lepida notia 4 1 yes
lepida nudicauda 4 3 yes
lepida perpallida 10 1 yes
lepida petricola 10 1 yes
lepida pretiosa 16 11 -
lepida ravida 18 6 -
lepida sanrafaeli 20 6 yes
lepida vicina 1 1 yes
lepida ssp.** 108 3 -
anthonyi’ 2 1 yes
bryanti 1 1 yes
bunkeri' 1 1 yes
martinensis' 1 1 yes
Outgroups Nindividuals GenBank  MVZ number
number

Neotoma albigula 1 AF186828

Neotoma cinerea 1 AF186799

Neotoma floridana 1 AF186818

Neotoma fuscipes 1 DQ781303 MVZ 195212

Neotoma goldmani 1 AF186830

Neotoma macrotis 1 DQ781304 MVZ 198597

Neotoma mexicanus 1 AF305569

Neotoma micropus 1 AF186827

Neotoma stephensi 1 DQ781305 MVZ 197170

*

Topotypes are considered specimens collected within 1 km of the type locality.

Presumed extinct (see Alvarez-Castafieda and Ortega-Rubio, 2003).
**  Specimens from contact points between recognized taxa.

21
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Figure 2. Histogram of sample sizes for the 195 separate localities examined for
variation in the mtDNA cytochrome b gene.

For the cytochrome b dataset, we performed two levels of analyses, each
based on a separate data set. First, we used the set of 500 complete cytochrome b
sequences of 1143 bp to establish hierarchical relationships among haplotypes,
geographic areas, and taxa using phylogenetic methods. Second, we used the
complete set of 1148 reduced sequences 801 bp in length to examine phylogenetic
structure within clades defined from the complete sequence analysis, to describe
population genetic parameters of haplotype diversity, and to estimate measures of
population connectedness, coalescent growth models, and the hierarchical
apportionment of molecular diversity as a function of phylogenetically defined
clades or currently recognized subspecies. We give details of each set of analyses
in their respective results sections below. Prior to all analyses we identified
redundant haplotypes using the program Collapse 1.2 (Posada, 2005;
http://darwin.uvigo.es/).

We examined the hierarchical relationship of unique haplotypes of the
complete cyt-b 1143 bp data set by the construction of minimum length trees, using
the maximum parsimony (MP) criterion as implemented in PAUP* 4.0b10
(Swofford, 2002). We treated all sites as equal and unordered, and we employed a
heuristic search option with stepwise addition of taxa and tree bisection-
reconnection (TBR) branch-swapping. Due to the very large number of sequences,
we performed only a single heuristic search. We represented the topological
relationships among haplotypes as the strict consensus of all minimum length trees
obtained. Finally, we used bootstrap re-sampling, with 1000 pseudoreplicates and
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the same settings as for the heuristic search, to assess the robustness of the
resulting tree topology. We included only unique complete cyt-b sequences,
representing each sampled taxon and 122 separate localities, in the MP analysis.

We employed Bayesian methods in a second analysis (reviewed in
Huelsenbeck et al., 2001; Lewis, 2001) run with MrBayes 3.1.1 (Huelsenbeck and
Ronquist, 2001; Ronquist and Huelsenbeck, 2003). Here, we used the best-fit
model determined by the hierarchical likelihood ratio test employed by
MrModelTest, version 2.2 (Nylander, 2004). This program selected the most
parameter rich GTR+I+G model (log likelihood = -9196.0312, K = 10, AIC =
18412.0625), with proportion of invariable sites (I) of 0.5149, Gamma distribution
shape parameter of 0.7719, and base frequencies of A = 0.3605, C = 0.3162, G =
0.0810, and T = 0.2423. The analysis was run with site-specific rate variation
partitioned by codon position, with substitution rates estimated separately for first,
second, and third codon positions, in keeping with a protein-coding gene. We
initiated the analysis with a random starting tree and ran it for 2 x 10’ generations.
Four Markov chains were sampled every 1000 generations. We then computed the
50% majority-rule consensus tree after excluding those trees sampled prior to a
stable equilibrium, with the posterior probability of nodal support given by the
frequency of the recovered clade (Rannala and Yang, 1996; Huelsenbeck and
Ronquist, 2001).

We used the software package Arlequin (version 3; Excoffier et al., 2005)
to calculate gene and nucleotide diversities, the mean pairwise differences between
all unique haplotypes, Tajima’s D and Fu’s Fs (to test for deviations from
neutrality and/or historical demographic change), and histograms of the total
number of pairwise differences among all 1148 individuals for the 801 bp dataset.
We analyzed data separately for each clade identified with bootstrap values greater
than 80% but excluded samples from contact zones where independence might be
compromised. We then compared the histograms of pairwise differences, or
“mismatch distributions,” to the distribution expected in an expanding population
(Slatkin and Hudson 1991; Rogers and Harpending 1992). Approximate 95%
confidence intervals for this distribution were obtained by a parametric bootstrap
approach (Schneider and Excoffier 1999). Finally, we obtained the “raggedness
index” of Harpending (1994) for each distribution, a measure of the “stationarity”
of population history. Large values for this index characterize multimodal
distributions commonly found in populations that have been stable for long periods
of time or that are mixtures of regionally differentiated groups; lower indices
characterize unimodal and smoother distributions typical of expanding populations.
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Nuclear gene sequences

We also sequenced a 609 bp fragment of intron 7 of the B-fibrinogen gene (Fgb-17)
for 166 specimens of the Neotoma lepida group, using the primers published by
Wickliffe et al. (2003). To compare with published data, we also resequenced and
included in our analyses each of the eight MVZ specimens for which Matocq et al.
(2007; GenBank accession numbers DQ180031-DQ180038) reported Fgb-I7
sequences. For geographic coverage we obtained sequences from at least 2
individuals from between two and 13 locality samples of each of the mtDNA
clades we identified (Table 2; see below, and Patton and Alvarez-Castafieda, 2005).
We sequenced most individuals in both directions and considered a position
heterozygous if two bases exhibited overlapping peaks of equivalent height in the
electropherogram. In such cases, we scored the heterozygous base position by the
appropriate [UPAC nucleic acid code. We aligned each of our Figh-I7 sequences
by comparison to those published for the Neotfoma lepida group (Matocq et al.,
2007).

Table 2. Sample sizes for sequences of the Fbg-I7 gene, arranged by mtDNA clade
and for each of three contact localities (identified separately, below).

mtDNA clade Nopop Nind
1A 3 3
1B 4 22
1C 4 31
2A 13 85
2B 4 9
2C 4 7
2D 4 7
2E 2 2

Locality Clades in contact
Joaquin Flat 1C-2A 32
Kelso Valley * 27
Morongo Valley I1B-2A 57

* All individuals in Kelso Valley are mtDNA clade 2A, but both “coastal” and “desert”
morphological and microsatellite groups are present at this locality (see Tehachapi
Transect).
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MICROSATELLITE ANALYSES

We examined variation at 18 microsatellite loci for 1034 specimens from 140
separate localities. Sousa et al. (2007) described loci, primers, amplification, and
other laboratory methods. Five loci are dinucleotide repeats; the remaining 13 are
tetranucleotide repeats. The localities we have examined span nearly the complete
range of the Neotoma lepida group, from southern Baja California (including four
insular taxa from the Gulf of California) to central Nevada and from coastal
California to western Arizona. Sample sizes varied from singletons (31 localities)
to 66, with a mean of 7.9 individuals per locality. Seventeen localities have sample
sizes of 15 or greater, 11 have sample sizes of 20 or more, and 21 have sample
sizes of at least 10. These loci were constructed specifically to provide insights
into mating patterns within populations where individuals belonging to separate
mitochondrial DNA clades co-occur. Consequently, the majority of our analyses
involved pooled samples in a series of transect analyses we describe in detail
below. However, in a general summary section that follows, we provide global
data on allelic variation (allele richness, observed and expected heterozygosities,
deviations from Hardy-Weinberg expectations, and linkage disequilibrium) for
those localities where n > 10. Because it was not possible to genotype every locus
for each individual, the mean sample size is given for each sample for these
summary statistics.

We analyzed these data with a variety of software programs now widely
available, depending upon the specific set of questions asked. For general diversity
measures within and among loci for individual populations or pooled geographic
samples, including Hardy-Weinberg equilibrium and linkage disequilibrium
estimates, we used GENEPOP on the Web (Raymond and Rousset, 1995), the
Genetic Data Analysis (GDA; Lewis and Zaykin, 2002), FSTAT 2.9.3 (Goudet,
2001), Cervus (Marshall et al., 1998), and/or Arlequin3 (Excoffier et al., 2005).
For specialized analyses involving assignment tests, we employed the model-based
method described by Pritchard et al. (2000) and implemented in the program
STRUCTURE, version 2 (Pritchard and Wen, 2003). The model probabilistically
assigns individuals to source populations (or jointly to two or more in case of
admixture) on the basis of their genotypes without using a priori information
regarding population origin. Allele frequencies and the assignment of individuals
to populations are inferred simultaneously using a Bayesian approach. We used a
parameter set with a burn-in length of 2500 generations, Markov chain Monte
Carlo (MCMC) repetitions after burn-in of 100,000, an admixture model with
default settings, and correlated allele frequencies, again with the default settings.
We varied k (the parameter for the number of populations) in separate analyses
from the number of mtDNA clades present (k = 2 in contact zones, for example) to
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the number of actual geographic subsamples included in the particular anlysis. We
then compared the posterior probabilities across these analyses for consistency.
Data from k = 2 analyses are typically reported because of high consistency.
Finally, in two analyses that include contact points between separate morphological
groups and/or mtDNA clades and where hybridization might be present, we used
the NewHybrid program, version 1.1 beta (Anderson and Thompson, 2002), to
compute the posterior probability that individuals in the sample fall into parental or
different hyrid categories (F1, F2, or first-generation backcross hybrids) based on
their combined allelic states across all loci. This analysis also uses an MCMC
framework.



MOLECULAR PHYLOGENETICS AND
PHYLOGEOGRAPHY

mtDNA SEQUENCE VARIATION

In this section we examine the hypothesis of the monophyly of members of the
Neotoma lepida group with respect to other species in the genus Neotoma. Once
monophyly is established, we then address the degree of geographic structure at the
molecular level, or the phylogeography of internal molecular clades delineated by
phylogenetic analyses. Although we organize the presentation below separately for
the mtDNA and nucDNA sequence and microsatellite datasets, all molecular data
are fully concordant with respect to both the monophyly of the complex as well as
in the major elements of internal clade structure. In subsequent sections we
analyze both the expanded database of haplotype and diversity in the mtDNA cy#-b
gene and 18 microsatellite loci to address the temporal depth and historical
population history of the clades and subclades identified here, using coalescence
methodologies.

To establish the phylogenetic structure within the Neotoma lepida group,
we use the 309 unique haplotypes among the 500 complete cytochrome b
sequences we obtained. These sequences fit the pattern typical of a mitochondrial,
protein-coding gene, with a low frequency of G and nearly even frequencies of the
three other bases (mean base frequencies: G =12.19%, A =32.82%, T = 27.06%,
and C = 27.89%). Moreover, as expected, most changes occur at the third position,
with the overall number of observed differences (transitions plus transversions) at
first positions averaging 8.69 (15.42%), at second positions 0.98 (0.02%%), and at
third positions 46.67 (82.28%). There are an average of 22.361 £ 2.725 (standard
deviation) observed amino substitutions among the nine outgroup species but only
5.613 = 1.184 among all 487 lepida group sequences. However, the number of 0-
fold, 2-fold, and 4-fold degenerate sites is similar between both outgroup and
ingroup sequences (705 vs. 715, 183 vs. 183, and 155 vs. 157, respectively).

Plots of p-distances versus K2-p distances are linear for both first and
second positions and only slightly curvilinear for third positions, with deviations
not surprisingly only present at the highest degrees of divergence (Fig. 3). Hence,
saturation is not a major factor in any comparison among sequences, including

27



28 University of California Publications in Zoology

those of the Neotoma lepida group as well as the nine outgroup species used in
phylogenetic analyses. As a result, the maximum parsimony phylogenetic analysis
includes equal weighting for base substitutions at each codon position. Bayesian
analyses incorporated separate partitions for each codon position.

Figure 3. Bivariate plots of p-distances versus Kimura 2-parameter distances
among all nine outgroup sequences and each of the 309 unique, complete cyt-b
sequences from individuals of the Neotoma lepida group. Lines are x=y.
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mtDNA phylogenetic clade structure

Our expanded phylogenetic analysis is completely consistent with previous
studies that document the monophyly of a Neotoma lepida group within the genus
Neotoma (Edwards and Bradley, 2001; Matocq et al., 2007). These prior studies,
however, did not include all of the taxa of the Neotoma lepida group we analyze
here (notably the insular N. anthonyi, N. bryanti, N. bunkeri, N. insularis, and N.
martinensis as well as a number of subspecies of N. lepida itself). We present an
unrooted strict consensus MP tree in Fig. 4 to illustrate the unity of all sequences of
members of the Neotoma lepida group relative to those of other species in the
genus. We use this as confirmation of the monophyly of taxa comprising the
lepida group as we define this group.

Figure 4. Unrooted 50% majority-rule consensus maximum parsimony tree of 309
unique and complete mtDNA cytochrome b sequences of the Neotoma lepida
group and representative sequences for nine other species in the genus (Table 1).
All N. lepida group sequences unite at a single node (arrow) with a bootstrap value
of 100, an average p-distance of 0.0896, and collectively average a p-distance of
0.1326 from all other species of woodrats examined. Nine subclades within the V.
lepida group are identified and are described in greater detail immediately below.
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Both the MP and Bayesian analyses delineated the same series of
subclades (Fig. 5), most of which had been previously defined by Patton and
Alvarez-Castafieda (2005) and Matocq et al. (2007). These latter two studies differ
from the results presented here only in our addition of subclade 1D (the single
individual of N. L insularis from Isla Angel de la Guarda) and in the slightly
different topologies of some subclades within both major clades (detailed below).
In all of these studies, including the present analysis, the N. lepida group is
divisible into two major clades, each of which in turn is subdivided into 4 or 5
subclades (Clade 1, subclades 1A, 1B, 1C, and 1D, and Clade 2, subclades 2A, 2B,
2C, 2D, and 2E), respectively. We use the terms “Clade 1” and “coastal clade” as
well as “Clade 2” and “desert clade” interchangeably, reflecting the general
geographic positions of each, following our initial study (Patton and Alvarez-
Castaieda, 2005). Both clades and each subclade within them are strongly
supported, with a bootstrap of 100 in the MP analysis and a posterior probability of
1.0 in the Bayesian analysis. The two methods of phylogenetic reconstruction also
yield the same topologies of relationship among the subclades within each clade,
with two exceptions. Within Clade 1, the MP analysis supports a sister relationship
between subclades 1B and 1C relative to subclade 1A while the Bayesian analysis
results in an unresolved polytomy of these three subclades. However, the bootstrap
support for this sister relationship in the parsimony analysis is relatively low at 88.
And, within Clade 2, the MP analysis supports a sister relationship between
subclades 2C and 2D while the Bayesian analysis suggests that subclades 2D and
2E are sisters. In both cases, the support for the depicted relationship is again
relatively low, with a bootstrap of 79 and a posterior probability of 0.78,
respectively. Matocq et al.’s (2007) study, based on exemplar singleton sequences
with a combined dataset of 4242 bp from 4 mitochondrial and 4 nuclear genes,
generated the same topology within Clade 1 as our MP analysis, with subclade 1A
basal to a sister pair comprised of subclades 1B and 1C, with a bootstrap value of
93 and a Bayesian posterior probability of 1.0. However, their analyses of
relationships within Clade 2 provide yet a third possible topology to the subclade
2C-2D-2E triad, with subclades 2C and 2E apparent sisters relative to subclade 2D.
Both the bootstrap (63) and Bayesian probabilities (ranging from 0.76 to 0.90,
depending on data partition employed) for the linkage of subclades 2C and 2E are
relatively low. Full resolution among the three subclades to the east and south of
the Colorado River (Fig. 6), thus, remains for future analyses.
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Figure 5. Left, strict consensus maximum parsimony topology and, right, 50%
majority rule Bayesian topology based on the GTR+I+G model, depicting of
phylogenetic relationships among 309 complete, unique mtDNA cytochrome b
sequences of the Neotoma lepida group. Both trees used nine other species in the
genus as a collective outgroup (see Fig. 4, above). Terminal triangles are
proportional to the number of sequences in the cluster, as identified. Numbers
above nodes in the parsimony tree are bootstrap resampling values; those in the
Bayesian tree are posterior probabilities. The parsimony analysis resulted in
81,401 equally length trees, each of 1270 steps, CI = 0.377, RI = 0927, RC =
0.353, and HI = 0.623. The Bayesian analysis summarizes 13,883 final trees.
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The two clades and their subclades are geographically structured, with that
structure fully consistent with the description and mapped ranges given by Patton
and Alvarez-Castafieda (2005) where that study overlapped with the expanded
analyses here (Fig. 6). Clade 1 is distributed along coastal California and
throughout Baja California, including all of the Pacific coast and Gulf islands that
harbor woodrats. The four subclades in this phylogenetic unit are serially
distributed from south to north, with subclade 1A occupying nearly all of Baja
California, from approximately San Felipe (BCN-39; Appendix) on the Gulf coast
and Punta Prieta (BCN-74) on the Pacific side south to the Cape region. Subclade
1B occurs along the Pacific coast of Baja from at least El Rosario (BCN-56 and 57)
north to Ventura Co. in southern California and east as far as the western margin of
the San Bernardino Mts. and eastern edge of the Peninsular ranges. Subclade 1C is
present throughout central coastal California, from at least San Luis Obispo Co.
north to Alameda Co. Finally, subclade 1D comprises the single sample from Isla
Angel de la Guarda in the northern Gulf of California. In contrast, samples of
Clade 2 occur throughout the interior deserts of eastern California, Nevada, Utah,
and Arizona. The largest proportion of this entire range is occupied by subclade
2A, which is known from the Colorado Desert of southeastern California,
throughout the Mojave Desert, and a substantial portion of the Great Basin Desert,
all west of the lower Colorado River and Virgin River. Subclade 2B occurs in
northern Arizona east of the Virgin River and north of the Grand Canyon, and
throughout the Colorado River basin in southern Utah and adjacent Colorado.
Subclade 2C occurs south of the Grand Canyon, from Navajo Bridge and north of
Flagstaff west to Hoover Dam and south along the eastern side of the lower
Colorado River to the north side of the Bill Williams River (boundary of La Paz
and Mohave Counties in Arizona). Subclade 2D is apparently limited to the
narrow strip along the lower Colorado River between the Bill Williams and Gila
rivers, and subclade 2E is present south of the Gila River in southwestern Arizona
and in northwestern Sonora from the Pinacate lava flows and Puerto Pefiasco to the
west (Fig. 6).

The distributional ranges of some subclades overlap at several points
where we have trapped individuals of more than one subclade at the same locality.
For example, individuals with haplotypes from subclade 1B and subclade 2A co-
occur throughout Morongo Valley, San Bernardino Co., California (localities CA-
340, CA-341) and near Red Mountain in Los Angeles Co. (locality CA-102).
Haplotypes of subclade 1C and 2A are also present at two localities, near Three
Points in Los Angeles Co. (locality CA-99) and Joaquin Flat in the Tehachapi Mts.,
Kern Co. (locality CA-64). Overlap also occurs between haplotypes belonging to
subclades within each major clade, namely between subclades 1B and 1C near Fort
Tejon, Kern Co. (locality CA-60) and near Gorman, Los Angeles Co. (locality CA-
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97) as well as between subclades 2C and 2D at Burro Creek, Mojave Co., Arizona
(locality AZ-65). Subclades 1A and 1B are juxtaposed geographically between
Catavina (BCN-64; subclade 1A) and Bahia San Luis Gonzaga (BCN-65; subclade
1B) on the northeast coast of Baja California, although individuals of these
subclades are not as yet known from the same locality. We detail each of these
zones of overlap and document the degree to which there is gene flow between
populations with phyletically different haplotypes in the separate transect sections
described below.

Differentiation between the two major clades is substantial, as the average
p-distance between them is 0.0896 (+ 0.0082, standard error). We provide
divergence levels between all pairs of subclades in Table 3. Note that within-
subclade divergence is typically < 0.01 in all cases, reaching a maximal level of
only 0.014 within subclade 1A from Baja California. Differences between
subclades within Clade 1 range from 0.031 [subclades 1B and 1C] to 0.059
(subclade 1D, from Isla Angel de la Guarda, to all others), with an average among
all four subclades of 0.0427. Divergence levels among subclades in Clade 2 are
slightly less, both on average (mean p-distance = 0.0376) and range (minimal p-
distance = 0.263 [between subclades 2D and 2E] and maximal distance = 0.0494
[between subclades 2A and 2C)).
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Figure 6. Generalized ranges of major mtDNA clades and subclades (Cladel,
subclades 1A, 1B, 1C, and 1D [open circles] and Clade 2, subclades 2A, 2B, 2C,
2D, and 2E [solid triangles]).
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Haplotype diversity within clades and subclades

We summarize standard estimates of molecular diversity in the mtDNA cyt-b
haplotypes for the 801 bp dataset in Table 4. Gene diversity (the probability that
two randomly chosen haplotypes are different) and nucleotide diversity (the
probability that two randomly chosen homologous nucleotides are different)
estimates are similar for both Clade 1 and Clade 2 sets of haplotypes (0.9883 and
0.0016 versus 0.9836 and 0.0017, respectively). For the most part, these measures
are also consistent among the subclades within each clade, with the exception of
subclades 2C, 2D, and 2E where gene diversity measures are substantially lower
(0.3235 [subclade 2E] to 0.8718 [subclade 2D]). Nucleotide diversity in subclade
1C is less than half that of subclades 1A and 1B (0.0044 versus 0.0129 and 0.0102,
respectively), and all subclades of Clade 2 exhibit lower nucleotide diversities,
especially that of subclade 2E (0.0011). The number of pairwise differences for
Clade 2 is less than that of Clade 1, only about 60% of the latter, and within Clade
1 pairwise differences are greatest for subclade 1A (10.32, on average, between all
haplotypes) and least in subclade 1C (4.23). These measures for subclades in
Clade 2 are rather uniform (ranging from 3.56 for subclade 2C to 6.42 in subclade
2A), except for subclade 2E, which is substantially lower with less than one
difference per haplotype pair (Table 4). Overall, and not surprisingly, these
measures mirror the p-distances in Table 3, above.

The pattern of apportionment of haplotype diversity within and among
subclades is also similar for the two major clades. When we arranged localities
into geographic groups within each subclade and performed an Analysis of
Molecular Variance (AMOVA) using the Arlequin3 software (Excoffier et al.,
2005), the total pool of variation in both clades was highest at the subclade level
(68.33% versus 77.78% for Clades 1 and 2, respectively). These high and nearly
equivalent numbers did not change appreciably under different geographic
clustering of regional localities within subclades. In this analysis, variation among
regions within subclades was small, ranging from 8.28% in Clade 1 to a low of
1.71% in Clade 2, while that within regions was moderate and nearly equivalent in
both clades (23.39% for Clade 1 and 20.56% for Clade 2). This general pattern,
particularly the high level of molecular variance among subclades, is expected,
since subclade structure is strongly supported in the phylogenetic analyses of these
same data (Fig. 5).
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The difference in overall apportionment of haplotype diversity and
measures of pairwise difference (@) between the two major clades extends as well
to differences in geographic distribution of single haplotypes within each. For
example, 22 haplotypes in Clade 1 occur at 2 or more localities, with an average
distance among them of 28.8 linear miles (range = 1.5 — 151.8). This contrasts
with 47 haplotypes in Clade 2 that are found at more than one locality, with an
average between-locality distance of 104.4 miles (range = 0.7 — 366.5), 4 times
greater than in Clade 1. This difference in geographic spread of single haplotypes
is significant (ANOVA, F(; 515 = 44.888, p < 0.0001). Haplotypes within the
geographically expansive desert subclade 2A are particularly widely distributed.
Nineteen percent of all haplotypes within this subclade (37 of 198) are found at
multiple localities, with an average distance among them of 107.2 miles and a
maximum distance of 366.5 miles. While most of these haplotypes are distributed
among only a few localities, several are very widely spread (up to an average of
135 miles) among a large number (up to 17) of sample sites.

Geographic structure within subclades

We determined the internal geographic structure within each subclade with
separate Bayesian analyses using the unique 801 bp cy#-b sequences. We used the
GTR+I+G model and ran each analysis for 1 x 10’ generations with four Markov
chains sampled every 1000 generations with randomly chosen sequences from the
opposite clade as an outgroup. We computed the 50% majority-rule consensus tree
after excluding a burn-in sample of 2500 trees. We accept as geographic clusters
groups of haplotypes supported by a Bayesian posterior probability of 0.90 or
greater.

The 83 haplotypes of subclade 1A form two clusters, each supported by
posterior probabilities of 1.0 (Fig. 7). Each has geographic continuity, with the
southern one ranging from near Santa Rosalia (locality BCS-16) to the Cape and a
more northern group distributed from San Pedro de La Presa (locality BCS-73) to
San Felipe (BCN-39). The southern cluster includes samples of the insular taxa
nudicauda (Carmen), latirostra (Danzante), perpallida (San José), abbreviata (San
Francisco), and vicina (Espiritu Santo).  Each insular sample is linked
phylogenetically to the closest mainland samples (localities BCS-16 and BCS-40,
BCS-41 and BCS-84, and BCS-84, BCS-97, BCS-104, respectively), or in the case
of perpallida and abbreviata to each other before connecting to the adjacent
mainland (BCS-74). The northern cluster includes the insular taxa bryanti
(Cedros) from the Pacific and marcosensis (San Marcos) and bunkeri (Coronados)
in the gulf sides of the peninsula. Both bryanti and marcosensis are
phylogenetically closest to mainland samples (locality BCN-72 and BCS-16,
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respectively). The phyletically closest haplotype to bunkeri is from San Juanico
(BCS-39), some distance to the northwest along the Pacific coast (Fig. 7). These
two clusters overlap broadly in the mid part of Baja California Sur, and haplotypes
of each co-occur at one locality near Santa Rosalia (locality BCS-16).

Figure 7. Locality map (left) and Bayesian tree (right) of 83 subclade 1A
haplotypes in southern Baja California. Two phyletic clusters, each with posterior
probability support of 1.0, are indicated on both the map and tree. The geographic
and phyletic position of each of the eight insular taxa is indicated, and the linkage
of each to mainland localities is indicated on the map by ellipses.

Three well-supported clusters (Bayesian posterior probabilities 0.94 or
greater) group 71 haplotypes within subclade 1B, with all three forming a larger
cluster supported by a probability of 0.92 (clusters “a”, “b”, and “c” in Fig. 8).
These clusters, in turn, are nested within a basal set of nine other haplotypes, each
from localities on the southern margins of the distribution of subclade 1B in Baja
California, extending across the peninsula from near San Vicente (locality BCN-
18) on the Pacific coast to Bahia San Luis Gonzaga (BCN-65) on the gulf coast.
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The insular taxon N. martinensis (San Martin, BCN-49) is represented by one of
these “unique” haplotypes. The three phyletic clusters are geographically nested.
Cluster “a” includes all localities from near El Rosario in northwestern Baja
California (locality BCN-57, and N. anthonyi from Isla Todos Santos, locality
BCN-13) to Los Angeles and Kern counties in southern California (localities CA-
60, 96, 97, 61, and 102). Clusters “b” and “c” are limited to the northern tier of
localities in California, with the latter contained nearly completely within the range
of the former. Haplotypes from each of these clusters are present at the same
localities in several combinations: clusters “a” and “b” overlap through San
Gorgonio Pass in Riverside Co. (localities CA-222, CA-230, CA-232, CA-247, and
CA-261); clusters “a” and “c” are at Dana Point (locality CA-142) in Orange Co.;
clusters “b” and “c” co-occur at Lone Pine Canyon (locality CA-324); and, finally,
haplotypes of all three clusters are present in Morongo Valley (locality CA-338 and
CA-341) and in the Santa Rosa Mts. (locality CA-281).

Figure 8. Locality map (left) and Bayesian tree (right) of 80 subclade 1B
haplotypes in northern Baja California and southern California. Three phyletic
clusters, each with posterior probability support of 0.94 or greater, are nested
within a single cluster supported at 0.92. Nine more basal haplotypes not included
in any cluster are apparent, including the insular N. martinensis.
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In contrast to both subclades 1A and 1B, subclade 1C contains little
internal geographic structure (Fig. 9), with two minor haplotype clusters supported
by posterior probabilities of 0.90 or greater. These group haplotypes from
localities from the northern part of the subclade’s range in Alameda or Merced
counties (localities CA-4 and CA-7, respectively) to the Temblor Range in San
Luis Obispo Co. (locality CA-40). Haplotypes from these two clusters co-occur at
Romero Creek in western Merced Co. (locality CA-7). The majority of the 42
haplotypes recovered within subclade 1C form a large basal polytomy.

Figure 9. Locality map (left) and Bayesian tree (right) of 42 subclade 1C
haplotypes in the central coast of California, from Alameda Co. in the north to
Kern and Los Angeles counties in the south. Two phyletic clusters, each with
limited numbers of included haplotypes but with posterior probability support of
0.90 or greater, are nested with the majority of haplotypes in a large basal
polytomy.

There are 198 unique 801 bp haplotypes among the 580 specimens of
subclade 2A, with 17 clusters supported by Bayesian posterior probabilities of 0.90
or greater. Only two clusters, however, include more than six haplotypes or are
distributed across more than two geographically adjacent localities. Both of these

(1P 2]

clusters are supported by posterior probabilities of 1.0 (Fig. 10). Cluster “a” ranges



42 University of California Publications in Zoology

widely, from southeastern California (Cargo Muchaco Mts., Imperial Co., locality
CA-205) to northwestern Nevada (Virgin Valley, Humboldt Co., locality NV-30).
Cluster “a” also includes 37 haplotypes that are each broadly distributed, with an
average geographic span of 107 miles (maximum of 367 miles) among pairs of
localities harboring them. One of these haplotypes, for example, is found at 16
separate localities with a mean inter-locality distance of 135 miles. We discuss the
significance of these widely distributed haplotypes in a separate section, below.
The second large cluster (“b” in Fig. 10) is more narrowly delineated
geographically, limited to samples from the Tehachapi and Piute mountains and the
western half of the Kern River Plateau in Kern Co. and eastern Tulare Co.
(localities CA-64, CA-55, CA-65-66, CA-70-72, CA-77, and CA-80-81).
Individuals of these clusters co-occur at one locality in Kelso Valley, on the east
side of the Piute Mts. in Kern Co. (Whitney Well, locality CA-80).

Figure 10. Locality map (left) and Bayesian tree (right) of 198 subclade 2A
haplotypes in eastern California, Nevada, and western Utah. Seventeen clusters
with posterior probabilities greater than 0.9 are indicated in thick lines and the two
major clusters, “a” and “b”, both with a probability of 1.0, are indicated by the very
heavy lines in both the map and tree.
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Of the remaining 15 “minor” clusters comprising 6 or fewer haplotypes, all
but one are distributed among localities within the broad range of cluster “a.” Each
cluster is found in groups of geographically adjacent samples. The single
exception to this pattern is a cluster of 4 haplotypes found in northeastern
California and northwestern Nevada (Cedarville in Modoc Co., locality CA-424,
and Gerloch in Pershing Co., locality NV-46), a distribution contiguous to that of
cluster “a.” While clearly delineated clusters of haplotypes are present within
subclade 2A, the two major clusters and the 15 minor ones still assemble at a single
and massive basal polytomy. Hence, no hierarchical pattern to their relationship is
supported with the data currently available.

Subclade 2B has a limited distribution, with 40, 801 bp haplotypes found
among 14 localities distributed north and west of the Colorado River from extreme
southeastern Nevada and northern Arizona to east-central Utah (Fig. 11). The
Bayesian analysis finds no well-supported clusters among this group of haplotypes,
as the only apparent cluster has a probability of support of only 0.65. A single
basal polytomy encompasses all haplotypes in the subclade in Fig. 11.

Figure 11. Locality map (left) and Bayesian tree (right) of 40 subclade 2B
haplotypes north and west of the Colorado River in Nevada, Arizona, and Utah.
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Finally, we depict haplotype clusters within each of the three subclades
(2C, 2D, and 2E) in western Arizona in Fig. 12. Subclade 2E lacks internal
geographic structure. Within subclade 2C, all haplotypes recorded at localities in
Coconino Co. north of Flagstaff, Arizona (localities AZ-37, AZ-48, and AZ-49)
cluster strongly, with a Bayesian posterior probability of 1.0. This eastern set of
samples within Subclade 2C connect phyletically with one haplotype found at two
localities in the western segment of the subclade range (near Hoover Dam, locality
AZ-56, and Burro Creek, locality AZ-65) at a posterior probability of 0.9. Three
small haplotype clusters are present within Subclade 2D; one couples two
haplotypes found at the same locality and the other two connect localities in the
northern and southern parts of the subclade’s range, respectively. One of these
haplotype clusters (“a” in Fig. 12) co-occurs with a haplotype of subclade 2C at
Burro Creek, in Mohave Co. (locality AZ-65).

Figure 12. Locality map (left) and Bayesian tree (right) of 26 subclade 2C, 2D, and
2E haplotypes, distributed south and east of the Colorado River in Arizona.
Haplotype clusters within each supported by Bayesian posterior probabilities of
0.90 or greater are indicated. Note that haplotypes from subclades 2C and 2B are
found at one locality (Burro Creek, Mojave Co., locality AZ-65).
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NUCLEAR DNA SEQUENCE VARIATION

We encountered only seven [-Fibrinogen-intron 7 (Fbg-17) sequences among the
166 individuals of the Neotoma lepida group we examined, excluding individuals
that were uniquely heterozygous at particular base positions or that were obviously
heterozygous for two different haplotypes. Our data include representatives of
each mtDNA clade and subclade defined above, with the exception of subclade 1D
(insularis, from Isla Angel de la Guarda). Each unique haplotype is identical to
those published by Matocq et al. (2007; GenBank accession numbers DQ180031-
180038) and, importantly, we obtained the same sequence independently for these
same individuals. The seven haplotypes differ among each other at 24 sites; two
(positions 118 and 248) require single deletion/insertion events to maintain
alignment and the remainder are base substitutions. Haplotypes from mtDNA
subclades 2C and 2D are identical to one another; all other subclades possess only
one or two (subclade 1B) haplotypes among the individuals we sequenced.

We present a matrix of substitution differences for the Fbg-17 sequences in
Table 5. Fbg-17 haplotypes 11 and 13 each differ from haplotypes 22 and 24,
respectively, at 15 positions, while haplotypes 23 and 24 differ by a single change.
Overall, haplotype 11 is the most divergent, averaging 12.1 differences in
comparison to all other haplotypes, nearly as much as all haplotypes belonging to
mtDNA Clade 1 differ from those of Clade (an average of 12.6 substitutions).

As Matocq et al. (2007) present a phylogenetic analysis of these seven
Fbg-17 sequences, in conjunction with other nuclear and mtDNA genes, we make
no attempt to do so here. Rather, we examine the degree of concordance between
the geographic distribution of mtDNA cy#-b subclades and the Fbg-I7 haplotypes
(Fig. 13). In general, there is excellent correspondence between the distributions of
haplotypes from both genes, with two exceptions. First, Fbg-I7 haplotype 13,
which is typically distributed throughout the range of mtDNA subclade 1C along
the central coast of California extends east into the Kern River Plateau and
southern foothills of the Sierra Nevada, where it is found in individuals of the
“desert” mtDNA subclade 2A (localities CA-64 and CA-55). At one locality
(Kelso Valley, CA-80l, top arrow, Fig. 13) heterozygotes between Fbg-I7
haplotypes 13 and 21 were recovered along with homozygous 13/13 individuals.
This is a complex area of genetic and morphological transition, which we describe
in greater detail in the Tehachapi Transect section, below. Fbg-17 haplotype 13
also extends to the Morongo Valley region in San Bernardino Co. (localities CA-
338 to CA-342), which is otherwise the area of contact between the coastal mtDNA
subclade 1B and desert subclade 2A (see San Gorgonio Pass Transect analysis,
below). Here, individuals with Fbg-I7 haplotypes 12 and 13 co-occur with those
that are heterozygotes between haplotypes 13 and 21 (bottom arrow, Fig. 13).
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Second, Fbg-17 haplotypes 21 and 22, each otherwise concordant with mtDNA
subclades 2A and 2B, respectively, are found in heterozygote combinations in the
four mtDNA subclade 2B localities for which data are available (NV-138, UT-33,
AZ-7, and AZ-15) where individuals were sequenced (composite white and gray
triangles, Fig. 13). Otherwise, haplotype 21 is the sole allele found in mtDNA
subclade 2A and haplotype 22 is similarly homozygous in mtDNA subclade 2C.

Table 5. Matrix of the number of base substitutions between all pairs of the seven
unique B-Fibrinogen-intron 7 (Fbg-17) sequences recovered from specimens of the
Neotoma lepida group. The corresponding mtDNA clade in which each Fbg-17
haplotype was found is indicated.

Fbg-17 haplotype
Fbg-l7—— mDNA =y 3 1 20 23 24
haplotype haplotype

11 1A -—- 10 13 13 15 11 12
12 1B -—- 3 11 13 11 12
13 1C -—- 12 14 14 15
21 2A/2B -—- 2 4 5
22 2B/2C -—- 6 6
23 2D -—- 1

24 2E
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Figure 13. Map of the distribution of the 7 Fbg-17 sequences (11, 12, 13, 21, 22,
23, and 24) relative to the mtDNA clade structure (“coastal” and “desert” clades;
gray tones, from Fig. 6, above). Localities where overlapping Fbg-/7 haplotypes
co-occur are indicated, as are those for which heterozygotes between two specific
Fbg-17 haplotypes were found (arrows and half-toned circles or triangles).
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VARIATION AT MICROSATELLITE LOCI

We summarize allelic diversity at 18 microsatellite loci for 21 population samples
for which sample size is 10 or greater in Table 6. This set of samples includes at
least one from six of the nine mtDNA clades and subclades, with only subclades
1A, 1D, and 2E lacking samples larger than 10 individuals (Table 7). Allelic
richness varies extensively across loci, from a low of 7 alleles (Nlep7) to a high of
58 (Nlep8), both tetranucleotide repeat loci. Only for locus Nlepl7 does the mean
observed heterozygosity (H,) across all 21 samples differ from Hardy-Weinberg
expectations (He).

Table 6. Repeat motif, allelic diversity, and average observed (H,) and expected
(He) heterozygosities for 18 microsatellite loci for 21 population samples of the
Neotoma lepida group.

Locus Repeat ~ Number of Mean A H H
motif alleles (A) (range) © ¢
Nlepl CA 23 7.68 (1-12) 0.7548 0.7366
Nilep2 TG 17 7.95 (4.13) 0.8225 0.7895
Nlep3 CA 26 9.81 (5-14) 0.8324 0.8277
Nlep4 CA 52 11.23 (3-22) 0.8344 0.8339
Nlep5 CA 30 9.18 (4-19) 0.8244 0.8283
Nlep6 TAGC 24 7.68 (1-16) 0.7055 0.7182
Nlep7  TGTA 7 3.82 (2-6) 0.5871 0.5785
Nlep8 CATA 58 9.09 (1-14) 0.7363 0.6856
Nilep9 TGTA 5 2.64 (1-5) 03167 0.2985
Nlepl0 TATG 20 7.82 (3-12) 0.8108 0.8085
Nlepll CATA 10 4.73 (2-8) 0.6118 0.6285
Nlepi2 TACA 10 3.55(1-5) 0.4264 0.4321
Nlepi3 AGAT 19 5.50 (2-8) 0.6863 0.6786
Nlepl4 TGTA 28 9.55 (3-16) 0.8429 0.8417
Nlepl5 TAGA 57 13.77 (6-20) 0.9062 0.9347
Nlepl6 GATA 21 6.91 (2-11) 0.7398 0.6862
Nlepl7 TCTA 12 4.64 (2.8) 0.6593 0.4427%*
Nlepl8 GATA 26 7.50 (3-14) 0.7640 0.7137

% p <0.01
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Our analyses detected few departures from Hardy-Weinberg expectations
at individual loci for any of the 21 population samples for which data are
summarized in Table 7. Furthermore, only three cases of significant departures
remained following Bonferroni correction, all involving locus Nlepl7 for three
desert localities (Freeman Canyon, CA-92; Little Lake, CA-381; and Halloran
Spring, CA-367). These minor deviations could result from null alleles or
population substructure due either to non-random mating or the mixing of locally
differentiated subunits. Null alleles seem unlikely since only three of the 21
samples, particularly ones that are separated by 50 miles or more, exhibit
departures from expectation. Similarly, since each of these samples was taken
during a single trapping effort spanning one or two nights, with the sample taken
over a very limited area of no more than a hectare, substructure on this scale seems
unlikely. Finally, deviations due to biased mating should affect all loci, which is
not the case here. Consequently, we assume the deviations are stochastic artifacts
of sampling and not due to more directed processes.

The mean number of alleles per locus is weakly correlated with sample
size (r = 0.446, Z-value = 2.037, p = 0.0416) but the total number of alleles,
number of private alleles, and both observed and expected heterozygosities are not
(p > 0.05 in all comparisons). At the population level, all measures of diversity
vary widely across the 21 sample localities (Table 7). The three measures of the
number of alleles are uniformly highest at the subclade 2A locality from the
Orocopia Mts., Riverside Co., California (locality CA-300) and lowest at the
subclade 2C locality near Tanner Tank, Coconino Co., Arizona (locality AZ-49).
Expected heterozygosity is nearly highest and absolutely lowest at these two
localities as well. Overall, however, desert samples (those of mtDNA Clade 2)
harbor larger numbers of total alleles on average (ANOVA, F 19) = 4.548, p =
0.0462), alleles per locus (F = 4.568, p = 0.0458), and mean expected
heterozygosity (F = 4.573, p = 0.0457), considerably more so if the three samples
of subclades 2C and 2D that are especially low in these measures are excluded
from the comparison (p decreases to between 0.0012 and 0.0001). While the
number of private alleles varies from 0 (King City, pooled sample including
localities CA-20 and CA-34) to 11 (Mokaac Wash, locality AZ-7), there is no
geographic trend apparent. We will examine patterns to the distribution of allelic
diversity trends more explicitly in the geographic analyses presented below.
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Table 7. Genetic diversity indices calculated for 18 microsatellite loci for 21
localities of the Neotoma lepida group for which sample size is 10 or greater.
Shown are sample size (n), numbers of alleles (total number, per locus, and
“private” [i]), polymorphic information content (PIC), and observed (H,) and
expected (H.) heterozygosities averaged across all loci.

Number of alleles

mtDNA Clade / Locality N Total Per ;  PIC H, H,
(locality number) locus
1B-Jacumba (CA-185) 13 133 7.4 0.672 0.723 0.702
1B-Lamb Canyon (CA-222) 15 118 6.9 0.633 0.690 0.609
1B-Banning (CA-225) 13 110 6.1 0.626 0.688 0.589
1C-Ft Tejon (CA-60) 32 93 5.4 0.556 0.611 0.585
1C-Joaquin Flat (CA-64) 36 108 6.3 0.605 0.657 0.661
1C-King City (CA-20, 34) 20 75 4.4 0.514 0.572 0.544

2A-Berdoo Canyon (CA-291) 20 167 9.3
2A-Orocopia Mts. (CA-300) 36 218 121
2A-Tumco Mine (CA-205) 26 177 9.8
2A-Hoffman Summit (CA-83) 25 188 104
2A-Freeman Canyon (CA-92) 23 155 8.6
2A-Halloran Spring (CA-367) 16 153 8.5

0.735 0.780 0.788
0.778 0.813 0.781
0.766  0.808 0.790
0.769 0.811 0.793
0.711 0.762 0.760
0.710 0.761 0.742

2A-Searchlight (NV-142) 12 154 8.6 0.729 0.782 0.768
2A-Little Lake (CA-381) 25 172 9.6 0.764 0.803 0.772
2A-Birch Creek (CA-388) 15 132 7.3 0.678 0.729 0.678
2A-Furnace Creek (CA-405) 18 133 7.4 0.696 0.750 0.709
2A-Delamar Mts. (NV-135) 10 117 6.5 0.675 0.741 0.771
2B-Mokaac Wash (AZ-7) 12 126 7.0 1 0.700 0.762 0.764
2C-Tanner Tank (AZ-49) 10 60 3.9 0.341 0.400 0.393
2C-Hoover Dam (AZ-56) 10 80 4.9 0.509 0.572 0.578

O N = WWAQAQNDD AUV EAEQJJOAANDDND X

2D-Dome Rock Mts. (AZ-74) 17 122 6.8

—

0.650 0.699 0.650

The level of microsatellite divergence among populations is constrained by
both the repeat size at which no additional slippage can occur and the maximum
size of an allele. As a result, there is an expected high level of homoplasy of
alleles and thus a limited ability to delineate phylogenetic structure except in cases
of shallow evolutionary history (Takezaki and Nei, 1996; Angers and Bernatchez,
1998). There are, however, case studies where microsatellite markers have been
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successfully applied in deep phylogeographic contexts, including across species
boundaries (Estoup et al.,, 1995; Queney et al., 2001). Given the marked
divergence yet strong phylogenetic and phylogeographic structure among and
within the members of the Neotoma lepida group in both mitochondrial and nuclear
gene sequences, we asked whether there was identifiable structure in our dataset of
18 microsatellite loci as well. We addressed this question in two separate analyses.
First, we apportioned allelic differentiation as a function of clade structure defined
by mtDNA sequences, employing the analysis of molecular variation (AMOVA)
approach in the Arlequin3 software. Second, we asked if there was visible
phylogenetic structure concordant with that observed for both mtDNA and
nucDNA sequence data presented in Figs. 5 and 13, with the tree constructed from
a molecular distance (Fst) matrix among all population pairs. The results, on the
surface, appear contradictory.

For the AMOVA analysis, we grouped 52 localities where sample size was
five or greater into their respective mtDNA subclades and organized these into the
two major clades. The results suggest that little phylogenetic signal is present,
since the vast majority (78.5%; F71311y = 8.10, p < 0.01) of the variation is
contained within the individual population samples and only a limited amount
(14.5%; Fe,1311y = 13.19, p < 0.001) is distributed among clades or subclades. The
remainder (7.0%; Fi2s5,1311) > 0.05) is among population samples within clades or
subclades. Apportionment is similar in analyses restricted to each major clade.
For example, the within-population portion of the total pool of variation is 81% for
Clade 1 samples and 85% for those of Clade 2 while the among-clade portion is
4% and 10%, respectively. One might expect the highest portion of variation at the
clade/subclade level if a high phylogenetic signal were present in the data, which is
certainly not the case. Thus, the AMOVA results suggest rather poor phylogenetic
signal in the microsatellite dataset, at least based on the mtDNA clade structure.

While a relatively small amount of the total variation in allelic divergence
is apparently due to clade effects, there is substantial empirical phylogenetic
structure in the 18 microsatellites, and that structure is completely concordant with
both mitochondrial and nuclear sequences. We generated a matrix of Fst distance
values among all population pairs for the 52 samples for which sample size was at
least 5 individuals, using the GDA software (Lewis and Zaykin, 2002) and then
constructed a neighbor-joining tree from this matrix, visualizing it with TreeView,
version 1.6.6 (Page, 1996) as an unrooted topology (Fig. 14). This analysis
includes multiple samples of all mtDNA subclades, except subclade 2E, which is
represented by a single population sample, and subclade 1D (insularis, from Isla
Angel de la Guarda in the Gulf of California), for which no data are available. As
is apparent in Fig. 14, the two mtDNA clades and their member subclades are each
completely delineated as unique clusters of samples by the 18 microsatellites.
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Moreover, there is clear concordance in the phylogenetic positioning of subclades
in this tree relative to the topologies generated by both the mitochondrial cyt-b
(Fig. 5) and nuclear Fbg-17 (Fig. 13) trees. In the microsatellite tree, both major
clades, the coastal Clade 1 and desert Clade 2, are apparent; the coastal subclades
1B and 1C appear as sisters relative to subclade 1A; and desert subclades 2A and
2B form a sister pair relative to 2C, 2D, and 2E, with subclades 2C and 2D linked
relative to subclade 2E.

Fig. 14 thus empirically documents a degree of phylogenetic structure
using the microsatellite data that is consistent with that obtained with other
molecular data, and thus seems contradictory to the AMOVA results wherein the
overwhelming amount of variation is distributed within local populations and not
among clades or subclades. However, this tree provides no estimates of the
strength of any nodes, which are likely to be low given the typically long branch
lengths distributed throughout the tree. Moreover, branch lengths within subclade
clusters visually appear to be as great or considerably greater than internal ones
linking any pair or other set of subclades. Given this pattern of branch lengths, it is
perhaps not surprising that most of the total pool of variation across the
microsatellite loci is distributed among population samples rather than among
clades or subclades, depending upon how we structured the AMOVA analysis.
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Figure 14. Unrooted neighbor-joining tree of Fst distances among 52 samples of
the Neotoma lepida group where sample size is < 5. Clusters of samples belonging
to each mtDNA cyt-b subclades (1A through 2E) are identified by separate ellipses,
with Clade 1 and Clade 2 groups separated by different gray tones. Branch lengths
are drawn proportional; the scale given in the lower right.



COLORIMETRIC VARIATION AND COLOR
PATTERN

RELATIONSHIP OF WOODRAT COLORS TO THE MUNSELL
SYSTEM

We performed a principal components analysis (PCA) to compare the multivariate
space that includes all 3,379 specimens measured with a set of standard Munsell
colors that we chose a priori by comparison to the basic colors observed on these
woodrat study skins. Separate analyses were performed for each topographic
region of the study skin, using the three trichromatic X, Y, and Z variables. In each
case (Figs. 15 and 16), an ellipse that encompasses all study skin measurements is
contained within a larger envelope based on the Munsell colors. Note that both
dorsal and tail PCA scores are narrowly defined (Fig. 15) and range largely
between the Munsell hue, value, and chroma designations of 5YR/6/8 (reddish
yellow) to 10YR/2/2 (very dark brown) and from 7.5YR/4/0 (dark gray) to
2.5YR/N2.5/0 (black). The PC scores for both lateral and mid-chest color of the
woodrat samples are more broadly distributed (Fig. 16) but still contained within a
broader spectrum of color defined by the Munsell colors we chose, ranging largely
from 7.5YR/8/6 (reddish yellow) and 7.5YR/6/0 (gray) to 10YR/2/2 (very dark
brown) and 2.5YR/2.5/0 (black). Lateral color scores are more centrally
distributed within the envelope defined by the Munsell colors than are those for the
other three topographic regions of the study skins measured. The PC plots in Figs.
15 and 16 also compare color variation for samples belonging to the coastal
(mtDNA Clade 1) with those belonging to the desert molecular clade (mtDNA
Clade 2). In all cases, the coastal clade specimens define an ellipse that is smaller
and wholly contained within that defined by the desert clade samples; scores for
each are significantly different by paired t-tests for both PC-1 and PC-2 axes in
each case (student’s t ranges from 9.137 to 23.831, with accompanying p-values
from 0.0031 to <0.0001).

54



Systematics of the Neotoma lepida Group 55

Figure 15. Bivariate plots of the 1¥ and 2™ principal components analysis of the X,
Y, and Z values from all 3, 379 woodrat specimens for which dorsal (above) and
tail (below) color was measured. PC-scores for all woodrats are contained within
the bold ellipses, which also separate specimens belonging to the coastal from
desert mtDNA clades. Measurements of 15 Munsell colors are identified by their
Munsell notation of hue, value, and chroma and their corresponding English color
names. The insets illustrate the correlation diagram of the X, Y, and Z values for
each specimen relative to their respective PC-1 and PC-2 scores.
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Figure 16. Bivariate plots of the 1¥ and 2" principal components analysis of the X,
Y, and Z values from all 3, 379 woodrat specimens for which lateral (above) and
chest (below) color was measured. PC-scores for all woodrats are contained within
the bold ellipses, which also separate specimens belonging to the coastal from
desert mtDNA clades. Measurements of 15 Munsell colors are identified by their
Munsell notation of hue, value, and chroma and their corresponding English color
names. The insets illustrate the correlation diagram of the X, Y, and Z values for
each specimen relative to their respective PC-1 and PC-2 scores.
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COMPARISONS OF MELANIC POPULATIONS

Melanic individuals with dark, gray-black dorsal pelage and often fulvous-tinged
ventral color are found at a number of basalt lava fields throughout the deserts of
western North America (Leiberman and Lieberman, 1970). In some cases, this
color formed part of the basis for the formal description (e.g., nevadensis, 1910;
bensoni, 1935). Since the localities where melanic individuals are known are of
limited aerial extent and widely separated geographically, we asked whether
melanic specimens shared a similar set of colorimetric attributes and overall color
pattern. Our analysis included 170 individuals from four different basalt flows
(Table 8), all of the desert mtDNA Clade 2 and collectively covering a substantial
portion of the total range of this phylogeographic group: (1) the lava fields in the
Owens Valley, Inyo Co., California (/epida and molecular subclade 2A, pooled
samples from near Little Lake [locality CA-381] and Big Pine [locality CA-388] on
the eastern side of the Sierra Nevada); (2) the lava fields in the Toroweap Valley
north of the Grand Canyon, Mohave Co., Arizona (monstrabilis and molecular
subclade 2B, pooled samples from the floor of Toroweap Valley and nearby Mrt.
Trumbull [localities AZ-14-17]); (3) the lava fields north of Flagstaff, Coconino
Co., Arizona (devia and molecular subclade 2C, pooled samples from Wupatki
National Monument, Cameron, and Tanner Tank [localities AZ-45-50]); and (4)
the Pinacate lava fields in northwestern Sonora, Mexico, and adjacent Yuma Co.,
Arizona (bensoni and molecular subclade 2E, pooled samples from various
individual localities within the continuous expanse of basalt extending from
Tanque de los Papagos in Sonora north to just across the border in Arizona
[localities S-1-3 and AZ-81]).

We divided individuals from each sample into three phenotypic classes:
(1) those that are clearly melanic (with a very dark gray to black dorsum, heavily
black dorsal tail stripe, and usually strongly buff venter mixed with dark gray); (2)
a class we termed “normal,” individuals that could not be distinguished from those
of non-melanic populations; and (3) “dark” or “intermediate” individuals that are
not as dark as true melanics nor as pale as normal individuals. We note that the
distribution of the three color morph classes among the four geographic samples
differs significantly (X> = 37.120; df = 6; p < 0.0001), which may reflect
differences in the aerial extent of a given lava field and/or the inter-dispersion of
black basalt and “normal” colored substrates. For example, the proportion of
normally pigmented individuals from each sample area is roughly concordant with
the degree to which the relevant basalt flows are continuous over larger geographic
areas (e.g., the Pinacate lava field, where no “normal” individuals are present) or
only intermittently exposures of relatively small size contained within a matrix of
normally colored soil types (e.g., the Owens Valley fields, where most individuals
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are normally colored). Alternatively, some of the variation in phenotypes among
the lava flows compared in Table 8 could be due, at least in part, to differences in
absolute ages of each basalt field.

In general, the “intermediate” individuals were, indeed, intermediate in
their X, Y, and Z values for each of the four topographic areas of the skin that was
measured (Fig. 17). Although ‘“normal” individuals are uniformly always
significantly different from “intermediate” ones, the Ilatter are not always
statistically different from “melanics.” The latter observation likely reflects our
rather subjective separation of “intermediate” from “melanic” individuals.

Table 8. Samples of melanic populations, separated by designated phenotype.

General locality Melanic Intermediate Normal
Owens Valley 5 16 25
Pinacate 15 4 0
Tanner Tank 16 8 14
Toroweap Valley 14 8 3

We compared the four basalt field samples with melanic individuals in a
PCA that included only the trichromatic X-variables from each topographic region
of the study skin. The first axis accounts for 70.15% of the total pool of variation
with each variable loading nearly equally, as their individual eigenvector range
only from 0.7152 (Chest-X) to 0.8939 (Dorsal-X). The mean and 95% confidence
limits for each color morph from each of the four sampled populations overlap
broadly on PC-1 (Fig. 18), but significant differences among individual pairs of
samples do exist. Inter-sample differences are marginally significant for “melanic”
individuals by ANOVA (F346 = 3.609, 46, p = 0.0201) and non-significant for
“normal” individuals (Fo46 = 2.811, 45, p = 0.0708). Moreover, comparisons
among all combinations of pairs of samples are either non-significant or generally
weakly significant, mostly with p-values only 0.05 at best. Consequently, it is
unclear if real genetic differences exist in the expression of melanism, in particular,
among these samples, as is true for melanic samples of the Rock pocket mouse,
Chaetodipus intermedius (Hoekstra and Nachman, 2003; Nachman et al., 2003).
However, even “melanic” woodrats are not entirely black (as is true for the pocket
mice) but express a complex of underlying colors with strongly black or very dark
gray overtones. Therefore, it is likely that the differences among the four
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geographic samples we compare here also reflect subtle variations in other colors
expressed and that any molecular genetic analysis of their color will be complex.

Figure 17. Mean and 95% confidence limits of each of three color morphs for the
trichromatic X variable for dorsal (left panel) and tail (right panel) measures, and
for three separate geographic basalt flows that contain melanic individuals. The
Pinacate sample is not included, because it contained only completely melanic
specimens.
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Figure 18. Means and 95% confidence limits of PC-1 scores for “melanic,”
“intermediate,” and “normal” individuals for each of four melanic samples of
desert woodrats of mtDNA clade?2.

GEOGRAPHY OF COLOR DIFFERENTIATION

The trichromatic X, Y, and Z values are highly intercorrelated for each topographic
region of the study skin measured, with Pearson product-moment correlation
coefficients always greater than 0.906 (Chest-X versus chest-Z) and p-values based
on Fisher’s Z-test < 0.0001 in all cases. Moreover, in a PCA that included all
individual specimens examined and all variables, the eigenvectors for the three
variables for each topographic region are uniform both in magnitude and sign for
each extracted PC axis (Table 9), again supporting the high intercorrelations among
topographic variables even in multivariate space. As a consequence, we use only
the trichromatic X-variable from each topographic site on the study skin in all
comparisons among samples in our analyses.

We examined geographic variation in the trichromatic X-variables for each
of the four topographic regions of the study skin through the use of both univariate
and multivariate analyses. We present here the global patterns in color across the
entire sampled range and save the detailed analyses of more restricted geographic
areas for the separate transect analyses that we describe in the separate sections,
below.
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Table 9: Factor coefficients for trichromatic color variables X, Y, and Z for each
topographic region of the study skin for the first four PC axes. Eigenvalues and the
proportion of variance explained are also given.

Variable PC-1 PC-2 PC-3 PC-4
Dorsal-X 0.809 0.259 -0.292 0.422
Dorsal-Y 0.814 0.254 -0.293 0.423
Dorsal-Z 0.785 0.204 -0.328 0.441
Tail-X 0.713 0.591 0.260 -0.258
Tail-Y 0.715 0.587 0.267 -0.260
Tail-Z 0.715 0.532 0.327 -0.268
Lateral-X 0.777 -0.346 -0.369 -0.352
Lateral-Y 0.779 -0.348 -0.372 -0.353
Lateral-Z 0.749 -0.347 -0.375 -0.344
Chest-X 0.716 -0.508 0.435 0.137
Chest-Y 0.719 -0.501 0.439 0.146
Chest-Z 0.673 -0.408 0.522 0.196
eigenvalue 6.718 2.186 1.595 1.203
% contribution 56.0 18.2 13.3 10.0

We correlated the trichromatic-X color variables for each topographic
region with the latitude and longitude of sample localities. We then repeated the
analysis using PCA scores in place of individual measurements. Regardless of
whether variables are treated separately or combined in PCA scores for each
orthogonal axis, the geographic position of localities as determined by either
latitude or longitude explained very little of the variation present. Correlation
coefficients were often highly significant (p = 0.0001, but R* values were
uniformly less than 0.13. Clearly, there is no general pattern to color variation in
these woodrats that is reflected solely by the geographic position of their
populations.

We also examined the relationship between each trichromatic-X color
variable and PC scores with the reduced environmental parameters derived from
the principal components analysis of 19 bioclimatic variables obtained from the
WorldClim database (described above). The first two axes from the bioclimatic
PCA explain 73% of the total pool of variation among the 19 original variables.
The first PC axis (44.3% explained variation) contrasts cold temperatures (mean
temperature of the coldest quarter [loading 0.982], mean temperature of the coldest
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month [0.971], and mean annual temperature [0.947]) with dry precipitation
variables (precipitation in the driest quarter [loading -0.921] and precipitation in
the driest month [-0.900]). On the second axis (28.7% explained variation), wet
precipitation variables (precipitation in the wettest quarter [0.935], precipitation in
the wettest month [0.916], and annual precipitation [0.876]) contrast with warm
temperatures (maximum warmest temperature [-0.739], temperature seasonality [-
0.637], and mean warmest temperature quarter [-0.586]).

A strong correlation exists between color PC-1 and PC-2 scores and
bioclimatic PC-1 and PC-2 scores, although the overall explanatory power for each
pair is limited (R* = 0.127 or less). Color PC-1 scores, which correspond to overall
color tones (Figs. 15 and 16), are significantly correlated with bioclimatic PC-1 (r
= 0.256, Z-value = -4.905, p < 0.0001) and PC-2 scores (r = 0.357, Z-value =
11.737, p < 0.0001), indicating that pale animals are typically associated with the
driest and warmest habitats and dark animals with the wettest and coldest.

Comparisons between the two mtDNA clades (“desert” and “coastal”
groups) or among the subclades within each provide evidence for significant
differentiation in nearly all comparisons. ANOVAs that compare the four
univariate trichromatic-X variables between both clades or scores for PC axes
based on a PCA of those same four variables are all highly significant, with p-
values < 0.0001 in all cases. The latter set of observations repeats results from the
principal components analyses that include the Munsell colors, described above
(Figs. 15 and 16). In a PC analysis comparing color characteristics of each of the
eight subclades, all but two comparisons between a subclade belonging to the
coastal mtDNA clade and those of the desert clade differ significantly (ANOVA) in
both PC-1 and PC-2 scores, with pairwise p-values ranging from 0.0228 to <
0.0001 (Fig. 19). This level of difference extends to comparisons among the
individual subclades within each clade. Among the three subclades of the coastal
clade only 1B and 1C are quite similar, being barely significantly different on the
first PC axis (p = 0.04) and not significantly different on the second axis (p =
0.2231). Within the desert clade, subclades 2A and 2B differ significantly on both
axes, but subclades 2C, 2D, and 2E are largely non-significantly different. Clearly,
substantial geographic differentiation is present in color characteristics across the
full range of desert woodrats.
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Figure 19. Mean and 95% confidence limits to scores along both the first and
second PC axes in a principal components analysis that included all nine mtDNA
subclades, 1A-1D of the coastal clade and 2A-2E of the desert clade (see map, Fig.
6).



GEOGRAPHY OF MORPHOLOGICAL VARIATION

MORPHOLOGICAL DIFFERENCES BETWEEN “COASTAL” AND
“DESERT” SAMPLES

Grinnell and Swarth (1913, p. 338) detailed a set of morphological differences
between woodrats of the Neotoma lepida group from coastal California (which
they considered to make up the subspecies N. i. intermedia) and the interior desert
of eastern California (which they considered to be the subspecies N. i. desertorum),
which we summarize here.

Neotoma i. intermedia

Coloration above dark: blackish mid-
dorsally, mixed with clay color, this most
pure along the sides and about the face;
beneath white, with base of hairs deep
plumbeous throughout (occasional
examples with hairs on small pectoral
patch white to base); ankles dusky; tail
black above.

Pelage harsh: hairs relatively stiff and
coarse.

Size large: average 13 males, length
336, tail vertebrae 159, hind foot 34.3, ear
30.4.

Tail “long”: ratio of tail to body in 13
males, 89%.

Skull large, this involving all features,
save that rostrum and nasals are relatively
longer and narrower, while audital bullae
are actually as well as relatively less
inflated.

Neotoma i. desertorum

Coloration above pale: sepia mid-
dorsally, mixed with pinkish buff, this
color clearest anteriorly and along sides;
beneath white, with base of hairs pale
plumbeous except on pectoral region and
narrow line mid-ventrally which are pure
white; ankles white; tail grayish brown
above (variable to blackish).

Pelage soft: hairs relatively fine and
silky.

Size small: average 10 males, length
288, tail vertebrac 134, hind foot 30.8,
ear 28.5.

Tail “short”: ratio of tail to body in
10 males, 87%

Skull small, this involving all
features, save that rostrum and nasals are
relatively shorter and hence blunter,
while the audital bullae are distinctly
larger, more inflated.

Three years earlier, in his revision of the genus Neotoma, E. A. Goldman
(1910) had considered these two taxa as separate species, even placing them in

64
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different species groups. He considered the two so distinct that he made no
specific comparison between them, commenting only on their difference in overall
size (p. 16-17). Seventy years later, Mascarello (1978), in his review of the
woodrats along both sides of the lower Colorado River, noted that animals from
coastal southern California and Baja California (his “Baja type”) differed from
those of the California and Arizona deserts (his “Western” and “Eastern” types)
along multivariate discriminant axes and in the frequencies of three qualitative
craniodental characters among the 12 that he scored. His “Western” type lacked
accessory mental foramina, had a short posterior (labial) re-entrant angle of M3
that is at right angles to the toothrow, and possessed an M1 with a very distinct V-
shaped notch on the anterior loop. Mascarello (1978) also noted substantive
difference in the length of the baculum and soft anatomical features of the glans of
the glans penis between his “Baja” and his two desert types. We describe these
phallic and bacular differences separately, below.

We will discuss the reliability of the characters delineated by Grinnell and
Swarth (1913) in a later section that specifically includes the samples they used in
their comparisons and will review also those features identified by Mascarello,
again using the same set of specimens he examined. In this section we examine the
pattern of overall differentiation between N. intermedia and N. desertorum (= N.
lepida, following Goldman, 1932), using the distribution maps of these two taxa in
Goldman (1910, p. 43 and 77) as the basis for grouping localities. Because each of
Goldman’s taxa are now included within the single species, N. lepida, with
multiple subspecies (Hall, 1981), we simply refer to our comparison groups as
“coastal” and “desert,” geographic units that in the United States are generally
divided by the Sierra Nevada, Tehachapi Mts., and Transverse and Peninsular
Ranges of California. As is apparent from the description of variation in both the
mtDNA cytochrome-b (cyt-b) and nuclear B-Fibrinogen-intron 7 (Fbg-17) gene
sequences above, Goldman’s N. intermedia and N. desertorum are largely
concordant with Clades 1 and 2. We also confine our analyses here to samples
from the United States and extreme northern Mexico and so avoid any potential
confounding variation along the 1,000 km length of the Baja peninsula in the
overall differences we seek to evaluate at this point in our analyses. At this point,
thus, our “coastal” group includes three subspecies that are currently recognized,
namely N. [. intermedia, N. I. gilva (with sola a synonym), and N. [. californica
(Hall, 1981). Our “desert” group includes eight taxa currently listed as valid
subspecies or species: N. [. lepida (with desertorum a synonym), N. I. nevadensis,
N. I. monstrabilis, N. I. auripila (with aureotunicata, bensoni, flava, and harteri as
synonyms), N. [. marshalli, N. I. grinnelli, N. l. sanrafaeli, and N. devia (Hall,
1981; Hoffmeister, 1986; Musser and Carleton, 2005).
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As posited by Goldman (1910), “coastal” samples are indeed significantly
larger in body size, whether measured by Total Length (TOL) or Head and Body
Length (HBL) than “desert” samples (Table 10). This size difference extends to all
cranial dimensions except the bullar dimensions BUL and BUW, which are our
proxy for overall bullar inflation. Thus, the more comprehensive observations of
Grinnell and Swarth (1913, listed above) regarding various size differences
between their intermedia and desertorum are certainly correct, including their
recognition that the degree of bullar inflation of the “coastal” form is both
absolutely and relatively smaller than that of the “desert” type.

The differences in overall size, in absolute as well as relative length of the
tail, and in absolute as well as relative size of the bullae between “coastal” and
“desert” samples of the Neotoma lepida group are readily apparent in simple
bivariate scatterplots combining these characters. For example, in the comparison
of Tail Length (TAL) relative to Head-and-Body Length (HBL), the regression
lines of each group are significantly different both in slope (ANOVA, Fi 1513 =
18.676, p < 0.0001) and Y-intercept (ANOVA, F; 1514y = 1588.981, p < 0.0001), as
“coastal” animals have longer tails in relation to their head and body lengths than
“desert” animals (Fig. 20). Similarly, bullar length (BUL) in relation to cranial
length (CIL) is significantly different both in slope (ANOVA, F(, 1600y = 14.521, p
= 0.0001) and Y-intercept (ANOVA, F 1601y = 551.896, p < 0.0001), again with
“coastal” specimens having smaller bullae but longer skulls (Fig. 21). Although
there is some overlap in the measurements of individual variables between the two
groups, they are nevertheless readily separable by simple comparisons between
individual bullar length and tail length (Fig. 22).
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Table 10. Mean and standard error for external and craniodental measurements of
“coastal” and “desert” samples of the Neotoma lepida group, exclusive of samples
from Baja California. Significance level is based on one-way ANOVA.

Variable “Coastal” Significance “Desert”
N=515-679 level' N=851-1025
external
TOL 324.23+0.702 okl 291.82+0.489
HBL 171.01£0.487 ok 162.33+0.373
TAL 153.22+0.437 okl 129.52+0.345
HF 33.60+0.059 okl 30.65+0.046
E 30.30+0.101 okl 28.91+0.091
craniodental

CIL 39.569+0.056 okl 37.365+0.048
7B 21.723=0.036 okl 21.723=0.027
10C 5.513+0.009 okl 5.054+0.007
RL 16.274+0.028 okl 15.186x0.025
NL 15.803+0.030 okl 14.765+0.026
RW 6.578+0.012 Hk A 6.165+0.009
OL 14.336+0.021 Hk A 13.606+0.015
DL 11.395+0.027 koK 10.794+0.022
MTRL 8.206=0.012 hokkk 7.908+0.009
IFL 8.751=0.020 hokkk 8.240+0.015
PBL 18.096+0.029 hokkk 17.272+0.025
AW 7.616+0.010 ok 6.997+0.008
OCW 9.616+0.012 ok 8.939+0.009
MB 17.292+0.020 ok 16.718+0.019
BOL 5.924+0.014 ok 5.528+0.011
MFL 7.811+0.017 okl 7.435+0.016
MFW 2.681+0.008 okl 2.327+0.006
ZPW 4.145+0.010 okl 4.071+0.008
CD 15.721+£0.019 Hk A 15.384+0.015
BUL 6.714+0.009 kA 7.195+0.008
BUW 7.062+0.010 hok ok 7.482+0.008

1

% = p < 0.0001
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Figure 20. Scatterplot of Tail Length (TAL) versus Head-and-Body Length (HBL)
for “coastal” (solid circles) and “desert” (gray-filled triangles) samples of the
Neotoma lepida group from the United States. Regression lines for each group are:
desert: TAL = 140.714 — 0.069 HBL, r = -0.077; coastal: TAL =130.118 +0.135
HBL, r=0.152.

The separation of “coastal” and “desert” individuals in tail length (TAL)
results from an actual difference in the number of vertebral elements in the tail.
We have available for examination complete skeletons of 25 “coastal” and 57
“desert” individuals, all from localities in southern California in Kern, Riverside,
San Bernardino, and Imperial counties. There is a mean of 30.48 elements (range
29-34) in the tail of “coastal” specimens and 25.30 (range 20-29) in “desert” ones.
This difference is highly significant (ANOVA: F(; 39y = 120.351, p < 0.0001). Tail
length thus differs between “coastal” and “desert” samples of woodrats at least
partly as a result of the number of vertebral elements. We did not measure the
lengths of individual vertebrae to determine if these differ as well.



Systematics of the Neotoma lepida Group 69

Figure 21. Scatterplot of Bullar Length (BUL) versus Condyloincisive Length
(CIL) for the same samples in Fig. 20. Regression lines for each group are: desert:
BUL =3.666 +0.094 CIL, r = 0.543; coastal = BUL 4.092 + 0.066 CIL, r = 0.410.

Figure 22. Scatterplot of Bullar Length (BUL) versus Tail Length (TAL) for
“coastal” (solid circles) and “desert” (gray-filled triangles) samples of the Neotoma
lepida group. The dashed line separates 95% of the specimens of each group by
the combination of these two variables.



70 University of California Publications in Zoology

Given the overall size difference between “coastal” and “desert” samples,
as well as their separation in combinations of bivariate scatterplots, it is not
surprising that the two groups are well separated in multivariate space defined by a
PCA (Fig. 23). Based on the 21 log-transformed craniodental variables, both
groups are nearly non-overlapping along the first two axes, which combine to
explain 69.4% of the total pool of variation. Other axes individually explain no
more than 4.6% of the variation. All variables except the two bullar measurements
load highly and nearly equally on the first axis, with both BUL and BUW the only
highly loading variables on the second axis (Table 11). This difference in the
loadings of these contrasting sets of variables is evident in the vector diagram in
Fig. 23 (inset) and mirrors the univariate comparisons presented directly above:
“coastal” and “desert” samples of the Neotoma lepida group differ substantially in
overall size, as indexed by the long and positive vectors for all variables except
bullar dimensions, with the latter decidedly larger in the smaller bodied “desert”
group than in the larger “coastal” form.

Figure 23. Scatterplot of scores on the 1st and 2nd Principal Components Axes
based on the 21 log-transformed craniodental variables, with “coastal” (solid
circles) and “desert” (gray-filled triangles) individuals. The percent of the total
variance explained by each axis is indicated. The inset box illustrates character
vectors along both axes.
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Table 11. Principal component factor loadings for 21 log-transformed craniodental
variables of “coastal” and “desert” morphological groups of the Neotoma lepida
group from the United States and Mexico.

Variable PC-1 PC-2
log CIL 0.969 0.091
log ZB 0.923 0.041
log I0C 0.663 -0.433
log RL 0.905 0.098
log NL 0.886 0.094
log RW 0.805 -0.064
log OL 0.867 -0.033
log DL 0.869 0.264
log MTRL 0.445 -0.287
log IFL 0.814 0.116
log PBL 0.895 0.168
log AW 0.722 -0.444
log OCW 0.795 -0.319
log MB 0.865 0.160
log BOL 0.796 0.045
log MFL 0.726 0.166
log MFW 0.573 -0.412
log ZPW 0.551 0.317
log CD 0.779 0.267
log BUL -0.157 0.840
log BUW -0.016 0.862
eigenvalue 11.9785 2.5601
% contribution 57.05 12.29

In our own initial examination of museum specimens of the Neotoma
lepida group, we also identified several qualitative features in which differences
among regional samples were apparent. These characters differentiate samples
from nearly all of Baja California and coastal California from those of the interior
deserts of northeastern Baja and the US, and thus also the “coastal” versus “desert”
morphological groups delineated by both univariate and multivariate analyses of
morphometric variables. Mascarello (1978, character 6) identified the first of these
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characters, the V-shaped notch on the anterior loop of M1, but previous workers to
our knowledge have not mentioned the other two. We could not confirm the utility
of two additional qualitative characters mentioned by Mascarello as distinctive in
the separation of these two global geographic groups (presence or absence of
accessory mental foramina and the length of the posterior re-entrant angle of M3).

Anteromedian flexus on anteroloph of M1

This flexus is deeply notched in young individuals (Age 5) of the “coastal”
morphological group (Fig. 24, upper row) and remains evident even in older
individuals (Age 2-3) following successive wear. The flexus is only weakly
developed in the youngest individuals of the “desert” morphological group (Age 5,
Fig. 24, lower row) and becomes mostly obliterated with increasing age (age
classes 2-3). As clear as this difference is, because the depth and angularity of the
flexus decreases with age, care must be taken when placing older individual
specimens with regard into either of the two geographic groups.

Given this caveat, however, there is a clear and general relationship
between M1 anteroloph marginal shape with respect to the two major mtDNA
clades. We illustrate this by arranging holotypes of named forms that we have
examined, and for which we have recorded camera lucida drawings of this tooth,
on the phylogenetic clade structure (Fig. 25). Note that all coastal Clade 1
holotypes have deep anteromedian flexi, except the holotypes of insularis and
pretiosa, which are old individuals (age class 1) with well-worn teeth. On the other
hand, all desert Clade 2 holotypes lack an anteromedian notch.
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Figure 24. Differences in the depth of the anteromedian flexus of the upper first
molar (M1) between “coastal” and “desert” morphological groups of woodrats.
This flexus is a deep notch in young aged individuals (Age 5) of the “coastal”
form, and remains evident even with extended wear (Age 2-3); the flexus is nearly
imperceptible in all age classes of the ‘desert’ morphological group.
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Figure 25. Camera lucida drawing on the first upper molar (M1) of 23 holotypes of
the Neotoma lepida group, arranged by mtDNA clade, as defined by the Bayesian
tree presented in Fig. 5. a = bryanti, USNM 186481; b = nudicauda, USNM
79073; ¢ = perpallida, USNM 79061, d = pretiosa, USNM 146123; ¢ = abbreviata,
MCZ 12260; f = vicina, USNM 146803; g = ravida, USNM 140692; h = notia,
USNM 146794; i = aridicola, SDNHM 15595; j = intermedia, ANSP 8343; k =
gilva, ANSP 1665; | = anthonyi, USNM 137156 (paratype); m = martinensis,
USNM 81074; n = egressa, MVZ 50142; o = petricola, MVZ 30202; p = insularis,
USNM 198405; q = desertorum, USNM 25739; r = bella, MCZ 5308; s =
marshalli, USNM 263984; t = grinnelli, MVZ 10438; u = monstrabilis, USNM
243123; v =devia, USNM 226376; w = flava, MVZ 62657.
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Incisive foramen septum

The structure of the medial septum of the incisive foramen also differs between
“coastal” and “desert” samples of the Neotoma lepida group. In “coastal” animals,
the maxillary spine is shallow and the maxillo-vomerine notch is elongated,
resulting in an elongated vacuity (Fig. 26). The opposite conditions characterize
“desert” specimens.

Figure 26. Lateral view of the medial septum of the incisive foramen: the
vomerine portion is smaller, resulting in a larger vacuity, in “coastal” as compared
to “desert” samples of the Neotoma lepida group (see text). pm, premaxilla; v,
vomer; m, maxilla.

Position of lacrimal bone with reference to the frontal-maxillary suture

The frontal-maxillary suture intersects the lacrimal at its midpoint or on its anterior
half in “coastal” specimens so that contact between the lacrimal and frontal bones
is either equal to or longer than contact with the maxillary (Fig. 27, top). In
“desert” individuals, the frontal-maxillary suture intersects the lacrimal on its
posterior half, resulting in a short contact between the lacrimal and frontal bones
and a longer one with the maxillary (Fig. 27, bottom).
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Figure 27. Differences in the position of the frontal-maxillary suture relative to the
position of the lacrimal bone in the anterior orbit of individuals of the “coastal”
(above) and “desert” (below) morphological groups. fron, frontal; max, maxillary;
lac, lacrimal.

The position of the frontal-maxillary suture with respect to the lacrimal
bone is also concordant with the mtDNA clade assignments of each holotype that
we have examined (Fig. 28). The suture is positioned at the mid-point of the
lacrimal bone, or slightly more anteriorly, so that contact with the frontal is longer
than that with the maxillary, in those holotypes belonging to Clade 1. In all Clade
2 holotypes, the position of the suture is more posterior so that this bone primarily
contacts the maxilla.
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Figure 28. Shape of the lacrimal bone in the holotypes of 17 taxa of the Neotoma
lepida group, arranged by phylogenetic position within the mtDNA Bayesian tree
(Fig. 5). a = bryanti, USNM 186481; b = nudicauda, USNM 79073; ¢ = pretiosa,
USNM 146123; d = vicina, USNM 146803; ¢ = ravida, USNM 140692; f = notia,
USNM 146794; g = molagrandis, SDNHM 14065; h = aridicola, SDNHM 15595;
1 = anthonyi, USNM 137156 (paratype); j = martinensis, USNM 81074; k =
egressa, MVZ 50142; | = petricola, MVZ 30202; m = insularis, USNM 198405; n
= desertorum, USNM 25739; o = marshalli, USNM 263984; p = grinnelli Hall,
MVZ 10438; q = monstrabilis, USNM 243123; r = devia, USNM 226376; s =
flava, MVZ 62657; t = aureotunicata, SDNHM 10907; u = harteri, SDNHM
11462.
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Glans penis, including baculum

The glandes of all members of the Neotoma lepida group are similar to all
woodrats in lacking dorsal lappets, ventral lappets, a urethral process, a dorsal
papilla, lateral bacular mounds, a ventral shield, spines on the crater walls, and any
corrugation (e.g., Hooper, 1960; Hoffmeister, 1986; Matocq, 2002). They do
exhibit the subterminal urinary meatus and crater hood so characteristic of
Neotoma. In all glandes in this complex, however, the crater hood is apparently
elongated relative to that of most or all other species in the genus. We base this
conclusion on the fact that, in the other species in the genus, the base of the glans
has spines whereas the crater hood lacks them. In this complex, from 40-80% of
the distal end of the glans has no spines; we interpret this region as the hood.

With the exception of specimens from Isla Angel de la Guarda, all well-
preserved glandes have an elongate hood extending 75-80% of the length of the
glans (Fig. 29). They also sort easily into what we term the coastal morph (= Baja
type of Mascarello, 1978) and the desert morph (= western and eastern types of
Mascarello, 1978), despite some variation in the desert morph (described below).

Mascarello (1978) stated that the coastal morph curved dorsally but
remained straight distally to the tip. Because all of the formalin preserved and
many of the rehydrated specimens exhibited a double curve, we believe that this
represents the natural condition of all of these glandes; Mascarello used only
rehydrated specimens, many of which are badly stretched and greatly over-cleared.
We interpret the straight condition of the glandes he used as artifactual. The tip of
the coastal morph recurves only slightly and tapers to a split point. The extreme tip
of the desert type tightly recurves dorsally in most specimens and ends in a more
rounded point, often double, again as described by Mascarello.

Mascarello (1978) recognized differences between the tip of the glans in
his eastern and western types (both in our desert morph). He described and figured
the eastern type as bifurcated with attenuate tips and the western type as essentially
non-bifurcated with a blunt tip. His western specimens came from within the range
of our mtDNA subclade 2A and his eastern ones from the range of our subclades
2C, 2D, and 2E; he examined no specimens from the range of subclade 2B. Our
specimens came from throughout this entire range and from all five subclades (Fig.
30, compare to Fig. 6). In our analyses, the differences in tip type Mascarello
described generally hold in the areas from which he had specimens. Importantly,
however, most specimens from subclade 2B exhibit the eastern type of tip,
although this subclade is distributed to the north of the Colorado River and is the
sister of the western desert subclade 2A (Fig. 5). Both tip types co-occur in our
sample from Mokaac Wash, Mojave Co., Arizona (locality AZ-7; two western and
five eastern type), and our single specimen from the type locality of N. I
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monstrabilis (Ryan, Coconino Co., Arizona; locality AZ-21) is of the western type;
all other specimens of subclade 2B from Arizona and Utah north of the Grand
Canyon possess the eastern tip type (Fig. 30). Moreover, both western and eastern
tip types also co-occur at one locality west of the Colorado River in southeastern
California (locality CA-314; Big Maria Mts., Riverside Co.; 4 western and 1
eastern individuals) as well as east of the lower Colorado River in northwestern
Sonora (locality S-2; Tanque de los Papagos; 2 eastern and 1 western). Thus, the
distribution of the two tip types described by Mascarello is not completely
consistent with his use of this character to diagnose N. lepida and N. devia as
species separated by the Colorado River. Moreover, the discordance in the
distribution of tip type and both other nonmolecular characters and, importantly,
phylogenetic clade structure (Fig. 5 and Matocq et al., 2007) must result either
from character convergence in the glans penis or from differential sorting of an
ancestral polymorphism during the diversification of the clades now occupying the
two sides of the Colorado River (see historical scenario below); it cannot be due to
gene flow across the Grand Canyon, as posited by Hoffmeister (1986).

Figure 29. Camera lucida drawing of two glandes of the Neotoma lepida group,
each with its venter to the right. The “coastal” morph is on the left (LACM 13693;
La Zapopita, Baja California, Mexico; locality BCN-20) and the “desert” morph is
on the right (LACM 36952; 27.9 mi NE Glamis, Milpitas Wash, Hwy. 78, Imperial
Co., California; locality CA-209).
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Hoffmeister (1986) recognized five slight variants of our desert morph in
Arizona, based mostly on degrees of indentation of the tip to produce the double
point, and also disagreed with Mascarello’s geographically discrete tip types.
Hoffmeister (1986:414) used 18 glandes from Arizona. DGH examined all
preserved bacula and glandes in the UIMNH and could score only 16 with respect
to details of their morphology. The remainder either consisted only of bacula or
had the tip badly damaged or lost. All 16 of these glandes have bifurcated tips,
mostly deeply so, as described by Mascarello (1978). Because Hoffmeister did not
give the specimen identifications of any of the five tip variants he illustrated in his
figure 5.226, we are not sure we saw all specimens upon which he based his
observations. The glandes we examined all fit one of his C, D, or E variants, all
which belong to Mascarello’s eastern type of glans.

The difference between the western and eastern types of Mascarello (1978)
is slight and may be compromised by distortion of poorly preserved specimens.
This difference is real, however, even if slight and subject to minor overlap and
discordant with other characters north of the Grand Canyon in Arizona and Utah
(Fig. 30).

Hooper (1960) originally described and figured the glans of N. lepida.
Based on his figure, the two specimens he examined represent our coastal type.

The baculum of both coastal and desert morphs curves dorsally into the
hood but does not protrude into its ventrally curved portion. A large, cartilaginous
tip caps the distal end of the baculum and extends into the ventrally curved portion
of the hood. This cartilaginous tip appears very flexible as it is quite distorted in
some specimens, occasionally bent double on itself. We measured the straight-line
length of the baculum to the nearest millimeter but did not measure the
cartilaginous tip. The baculum of 31 glandes from coastal animals is longer,
averaging 154 mm (range = 13-18 mm, standard deviation = 1.58 mm). The
baculum of 47 glandes from inland individuals averaged 10.8 mm (range = 8-12
mm, standard deviation = 1.09 mm). Mascarello (1978) obtained similar results.
In addition the entire glans of the coastal morph is usually much larger than that of
the inland type. The distinctiveness of these two morphs permits their use in field
identification of hand-held live animals, by simply rolling back the prepuce to
display the glans.
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Figure 30. Distribution of the glans penis types described by Mascarello (1978):
gray squares = Baja (= our “coastal” group), black circles = western (mtDNA
subclade 2A, our “desert” group), and open circles = eastern (mtDNA subclade 2C,
2D, and 2E, our “desert” group), plus square = insularis from Isla Angel de la
Guarda described herein. Numbered localities are those where two tip types co-
occur: coastal and desert-western types at (1) locality CA-80, (2) locality CA-341,
and (3) locality CA-178a; desert-western and desert-eastern types at (4) locality
AZ-7, (5) locality CA-314, and (6) locality S-2.
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All identifiable glandes from Arizona, Nevada, Utah, and the Mojave
Desert and eastern Colorado Desert regions of California are of the desert morph
(Fig. 30). All identifiable glandes from coastal California and that part of the
Colorado Desert west of the Salton Sea are of the coastal morph. With the
exception of one locality from the extreme northeastern part of Baja California
(Cerro Prieto, 20 mi. SSE Mexicali; locality BCN-101), all identifiable glandes
from the mainland of the peninsula represent the coastal morph; those from Cerro
Prieto represent the desert morph. All of the identifiable glandes from the islands
off the peninsula also resembled closely the coastal morph except those from Isla
Angel de la Guarda. Hence, the coastal and inland phallic types we identify here
are geographically concordant with “coastal” and “desert” craniodental
morphological groups and the mtDNA clades 1 and 2 described above.

In the wvast majority of the preserved glandes that we deemed
unidentifiable, the distal tip was either missing or badly damaged. Individuals with
either of these tip types co-occur at three localities (Fig. 30): in Kelso Valley in
eastern Kern Co., CA (locality CA-80; 17 coastal and 4 desert), Morongo Valley in
San Bernardino Co., CA (locality CA-341; 2 coastal and 34 desert), and near
Ocotillo Wells in eastern San Diego Co. (CA-178a; 1 coastal and 1 desert). As we
document in the transect analyses below, the first two of these localities are also
areas of sympatry and occasional hybridization between the “coastal” and “desert”
craniodental morphs.

The glans (Fig. 31) of the five specimens from Isla Angel de la Guarda
does not closely resemble those of any described species in the genus. This glans
is relatively short and thick and has a covering of spines over most of its surface;
only the distal tip, which we interpret as the hood, lacks these spines. The hood,
although more elongate than that of most species in the genus, makes up only 40-
50% of the length of the glans and does not have the characteristic tip of either of
the other two morphs in the lepida group; rather, the tip appears simply collapsed.
The baculum is also relatively short and thick and is capped by a large
cartilaginous tip. These character states resemble somewhat those of such species
as N. albigula, N. floridana, and N. mexicana. In general morphology, the glans of
this insular taxon is intermediate between most other species in the genus and the
coastal and desert morphs of the lepida group described above.
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Figure 31. Camera lucida drawing of the glans of SDNHM 19201, from the north
end of Isla Angel de la Guarda, Baja California, Mexico (locality BCN-95). Left,
ventral; middle, right lateral; and right, dorsal views. Spines are present in the area
between the dashed lines.

The polarity of character change in glans development within the lepida
group is unclear at the moment, since the shortened glans (and baculum) of animals
from Isla Angel de la Guarda (subclade 1D) is phylogenetically nested within other
members of Clade 1 and those of Clade 2 (Fig. 5), all of which have the elongate
glans (Figs. 29 and 30). If the shortened glans (and baculum) is considered
ancestral for the lepida complex, then elongation must have occurred convergently
in the other lineages. Similarly, if elongation is viewed as ancestral, then the
truncated glans of insularis would be a reversal. In either case, a minimum of two
steps is required to derive the glandes types of the /epida group from their closest
relatives (Edwards and Bradley, 2001; Matocq et al., 2007). Understanding both
the mechanism and genetic control of glans development (e.g., Matocq et al., 2007)
may provide a means to choose between these alternative evolutionary scenarios.
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TRANSITIONS BETWEEN AND WITHIN “COASTAL” AND
“DESERT” MORPHOLOGICAL GROUPS

Given the clear set of differences in both qualitative and quantitative
morphological variables between the broadly distributed “coastal” and “desert”
groups, we undertook a series of more detailed analyses designed to determine the
patterns of character variation among local samples over relatively confined
geographic regions within the overall range of the Neotoma lepida group. We
organize these analyses as a series of transects, each incorporating separate,
although partially overlapping, geographic regions that encompass areas of
transition between the two well-defined morphological groups. We then focus on
peninsular Baja California and its associated Gulf and Pacific coast insular
populations. We treat this region separately in order to concentrate on population
and taxon comparisons along the spine of the peninsula as well as between the
various insular taxa and their mainland counterparts. Many of the insular taxa have
been traditionally regarded as distinct species, yet have been uniformly included as
part of a larger “Neotoma lepida group” (e.g., Goldman 1910, 1932; Hall 1981).
Finally, we complete our morphological studies by examining Mascarello’s (1978)
hypothesis of a species-level boundary between desert woodrats separated by the
Colorado River in Arizona and California.

The two morphological groups are in contact, or near contact, in four areas
in southern California. We examine each of these transition areas as four separate
transects (Fig. 32): (1) A Tehachapi Transect—across the Tehachapi Mts. from
their northern boundary at the southern end of the Sierra Nevada to their point of
contact with the Transverse Ranges in Kern, Ventura, and Los Angeles Cos.; (2) a
Cajon Pass Transect—across Cajon Pass between the San Gabriel and San
Bernardino Mts., in Riverside and San Bernardino Cos.; (3) a San Gorgonio Pass
Transect—across San Gorgonio Pass between the Transverse and Peninsular
Ranges in Riverside and San Bernardino Cos., which is the transect originally
described by Grinnell and Swarth (1913) that established the current taxonomy of
this complex of woodrats (Goldman, 1932); and (4) a San Diego Transect—along
the international border in San Diego and Imperial Cos., California, and northern
Baja California. Here, we describe patterns of variation in morphological
(qualitative external and morphometric craniodental as well as pelage color)
characters and place these in a genetic context based on our analyses of mtDNA
and nuclear microsatellite loci.
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Figure 32. Approximate linear positions of four transects in the analysis of
morphological and genetic variation in woodrats of the Neotoma lepida group in
southern California (see text beyond).

Tehachapi Transect

This transect proceeds from the Caliente Mts. on the west side of the Carrizo Plains
east through the foothills and mountains around the southern and southeastern end
of the San Joaquin Valley (including Mt. Pinos and Tejon Pass) as far north as
Porterville in Tulare Co. and then east across the Tehachapi Mts. and Kern River
plateau through the Mojave Desert in San Bernardino Co. Samples encompass
localities assigned to three subspecies (Grinnell, 1933; Hall, 1981): gilva on the
west; intermedia from the southern Sierra Nevada; and lepida from the eastern
slopes of the Tehachapi Mts. and Mojave Desert. The type locality of one formal
taxon, N. desertorum sola (listed as a synonym of N. lepida gilva by Goldman,
1932, and subsequent authors), is contained within this transect. The samples
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include representatives of the two morphological groups (“coastal” and “desert”)
defined above, and three mtDNA clades (the coastal subclades 1C and 1B and the
desert subclade 2A). These are juxtaposed geographically in a complex and
discordant pattern in the middle part of the transect.

Localities and sample sizes.—To facilitate the analysis of variation across
the transect, we organized locality samples into seven geographic samples and
placed those specimens from contact or near-contact localities between the two
morphological groups into an “unknown” sample. There are five “coastal”
samples, all from localities to the west of the Tehachapi Mts. (from the Caliente
and Temblor Ranges south along the margins of the San Joaquin Valley and north
to the Sierra Nevada foothills of Tulare Co.) and two “desert” samples from the
Mojave Desert slopes of the Tehachapi Mts. and Antelope Valley east through the
deserts of San Bernardino Co. (Fig. 33). Specimens from the eastern parts of the
Kern River Plateau (between Weldon and Onyx), Kelso Valley between the Piute
and Scodie Mts., and those from the foothills bordering both sides of the Antelope
Valley (Kern and Los Angeles Cos.) made up the “unknown” sample. We list
locality numbers (from the Appendix), sample size for each dataset (craniodental
[nm], color [n], glandes [n,], and DNA sequence [npna]), and museum catalog
numbers for all specimens examined.

Carrizo (total n,, = 30, n.= 26, n, = 10, npxa = 29)

CALIFORNIA:— SAN LUIS OBISPO CO.: (1) CA-38: n,=3, n=3,
npna=3; MVZ 196759-196761; (2) CA-39: n,=1; USNM 128812; (3) CA-40:
=06, =6, Ny = 4, npna=6; MVZ 196975-195980; (4) CA-41: n,=8, n.=8, n, = 3,
npna=8; MVZ 196967-195974; (5) CA-42: n,=5 n=2, npna=5; MVZ 196754-
196758; (6) CA-43: nn,=1, n.=1, npna=1; MVZ 195966; (7) CA-44: n,=5, n:=5, n,
=2, npna=5; MVZ 195961-195965; (8) CA-45: nn=1, n~1, ny = 1 npna=1; MVZ
195981.
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Figure 33. Above — Map of localities included in the Tehachapi Transect (circles =
five “coastal” morphological samples; triangles = two “desert” morphological
samples; and “X”s = localities regarded as “unknown” in the morphological
analyses [specimens from the eastern end of the Kern River Plateau, Kelso Valley,
and margins of the Antelope Valley; see text for explanation]). Below — Localities
in the general contact region numbered as in the list of specimens examined
(Appendix). Inset — positions of the broader transect and the contact area in
southern California.
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San Emigdio (total n,, = 14, n.=9, npya=7)

CALIFORNIA:— KERN CO.: (1) CA-56: n,=1, nc=1; USNM
31517/43382, USNM 31516 — skin, lectotype of N. desertorum sola; (2) CA-57:
nm=3, n.=3, Ny = 1, npna=3; MVZ 198581-198583; (3) CA-58: nn=1; MVZ 28207,
(4) CA-59: ny=5, n=5, n, = 1, npna=4; MVZ 196097-196100, SDNHM 5988.
VENTURA CO.: (5) CA-49: n,=3; MVZ 5331, 5376, 5378; (6) CA-50: n,=1;
MVZ 5333.

Ft. Tejon (total n,, = 46, n.= 44, n, = 22, npna = 45)
CALIFORNIA:— KERN CO.: (1) CA-60: n,=32, n.=32, ny = 16, npna=32;
MVZ 196771-196779, 196809-196821, 200730-200739; (2) CA-61: n,=1, n.=2, n,
=1, npna=2; MVZ 196765. LOS ANGELES CO.: (3) CA-96: n,=6, n;=5, n, = 2,
npna=0; MVZ 196832-196834, 198328-198330; (4) CA-97: n,=5, n=5, n, = 3,
npna=5; MVZ 196766, 196835-196836, 198331-198332; (5) CA-98: n,=2; LACM
55070-55071.

Joaquin Flat (total n,, =41,n.=41,n, = 16, npxa = 41)

CALIFORNIA:— KERN CO.: (1) CA-63: n,=3, n.=3, npna=3; MVZ
196768-196770; (2) CA-64: n,=35, n.=35, n, = 15, npna=35; MVZ 196822-
196829, 198584-198596, 200715-200729; (3) CA-65: n,=3, n.=3, ny = 1, npna=3;
MVZ 196830-196831, 196767.

W Kern River (total n, =21, n.=23, n, =3, npnya = 16)

CALIFORNIA:— KERN CO.: (1) CA-66: n,=3, n=5; MVZ 15459-15460,
15462; (2) CA-67: ny,=1, n=1; MVZ 60228; (3) CA-68: n,=5, n.=5, npna=5; MVZ
195912-195216; (4) CA-69: nn,=1, n.=4; MVZ 15455; (5) CA-70: n,= 4, n.=4, n, =
1, npna=4; MVZ 195930-195933; (6) CA-71: ny=2, n=2, n, = 1, npna=2; MVZ
195934-195935; (7) CA-72: np,=2, n=2, npna=2; MVZ 197308-197309. TULARE
CO.: (8) CA-54: n,=2; USNM 156651-156652; (9) CA-55: n,=3, npnya=3; MVZ
196074-196076; (10) CA-55a; n, = 1; LACM 63739.

W Mojave (total n,, = 104, n.=91, n, = 25, npna = 36)

CALIFORNIA:-INYO CO.: (1) CA-381: n,=19, n.=19, n, = 9, npna=24;
MVZ 202459-202483. KERN CO.: (2) CA-83: n,=21, n=11, n, = 14, npxa=28;
MVZ 199786-199796, 215764-215780; (3) CA-86: n,=1, n.=1; MVZ 42465, (4)
CA-86a: n, = 1; CSULB 3015; (5) CA-87; nn,=2, n.=2; MVZ 26327-26328; (6)
CA-87a:n, = 1; LACM 75421; (7) CA-88: n.~=1; MVZ 103278; (8) CA-89; n,,=10;
LACM 75426-75427, 75444-75448, 75451-75453; (9) CA-91: n,=2, n=2, n, = 1,
npna=25; MVZ 195264-195265; (10) CA-92: ny,=7, n=5, n, = 3; LACM 63726-
63728, MVZ 140500-140502, 143941, 143943-143944, 186336; (11) CA-92A: n,
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= 1; LACM 63721; (12) CA-93: ny,=1, n.=1; MVZ 134633; (13) CA-94: n,=10,
n~10, ny = 2, npna=10; MVZ 195266-195275. LOS ANGELES CO.: (14) CA-
127: np,=1; MVZ 125887. SAN BERNARDINO CO.: (15) CA-328: n,,=18; MVZ
6081, 6084-6092, 6827-6828, 5995, 6006-6007, 6077, 6080; (16) CA-329: ny,= 8;
MVZ 28208, 31434-31439, 31441; (17) CA-329A: n, = 1; LACM 29973; (18) CA-
335: ny=3, n:=3; MVZ 21035-21037; (19) CA-336: n,=1, n.=1; MVZ 145684.

E Mojave (total n,, = 104, n.= 83, n, = 14, npna = 39)

CALIFORNIA:— SAN BERNARDINO CO.: (1) CA-334: n,=2, n.=2;
MVZ 65594-65595); (2) CA-346: n,=2, n=2; MVZ 31425, 31427, (3) CA-347:
nn,=2, n=3; MVZ 31431-31433; (4) CA-348: n,=7, n=7, npna=9; MVZ 215601-
215609); (5) CA-349: n,=7, n=7, ny = 6, npna=7; MVZ 195313-195319; (6) CA-
349a: n, = 1; LACM 36954; (7) CA-351: n,=1, n=1; MVZ 121169; (8) CA-352:
n,=1, n==1, npna=1; MVZ 195320, (9) CA-353: n,=1, n=3; MVZ 81957, 93063-
93064; CA-353a: n, = 1; CSULB 2983; (10) CA-354: n,=2, n.=2; MVZ 196354-
196355; (11) CA-355: np,=1; MVZ 81956); (12) CA-356: n,=1, n==1; MVZ 80250;
(13) CA-357: n,=19, n.=19; MVZ 80251-80257, 80259-80270; (14) CA-358:
n,=1, n=1; MVZ 143950; (15) CA-359: n,=13, n=11; MVZ 80236-80240,
80242-80249; (16) CA-360: n,=1, n=1; MVZ 81946; (17) CA-361: n,=5, n.=6;
MVZ 81950-81955; (18) CA-362: n,=2, n=2; MVZ 81944-81945); (19) CA-363:
n,=1, n==1; MVZ 81942; (20) CA-364: n,,=4, n=4; MVZ 80230-80233; (21) CA-
365: ny=1; MVZ 31418; (22) CA-366: ny=5, n.=5, ny = 1, npna=5; MVZ 195308-
195312; (23) CA-367: ny=11, ny = 4, mpna=17; MVZ 215580-215596; (24) CA-
368: n,=1; MVZ 61182; (25) CA-369: n,=1, n=1; MVZ 86564; (26) CA-370:
n,=3, n.=3; MVZ 86548, 86550, 86552; (27) CA-371: n,=1, n.=1; MVZ 86547,
(28) CA-372: n,=3, n.=3; MVZ 86533-86534, 86558; (29) CA-372a: n, = 1;
CSULB 10541; (30) CA-373: n,=3, n.=2; MVZ 86545, 93060, 93062; (31) CA-
374: np=1,n.=1; MVZ 86546, (32) CA-375; n,=1, n.=1; MVZ 86544.

unknown (total n, =123, n.= 119, n, = 38, npna = 83)

CALIFORNIA:— KERN CO.: (1) CA-62: n,=3, n:=3, n, = 1, npna=3;
MVZ 196762-196763, 196837, (2) CA-73: n,=7, n=19; MVZ 15467-15470,
15472-15474, 15478-15481; (3) CA-74: ny=4, n.=4, n, = 2, npna=4; MVZ 195919-
195922; (4) CA-75: ny,=7, n=7, npna=2; MVZ 15454, 15483, 15485, 15491,
15494, 195917-195918; (5) CA-76: ny=6, n.=6, ny = 2, npnxa=6; MVZ 195923-
195929; (6) CA-77: ny=6, n:=6, ny = 2, npna=6; MVZ 199797-199802; (7) CA-78:
n,=10, n.=12; MVZ 60229-60240; (8) CA-79: n,=10, n=10, n, = 3, npna=10;
MVZ 199772-199781; (9) CA-80: n,=33 n.=27, n, = 21, npxna=41; MVZ 202496-
202500, 202502-202504, 202507-202517, 202519-202922, 215781-215786,
21796-215803; (10) CA-81: nn,=4, n=4, n, = 2, npna=4; MVZ 199782-199785;
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(11) CA-82: n,=3, n.=3; MVZ 15506, 60241-60243; (12) CA-84: n,=7; USNM
136032-136033, 136035-136039; (13) CA-85: nn=4, n~4, n, = 3, npna=4; MVZ
197310-197313); (14) CA-90: n,=4, n.=4; MVZ 15457, 15496-15497, 15504.
LOS ANGELES CO.: (15) CA-99: nn=3, n, = 1, npna=1; MVZ 198353-198354,
198579; (16) CA-100: ny=1, npxa=1; MVZ 198580; (17) CA-101: n,=8; MVZ
5370-5373,5383-5384, 6967-6968; (18) CA-102: n,=2, n, = 1, npna=1; MVZ
198577-198578; (19) CA-126: n,=1; MVZ 42464; (20) CA-127a: n, =1; LACM
36953.

Habitat.—Woodrats of the Neotoma lepida group that occur in the western
half of the Tehachapi Transect live in the more arid habitats of this region, ranging
from coastal scrub and chaparral to dry rock outcrops. Here, individuals typically
build nests at the base of clumps of Our Lord’s Candle (Yucca whipplei; Figs. 34
and 35) or in the interstices of rock exposures. Animals in the Mojave Desert
construct nests in rock outcrops composed of granite boulders or basalt flows, but
also are commonly found on the desert floor in nests constructed at the base of
Joshua Tree (Yucca brevifolia) and Mojave Yucca (Yucca schidigera); see Fig. 36.
Contact areas between individuals of the two coastal mtDNA clades, 1B and 1C are
in typical dry scrub habitats within the oak woodland (Fig. 37). Where mtDNA
clades 1C and 2A are in sympatry, at Joaquin Flat in the Tehachapi Mts. (locality
CA-62), the habitat is a complex of granite boulders exposed above open
grasslands at the lower edge of the blue oak woodland (Fig. 38). Where “coastal”
and “desert” morphology individuals meet in Kelso Valley (locality CA-80), it is a
mixture of coastal oak scrub and Mojave Desert Joshua Tree woodland (Fig. 39).
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Figure 34. Elkhorn Hills, San Luis Obispo Co. (locality CA-41), looking west
across the Carrizo Plain to the Caliente Range; Our Lord’s Candle (Yucca
whipplei) and White Sage (Salvia apiana) in the foreground are characteristic of

the “coastal” morphological type of the desert woodrat. Photo taken in October
2000.

Figure 35. Nest of a Neotoma lepida constructed at the base of an Our Lord’s
Candle, Elkhorn Plain Ecological Reserve, Elkhorn Hills, San Luis Obispo Co.
(locality CA-41). Photo taken in October 2000.
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Figure 36. Desert woodrat house constructed at the base of a Mojave Yucca at
Halloran Spring, San Bernardino Co. (locality CA-366). Photo taken in July 2000.

L « 4 1 o - = ol 2 » A W
Figure 37. Open hillside 1.5 mi SE Ft. Tejon (locality CA-60) with California
Juniper, Our Lord’s Candle, and White Sage. Representatives of mtDNA clades
1B and 1C co-occur here. Photo taken in May 2001.
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Figure 38. Joaquin Flat, Tehachapi Mts. (locality CA-64) where individuals of
mtDNA clades 1C and 2A co-occur. Photo looking west to San Joaquin Valley;
taken in March 2001.

i Ly

Figure 39. Western margin of Kelso Valley (locality CA-80), where individuals of
the “coastal” and “desert” morphological groups co-occur. Habitat is a mixture of
interior California woodland and Mojave desert scrub. Photo taken in October
2003.
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Morphometric differentiation.— Descriptive statistics for all variables for
both groups are given in Table 12. Each of the 4 external and 21 craniodental
characters exhibit significant differences among the seven samples that make up
the Tehachapi Transect, based on one-way ANOVAs. In comparisons between
each pair of geographically adjacent samples, there are no significant differences
between the two samples of the “desert” group (W and E Mojave, Fig. 33).
Alternatively, there are 11 significant character differences between the Joaquin
and W Kern samples of the “coastal” group that extend northwards along the
slopes of the Tehachapi, Breckenridge, and Greenhorn mountains that border the
southeastern margin of the San Joaquin Valley, but no other adjacent pair of
“coastal” groups differ by more than 4 variables. In contrast, all 25 external and
craniodental characters are highly significantly (p < 0.001) different in
comparisons between the “coastal” Joaquin or W Kern samples and the W Mojave
sample of the “desert” group. These observations are completely consistent with
the assignment of individuals to either “coastal” or “desert” morphological groups
by more global set of univariate and multivariate comparisons presented above.

Because the “coastal” and “desert” morphological groups are readily
separable by most univariate mensural characters, it is not at all surprising that
these groups are also well defined by both PCA and CVA analyses. The first two
PC axes explain 67.3 percent of the total pool of variation and are the only axes
where mean scores of the “coastal” and “desert” morphological groups are
significantly different (p < 0.0001 in both cases; ANOVA, F(j 73 = 219.142 and
F1273) = 230.979, respectively, in the comparison between “coastal” and “desert”
group PC-1 and PC-2 scores). Thus, subsequent components, each accounting for
no more than 4.5 percent of the total variance, provide no additional insights. As
with the global comparison between “coastal” and “desert” morphological groups,
above, all variables except BUL and BUW load positively and reasonably
uniformly on PC-1 (Table 13) while the two bullar measurements are most
important on PC-2. Not surprisingly, therefore, the two morphological groups do
not overlap on the combination of both axes, and the “unknown” individuals
largely fall into either the “coastal” or “desert” groups (Fig. 40).
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Figure 40. Scatterplot of individual scores on the first two principal components
axes. Circles identify individuals with a “coastal” morphology, those that occur
from the Carrizo Plains to the eastern margins of the Tehachapi Mts.; triangles are
specimens of the “desert” morphology, from localities in the Mojave Desert east of
the Tehachapi Mts. Filling of both circles and triangles is keyed to the geographic
samples mapped in Fig. 33; “X”s indicate the “unknown” specimens from the
eastern part of the Kern River plateau, vicinity of Kelso Valley, and the foothills
bordering the western Antelope Valley. The inset box illustrates character vectors
along both axes, which contrasts the highly positive character vectors for all
variables exclusive of those of the bulla (BUL and BUW) on the 1st axis with the
strongly positive bullar dimensions on the 2nd.
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Table 13. Principal component factor loadings and standardized coefficients from
the canonical variates analysis for log-transformed cranial variables of the
“coastal” and “desert” morphological groups of the Tehachapi Transect.

Variable PC-1 PC-2 CAN-1
log CIL 0.963 0.096 -0.64295
log ZB 0.873 -0.004 -0.03584
log I0C 0.623 -0.491 -0.27138
log RL 0.928 -0.005 -0.50191
log NL 0.845 0.070 0.11719
log RW 0.695 -0.085 0.08183
log OL 0.855 0.035 -0.21198
log DL 0.837 0.318 0.10197
log MTRL 0.455 -0.416 -0.14759
log IFL 0.820 0.043 -0.02809
log PBL 0.903 0.177 0.32255
log AW 0.713 -0.474 -0.31724
log OCW 0.717 -0.346 -0.26005
log MB 0.860 0.114 -0.24735
log BOL 0.851 0.009 -0.23318
log MFL 0.592 0.335 0.32997
log MFW 0.553 -0.419 -0.31280
log ZPW 0.541 0.403 0.20371
log CD 0.634 0.446 0.49721
log BUL -0.095 0.828 0.43829
log BUW 0.011 0.866 0.64572
eigenvalue 11.111 3.013 11.0044
% contribution 5291 14.35 100.00

Plots of PC scores and mean longitudinal position of grouped samples
illustrates the shift in both overall size (as indexed by PC-1) and bullar size (PC-2
scores) across the transect (Fig. 41). No pairs of the five “coastal” or two “desert”
samples differ significantly in either PC-1 or PC-2 scores. However, as noted
above for individual craniodental variables, highly significant differences are
present for both sets of scores in comparisons between the eastern-most “coastal”
samples (Joaquin and W Kern) and the western-most “desert” sample (W Mojave).
Thus, there is a clear and sharp step in character transition, measured by either
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univariate or multivariate means, along the western margins of the Mojave Desert,
the general area of contact between “coastal” and “desert” morphotypes of the
Neotoma lepida group. The characters that exhibit these sharp transitions are the
same as those identified in our global comparisons among all samples of these
woodrats in the US.

Figure 41. Means (and 95% confidence limits) of PC-1 (above) and PC-2 (below)
scores across the Tehachapi Transect, ordered from west to east by the mean
longitudinal position of the seven grouped samples. Grouped samples are
identified by name and by symbols, as above. Significant differences (**** =p <
0.0001) are present only between eastern-most “coastal” and western-most “desert”
samples.

We also performed a canonical analysis with the “coastal” and “desert”
morphological samples as pre-defined groups, with the results completely
concordant with both univariate and PCA analyses. The variables logCIL and
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logBUW weigh most heavily, and in opposite directions, on the single CAN axis
obtained in the analysis (Table 13). There is nearly complete separation of the two
groups, with only three of the 279 individuals of the predefined “coastal” and
“desert” groups overlapping (Fig. 42). Both groups are significantly different
(Fi2s4) = 133.101, p < 0.0001; mean squared Mahalanobis distance = 44.038).
Despite the overlap of three individuals, the a posteriori classification of each
specimen relative to its respective a priori group is 100%, with posterior
probabilities of the 138 “coastal” individuals of membership to their group always
above 0.995 and, in all but three cases, above 0.999. All but one of the 140
“desert” individuals have posterior probabilities of membership to their group of
0.995 or above, and the one that is below this threshold has a probability of 0.925.

Figure 42. Histograms of canonical variate scores: Top — scores for the “coastal”
and “desert” pre-defined morphological groups (see Fig. 33). Mean CAN-1 scores
are given for each group. Bottom — distribution of scores for individuals grouped
as “unknown” from the contact region in the eastern part of the Kern River Plateau,
Kelso Valley, and foothill margins of the Antelope Valley (Fig. 33).

The a posteriori scores of the “unknown” specimens are bi-modally
distributed, with each peak similar in position to the means of the two pre-defined



Systematics of the Neotoma lepida Group 103

morphological groups (Fig. 42). Similarly, and with only two exceptions, each
“unknown” specimen is unambiguously associated with either the pre-defined
“coastal” or “desert” groups, always with posterior probabilities > 0.98. The two
exceptional “unknown” specimens with intermediate posterior probabilities are
MVZ 60233 (from Kelso Valley [near locality CA-80]), which is almost exactly
intermediate between the two morphological groups (probabilities of membership
to “coastal” individuals of 0.562 and to the “desert” group, 0.438), and MVZ
196763 (from Pescadero Creek, on the south side of the Tehachapi Mts. [locality
CA-62]), which is more similar to “coastal” animals, with a probability of 0.822 to
that group and 0.178 to the “desert” group. The morphological intermediacy of
these two individuals suggests that limited hybridization may occur at the points of
contact in Kelso Valley and along the southwestern margins of the Tehachapi Mts.,
a possibility we examine in greater detail below using a suite of molecular
microsatellite markers. For comparison to other transects described below, we
illustrate the degree of morphological separation of the two pre-defined groups as
well as all “unknown” individuals with a scatterplot of their posterior probabilities
of group membership and scores on the single canonical axis (Fig. 43). This nicely
illustrates the intermediate positions of the single specimens from Kelso Valley
(MVZ 60233) and Pescadero Creek (MVZ 196763) relative to the otherwise
widely separable pre-defined groups and strong assignments of all other
“unknown” specimens to one or the other of those two groups.

With the exception of the two intermediate specimens, all others from
areas of contact or near contact between the “coastal” and “desert” morphological
groups of the Tehachapi Transect segregate clearly into one morphological group
or the other (Fig. 44). However, individuals of both morphological types do co-
occur at several specific localities, especially in the vicinity of Kelso Valley on the
eastern side of the Piute Mts. (NW Kelso Valley [locality CA-78; one “coastal” and
eight “desert” individuals in addition to the single intermediate specimen], Whitney
Well [locality CA-80; 12 “coastal” and one “desert”], Schoolhouse Well [locality
CA-81; two “coastal” and one “desert”], and Sorrell’s Ranch [CA-82; one
“coastal” and one “desert”]). Of those specimens collected at locality CA-78, the
single “coastal” animal and a “desert” individual were trapped at the same nest on
successive nights in November of 1933 (field notes of D. S. MacKay; MVZ
archives). The habitat along the western margins of Kelso Valley grades sharply
from coastal scrub/woodland vegetation to western Mojave desert scrub (Fig. 39).
It is exactly at the ecotone between these vegetation types where “coastal” and
“desert” morphological types of woodrats are found in syntopy. At Pescadero
Creek (locality CA-62), near the southwestern end of the Tehachapi Mts., the
single intermediate specimen was trapped with a “desert” individual. This locality
is the western-most patch of Joshua Tree, a diagnostic component of Mojave desert
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scrub, along the southern margins of the mountain range, juxtaposed with the
granite boulder outcrops and coastal scrub habitat typical of “coastal” samples (Fig.
37 and 38). The two morphological types of woodrats thus marginally overlap
geographically and in habitat along the eastern fringes of the Tehachapi and Piute
mountains, and it is likely that an occasional hybrid individual is produced here, as
suggested by the two morphologically intermediate individuals. Further evidence
is provided by the analysis of molecular markers we present below.

Figure 43. Plot of the posterior probability of membership to the “desert”
morphological group from the Mojave Desert for each specimen examined in
Tehachapi Transect relative to the score of that individual on the first CAN axis.
Points for both pre-defined groups are deliberately offset from the “0” and “1”
lines for ease in comparing the distribution of each group and the “unknown”
individuals. Note that all individuals of both pre-defined groups have very high
posterior probabilities to their respective groups, while individuals considered as
“unknown” include a large number also belonging to one or the other of these two
groups along with two specimens (MVZ 60233 and MVZ 196763) that are
morphologically intermediate, at least as suggested by their intermediate posterior
probabilities.
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Locality# C

CA-73 7 -
CA-75 - -
CA-90 - -
CA-76 - -
CA-89 - - 1
CA-77 - -
CA-79 - - 1
CA-78 1 1
CA-80 12 -
CA-81 2 -
CA-82 1 -
CA-83 - -
CA-84 - -
CA-85 - -
CA-62 -1
CA-101
CA-100
CA-99
CA-102
CA-126
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Figure 44. Left — map of the region of contact between “coastal” (open circles) and
“desert” (open triangles) morphological groups in the general region of the
Tehachapi Mts., and the assignments of “unknown” individuals (solid circles) to
either of these two groups (directional arrows). Right — table of assignments of
each “unknown” locality to “coastal” (C), “desert” (D), or intermediate (I), based
on posteriori probabilities (see text).

Color variation.—We organized samples for colorimetric analysis along
the Tehachapi Transect into the same seven geographic groupings used for
craniodental variation, including the same “unknown” localities. Based on our
global analysis of color variation and the relationship among color traits for all
sampled individuals (see Colorimetric Analysis, above), we limit our analysis to
the trichromatic X-coefficients for the dorsal, tail, lateral, and chest regions of the
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study skin. There is a significant relationship between an individual’s X-value for
all four topographic regions of the skin, with correlation coefficients ranging from
relatively weak (Tail-X versus Chest-X; r = 0.133, Z-value = 2.574; p = 0.01) to
quite strong (Dorsal-X versus Lateral-X; r = 0.509, Z-value = 10.837; p < 0.0001).
Thus, while certainly not perfect, the color of all parts of the external fur of these
woodrats is related in a general way and changes in one region of the skin are
reflected by similar changes in others.

Each of the four X-coefficients exhibits highly significant differentiation
among these samples, but variation across the transect is complex (Table 14; one-
way ANOVA, F(7363), p < 0.0001 in all cases). Color is pale in the western-most
sample (Carrizo sample), becomes progressively darker in a steep cline around the
southern end of the San Joaquin Valley (San Emigdio) and into in the foothills to
the immediate east (Tejon, Joaquin, and W Kern samples), and then becomes
markedly paler again in the shift to the two samples from the Mojave Desert (W
Mojave and E Mojave). The geographically adjacent pairs of San Emigdio-Ft.
Tejon and Ft. Tejon-Joaquin Flat differ significantly for a single colorimetric
variable (Dorsal-X and Chest-X, respectively; ANOVA, Fisher’s PLSD post-hoc
test, p < 0.01 in each case), and the two Mojave Desert samples also differ in a
single variable (Dorsal-X, p = 0.0018). However, in the comparisons between
adjacent “coastal” and “desert” samples (Joaquin Flat or W Kern River versus W
Mojave), all four variables exhibit highly significant differences with 0.001 > p <
0.0001. The Carrizo sample is nearly as pale as either of those of the Mojave
Desert.

We used principal components analysis to summarize colorimetric
variation along the transect, with the four X-coefficients as the included variables
(Table 14). The first axis is the only one with an eigenvalue greater than 1; it
explains 48.2% of the total pool of variation present in the sample (Table 15). All
four trichromatic X variables load highly and evenly on this axis, and all four are
significantly (p < 0.0001 in all cases) and negatively correlated with their
respective PC-scores (r-values range from -0.555 [PC-1 versus Chest-X, Z-value =
-12.083] to -0.816 [PC-1 versus Dorsal-X, Z-value = -22.085]). Thus, variation
along PC-1 expresses primarily the degree of darkness (positive PC-1 scores) or
paleness (negative PC-1 scores) in individuals across all four topographic regions
of the skin. Separation of samples on the second axis is due primarily to reciprocal
differences in Tail-X and Chest-X, with the former becoming paler from the coast
to the desert b