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Abstract

Pleistocene vicariance is often invoked to explain the disjunct populations of animals in
habitat refugia throughout the southwestern United States. The combined effects of small
population size and isolation from the rest of the contiguous range are thought to result
in genetic differentiation of relict organisms.

Here, we describe a relict population of dusky-footed woodrats (Neotoma fuscipes
Baird) found in a pinyon-juniper-oak community in a small mountain range within the
Mojave Desert. We compare morphological and genetic data for these individuals with two
populations within the contiguous range, and with another species of woodrat (Neotoma
lepida). We also examine the distributional overlap between contemporary oak species
and dusky-footed woodrats, and estimate the potential oak woodland habitat available
during the late Quaternary.

As expected, both the morphological and genetic analysis confirm that the relict population
is N. fuscipes. Within the limitations of our data, we detect no evidence of differentiation.
Instead, the relict population forms a paraphyletic group with the nearest population
within the contiguous range. This may be explained by the combined influences of a shorter
period of isolation and a greater effective population size than was originally expected.

The linkage between contemporary oak and dusky-footed woodrat distributions is very
tight, reinforcing the idea of an obligate relationship between the two.

We estimate that at ~8000 ybp, pinyon-juniper-oak woodlands may have covered ~53%
of the central Mojave, forming large contiguous areas of habitat. Although considerably
more fragmented, at present ~12% of the area consists of relict woodlands.

Our results suggest that there may be numerous other woodrat refugia, with a rela-
tively high degree of connectiveness between the larger ones. Animals within them may

effectively function as a single metapopulation, buffering against occasional stochastic
extinction events.

Keywords

Oak/juniper woodlands, biogeography, Pleistocene vicariance, climate change, d-loop
evolution, Neotoma fuscipes.

INTRODUCTION

The late Quaternary was a period of considerable climate
and vegetational change. As glacial ice sheets receded and
climatic and precipitation regimes altered, numerous fluctuations
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occurred in the distributions of both plants and animals
(Graham, 1986; Brown & Lomolino, 1998). In many loca-
tions within the southwestern United States, montane and
coniferous woodlands were fragmented. These vicariance
processes resulted in discrete relict ‘islands’ of montane/
woodland habitat, surrounded by lower elevation semidesert
grassland and/or desert scrub (e.g. Brown, 1971, 1978;
Patterson, 1982; Sullivan, 1994; Brown, 1995). The analysis
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of allozymes, morphometric data and mtDNA sequences of
several mammalian species has suggested that late Quater-
nary vicariance processes influenced genetic differentiation
and gene flow (Patterson, 1982; Riddle & Honeycutt, 1990;
Hayes & Harrison, 1992; Sullivan, 1994). This is not sur-
prising since animals in refugia are likely to demonstrate the
effects of both isolation and small effective population size,
given their restricted opportunities for dispersal (Wright, 1978;
Sullivan, 1994). Intervening stretches of arid habitats such as
semidesert grasslands and desert scrub appear to function as
effective barriers to dispersal and hence gene flow, especially
for small montane mammals (e.g. Hooper, 1938; Spevak, 1983;
Lomolino et al., 1989; Sullivan, 1994).

Pinyon-juniper-oak woodlands were widespread through-
out much of the Mojave Desert as recently as 7,800—-9000
ybp (Wells & Jorgensen, 1964; Wells & Berger, 1967; Leskinen,
1975; King, 1976; Harris, 1985; Betancourt et al., 1990;
Spaulding, 1990; Table 1). Although the Mojave Desert had
been dominated during the Miocene and Pliocene by a live
oak woodland savanna (Chaney et al., 1944; Axelrod, 1977),
by the late Quaternary much of this area was predominantly
pinyon-juniper woodland, with oaks restricted to more mesic
locations (Wells & Jorgensen, 1964; Wells & Berger, 1967,
Leskinen, 1975; Spaulding, 1990). Increasing aridity and warmer
climates during the Holocene resulted in local extirpation and/
or elevational displacement of woodland vegetation. Estimates
suggest, for example, a displacement of ~600-800 m for
Quercus chrysolepis (Canyon live oak) since 9500 ybp
(Leskinen, 1975), and displacement of ~600 m for pinyon-
juniper woodland (Wells & Berger, 1967; Spaulding, 1990;
Table 1). Currently, small discontinuous relicts of pinyon-
juniper-oak habitat are found at elevations greater than
~1200-1400 m on a number of mountain ranges within the
Mojave (Wells & Berger, 1967; Munz, 1974; Vasek & Thorne,
1977; Rowlands et al., 1982). These have not been well
characterized, however, and little information is available
about associated montane species that may be present and/
or their evolutionary divergence (Vasek & Thorne, 1977).

In 1990, we live-trapped a relict population of woodrats
in upper Cottonwood Wash at the Jack and Marilyn
Sweeney Granite Mountains Desert Research Center in the
Mojave Desert (F. A. Smith and P. A. Kelly, pers. observ.).
On the basis of their large size and distinctly marked hind
feet, the animals were tentatively identified as dusky-footed
woodrats (Neotoma fuscipes). The woodrats were approxim-
ately 100 km from the nearest known contiguous ‘mainland’
population of N. fuscipes (Fig. 1), and inhabited a refugium
of pinyon-juniper-oak woodland. Later investigation of museum
holdings at the Los Angeles County Natural History Museum
yielded several additional specimens collected in 1976 from
approximately the same area. In 1997-98, several dozen
additional specimens were live-trapped in Cottonwood Wash
(M. Matocq, pers. observ).

Neotoma fuscipes Baird is considered by many to be an
obligate oak (Quercus spp.) and/or woodland specialist,
although this supposition has not been rigorously examined
(Hooper, 1938; Linsdale & Tevis, 1951; Murray & Barnes,
1969; Chew & Woodman, 1974; Atsatt & Ingram, 1983;

© Blackwell Science Ltd 2000, Journal of Biogeography, 27,483-500
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Kelly, 1989, 1991). Currently, the species is restricted to a
band of mostly oak and/or riparian woodland habitat along
coastal and central California, stretching from southern
Oregon to the northern end of Baja California (Hooper, 1938;
Hall, 1981; Fig. 1). Fossil records indicate, however, that
during the Pleistocene N. fuscipes was found considerably
farther east into what is now the Mojave Desert (Harris,
1985; Jefferson, 1991). Most likely, N. fuscipes also receded
westward and to higher elevations as vegetation shifted.
Here, we compare the relict population found at the Granite
Mountains to two other groups: N. lepida, the desert woodrat,
which is found throughout the Mojave Desert and which
lives in sympatry with N. fuscipes along the coast, and
several ‘mainland’ populations of N. fuscipes. Our compar-
isons incorporate both genetic and morphologic data. Our
aim was to confirm the initial identification of the relict
population, and then examine the phylogenetic relationship
between the relict population and other groups of woodrats.
We anticipated that some divergence would have occurred,
given the likely small effective population size, as well as the
long period of isolation. In view of the apparent tight link-
age between oak and/or juniper woodlands and dusky-footed
woodrats, we also compare their present and past distribu-
tional overlap, and estimate the extent of woodland habitat
potentially available during the late Quaternary.

METHODS

Sampling localities and morphological comparisons

Relict population

The woodrats tentatively identified as Neotoma fuscipes
were located in the Granite Mountain Range approximately
100 km east of Barstow, San Bernardino County, California
(24° 47" N, 115° 43" W, Fig. 1). They were trapped in an
area known as Cottonwood Wash, at about 1460 m eleva-
tion. The flora consisted of a Yucca-Opuntia-Coleogyne
scrub under-community (Vasek & Barbour, 1977), with the
addition of cottonwoods (Populus fremontii), juniper ( Juniperus
californica) and Canyon live oak (Quercus chrysolepis; Fig. 2).
In August 1990, sixteen large Sherman live-traps were set at
the base of large free-standing dens within oak trees. From
these five woodrats were caught (three adults and two juve-
niles; Appendix 1, Fig. 2). Further trapping was conducted
in August 1997 and in April and July of 1998, and several
dozen additional individuals were caught. Bait consisted of
apple slices, grain and/or peanut butter and oats; several
cotton balls were added for insulation. Upon initial capture,
woodrats were uniquely identified by attaching a numbered
fingerling tag to each ear. The animals were sexed, weighed,
and reproductive condition assessed. Measurements of mass
and estimates of the lengths of the body, head, tail, ear and
hind-foot were made for most animals in the field. We did not
anaesthetize the animals, consequently body length is pro-
bably underestimated. The other morphological characters
were much easier to measure accurately on live animals.
Photographs of the face, hindfoot, and tail were taken in
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Figure | Physiographic map indicating the
localities of different Neotoma populations
used in the study. Note that fully 30% of
the Mojave Desert is hilly or mountainous
(Rowlands et al., 1982). Legend as follows:
GM, Granite Mountain relict population;
SB, San Bernardino N. fuscipes simplex;
HR, Hastings N. fuscipes luciana. Two
Rancholabrean fossil site of N. fuscipes are
indicated: KC, Kokoweef Cave and AC,
Antelope Cave in the Ivanpah Mountains
(Harris, 1985; Jefferson, 1991). The P
indicates the location of the Providence
72 Mountains. A 2° longitude by 3° latitude
rectangle is outlined; topographical contours
within this area were analysed (see text).
Figure redrawn after Bender (1982) and
Barbour & Major 1977.

1990. The pelage condition, colouration, and other mark-
ings were noted during examinations. Ear tissue and hair
clippings were taken from selected animals. Tissues from
three individuals (MDM182, MDM186, MDM189; Appen-
dix 1) were used in our molecular analysis.

Comparative populations

Museum specimens were obtained from the Los Angeles
County Natural History Museum (LACNHM), University
of New Mexico Museum of Southwestern Biology (MSB),
the Museum of Vertebrate Zoology at the University of Cali-
fornia Berkeley (MVZ), and from personal trapping records
(Appendix 1). Information taken from each included the
subspecies, location trapped, museum catalogue number, sex,
date of capture, total length, tail length, ear length, hindfoot
length, mass (if reported), reproductive condition, collector
and collector catalogue number. Body length was determined
by subtracting the tail measurement from the overall length.
Data were analysed with one-way analysis of variance (ANoOva),
using the SPSS (Version 6.1.1) statistical package for the

Macintosh. Woodrats are sexually dimorphic, with males larger
than females. Means were not corrected, however, since the
ratio of males to females was approximately equal in each
population. Previous morphometric analyses on woodrats have
demonstrated that ear, hindfoot and skull length can be used
to distinguish between species and subspecies of Neotoma
(e.g. Carraway & Verts, 1991; Hayes & Richmond, 1993).
Samples used for the molecular analysis were obtained
from live-trapping woodrats at the following locations:
MDM216, MDM217, and MDM218, April 1998, San
Bernardino Mountains, Cushenberry Canyon, 8.0 miles east
of Big Bear City on State Route 18, San Bernardino Co.;
MDM1, JLP16817, and MDM12, April 1997, Hastings
Natural History Reservation, Carmel Valley, 26 miles south-
east of Carmel on G16, Monterey Co. The N. lepida
(MDM22) included in the analysis were collected April 1997
along Arroyo Seco Road, 2 miles north-east of the junction
of Arroyo Seco and Carmel Valley Roads, Monterey Co.
From each animal, liver and/or ear tissue was removed,
immediately preserved in 95% ethanol, and subsequently

© Blackwell Science Ltd 2000, Journal of Biogeography, 27, 483—-500
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Figure 2 Photographs taken by P. A. Kelly in 1990 at the Jack and Marilyn Sweeney Granite Mountains Desert Research Center, California:
(a) A male woodrat caught 26 August 1990 from Upper Cottonwood Canyon, at approximately 1480 m elevation. Inset: the dusky hindfoot is
a diagnostic characteristic and is the basis for the specific name (fusc = Latin meaning ‘dusky’ and pedalis meaning ‘of or belonging to the foot’;
Carraway & Verts, 1991); (b) Vegetation at upper end of Cottonwood Wash. The terrain is rocky with pockets of oak (Quercus chrysolepis),
juniper (Juniperus californica), and cottonwoods (Populus fremontii), interspersed with an understory of Yucca (Yucca spp.), cactus (Opuntia
spp.), and blackbrush (Coleogyne ramosissima). Vegetative communities are described in Stein & Warrick (1979), and Smith (1996).

© Blackwell Science Ltd 2000, Journal of Biogeography, 27, 483-500
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stored at room temperature. Several samples were taken
from animals that are part of an ongoing behavioural study
of N. fuscipes; for these individuals, only a small snippet of
ear tissue was sampled.

Molecular techniques

Genomic DNA was isolated from the ethanol preserved liver
or ear tissue using a standard salt extraction and ethanol
precipitation (e.g. Medrano et al., 1990). A 430 base pair
fragment of the mitochondrial DNA control region (D-loop)
was amplified via PCR and sequenced using degenerate
primers designed by E. Lacey at the MVZ; these were based
on primers I and III described in Fumagalli et al. (1997).
Primer sequences were as follows: 5-~ACCAYYARCACCCA-
AAGCTRA-3" and 5-CCTGAAGTARSAACCAGWWG-3'.
Amplification reactions were conducted in a volume of 25 ul
with final concentrations of 1x PCR buffer (Boehringer
Mannheim), 1.5 mm MgCl,, 0.2 mm of each deoxynucleotide,
200 ng of each primer, 0.6 units of Tag DNA polymerase
(Boehringer Mannheim), and 1 pg of total genomic DNA.
Amplifications were performed in a PTC-100 thermocycler
(M]J Research, Inc.) with 30 cycles of the following program:
94 °C, 1 min; 55 °C, 1 min; and 72 °C, 1 min. Double-strand
DNA was purified using the QIAquick PCR Purification kit
(Qiagen). Double-strand product was cycle-sequenced using
TagFS and run on a 377 Automated Sequencer according to
manufacturer specifications (Applied Biosystems, Inc.). The
only deviation from manufacturer instructions was to cut
in half the total volume of the cycle sequencing reaction
(e.g. 10 ul instead of 20 ul) but final reagent concentrations
remained the same. Sequence data was submitted to GenBank;
accession numbers are AF091253 through AF091260.

Sequences were edited in the program Sequence Navigator
(Applied Biosystems, Inc.) and aligned by eye. Pairwise dis-
tances were estimated using the Kimura (1980) two-parameter
model. Maximum-parsimony and 50% majority-rule consensus
trees for the DNA sequence matrix were constructed using a
heuristic search in pAUP (version 3.1.1; Swofford, 1993). The
robustness of nodes were evaluated by bootstrap using 100
replicates.

Distributional comparisons

The common observation that N. fuscipes is found in close
association with oak woodlands (e.g. Linsdale & Tevis,
1951; Atsatt & Ingram, 1983; Kelly, 1989) led us to wonder
how robust the relationship actually is. Accordingly, we
examined the present day distribution of various oak spe-
cies found within California and Oregon and compared
them to that of N. fuscipes. Range maps at 1 : 100,000 scale
were scanned into Adobe Photoshop, aligned and overlaid.
Total area occupied and areas of sympatry and allopatry
were measured using NIH image (Version 1.6.2). Three
replicates were conducted for each area measure; the mean is
presented here. Measurement error for small areas (< 50 km?)
was approximately 1 km?; that for the larger areas was under
10 km?, The distribution of Neotoma fuscipes was taken

from Hall (1981); those for Quercus agrifolia (California live
oak), Q. chrysolepis (Canyon live oak), Q. lobata (Valley
oak), and Q. garryana (Oregon oak) were taken from
Little (1971). Several oaks whose range was almost entirely
encompassed within the area occupied by these species were
not analysed (e.g. Q. douglasii, blue oak and Q. kelloggii,
California black oak).

The extent of pinyon-juniper-oak woodlands within the
Mojave Desert was estimated for three periods during the
late Quaternary using data derived from woodrat palaeo-
middens (Table 1). Plant macrofossils from the southern por-
tion of the Mojave Desert suggest that the elevational extent
of pinyon-juniper-oak woodlands was ~900 m at ~8000 ybp,
~1200 m at 3,500-2000 ybp, and ~1400 m today (Wells
& Jorgensen, 1964; Wells & Berger, 1967; Leskinen, 1975;
King, 1976; Vasek & Thorne, 1977; Harris, 1985; Spaulding,
1990). The late Holocene neopluvial between 3000 and
2000 ybp was proposed by Spaulding (1977, 1990). Based
on plant macrofossils preserved in woodrat palaeomiddens,
he concluded that pinyon-juniper-oak woodlands were dis-
placed downwards by ~100-200 m during 3,000-1500 ybp.

Topographical maps at 1:500,000 scale were scanned
into Adobe Photoshop, and area measurements were made
with NIH Image as described above. The total area above
900, 1200 and 1400 m (the approximate extent of wood-
lands at 8,000, 3,000-2,000, and O ybp) was estimated.
Because of the enormous area within the Mojave Desert
at ~900 m, we arbitrarily limited our analysis to a 2° by 3°
rectangle, which included the Granite Mountains and the
San Bernardino ‘mainland’ population (115°-117° longitude
by 34°-37° latitude; Fig. 1). Hence, we have considerably
underestimated the total extent of contiguous area within
the Mojave Desert at ~8000 ybp (much of the desert lies at
or around 900 m). We estimated the potential population
size of dusky-footed woodrats by multiplying the area by
typical densities derived in other studies. Woodrat density
varies considerably, even within ‘suitable habitat’; litera-
ture values range from 1 to 61 per hectare (i.e. 100-6100
woodrats/km?; Linsdale & Tevis, 1951; Cranford, 1977;
Kelly, 1989; Carraway & Verts, 1991). Here, we use a very
conservative estimate of 2 animals/ha (or 200 woodrats/km?)
to arrive at a lower limit.

Our approach is overly simplistic in several ways. First,
we have ignored the considerable geographical variation in
the elevational distribution of vegetative communities over
the 2° by 3° rectangle. Realized habitats and the timing of
biotic changes were/are influenced by factors such as latitude,
slope aspect and underlying substrate (e.g. Vasek & Barbour,
1977; Spaulding, 1990). By using an elevation of 900 m, we
are actually underestimating the true extent of woodlands
at ~8000 ybp. Fossil evidence suggests, for example, that
woodlands were found as low as 510 m at 9600 ybp within
the southern and eastern portion of the Mojave Desert (e.g.
Van Devender, 1977; Table 1). Further, they may have persisted
at elevations as low as 800-900 m as late as 7800 ybp in
some sites (e.g. Wells & Berger, 1967; Leskinen, 1975;
King, 1976; Spaulding, 1990; Table 1). Second, although we
are estimating the extent of pinyon-juniper-oak woodlands,

© Blackwell Science Ltd 2000, Journal of Biogeography, 27, 483—500



we suspect that oaks are the critical factor in influencing
dusky-footed woodrat presence and abundance. Typically,
the highest population densities are found in densely covered
oak habitat (as high as 61 animals/ha; Linsdale & Tevis,
1951; Kelly, 1989, 1991), and the lowest in arid chaparral
(e.g. Spevak, 1983; Carraway & Verts, 1991). Given the
paucity of data, we have made no effort to estimate the
density of oak within the pinyon-juniper woodland habitat,
although it appears to be reasonably abundant (e.g. Vasek
& Thorne, 1977, pers. obs.). We have also assumed that
dusky-footed woodrats can occupy the more mesic wood-
land communities that exist or formerly existed at higher
elevations on some of the taller mountain ranges. Given the
wide altitudinal range seen among contemporary N. fuscipes
(e.g. Hooper, 1938; Linsdale & Tevis, 1951; Hall, 1981), this
is likely to be a valid assumption. Third, as we mentioned
earlier, woodrat abundance varies considerably even in
preferred habitat. Here, we have used the lowest densities
reported in the literature to arrive at a first approximation of
potential dusky-footed woodrat population size. Thus, we
may be underestimating the actual population by an order of
magnitude. Fourth, time gaps in the woodrat palacomidden
sequences make it difficult to pin down precisely the times of
woodland extirpation and/or isolation. Further, some times
series provide conflicting evidence. We have relied mostly on
the work of Spaulding (1977, 1981, 1990), Wells & Jorgensen
(1964), Wells & Berger (1967), Leskinen (1975), King (1976),
Van Devender (1977), and a synthesis by Harris (1985) for
our approximations. Finally, we would point out that this is
a heuristic exercise; our aim is to arrive at a reasonable
lower approximation of the total population size possible at
various times for comparative purposes.

RESULTS

Morphological comparisons

Analysis of the morphological data yielded clear differ-
ences between the various Neotoma populations (Table 2).
Neotoma lepida were significantly smaller in all morphologi-
cal attributes than the mainland N. fuscipes (one-way
ANOVA, P < 0.0001 in all instances; Table 2). They were also
significantly smaller than the relict animals in body mass,

A Pleistocene relict woodrat population 489

ear, hindfoot, and tail length. Although overall body length
of N. lepida was smaller than that of the relict Neotoma
at the Granites, it was not significantly so (Table 2). Given
that body mass was significantly different between the two
groups, we suspect that differences in methodology led to
an underestimate of body length for the relict population.
Unlike the other groups, morphological measurements of the
relict Neotoma population were made on live and unanaes-
thetized animals. This probably impacted the estimate of body
length the most, since other morphological characters (e.g. ear,
hindfoot and tail length) were easier to accurately measure on
live animals. All values for the relict and mainland N. fuscipes
fell within the range of those reported in the literature for
the species as a whole (e.g. Carraway & Verts, 1991).

The morphological analysis also suggested some degree of
divergence among the three N. fuscipes populations. Several
attributes differed between all three groups, including body
and hindfoot length (Duncan and Scheffe multiple range
tests, P < 0.05; Table 2). Yet, the Granite Mountains were
not the most unique population. Tail length was indistin-
guishable between the Granite and San Bernardino N. fuscipes,
but significantly larger for the Hastings population (Scheffe
multiple range test, P < 0.05; Table 2). While ear length of
all N. fuscipes was significantly larger than that of N. lepida,
it did not vary among the various groups of N. fuscipes
(P > 0.05). Several morphological characters (e.g. body length,
body mass) were significantly related to gender (one way
ANOVA, P < 0.0001), but because the sex ratios of the various
groups were approximately equal (Appendix 1), the interac-
tion did not influence our results.

Genetic analysis

A total of 417 base pairs of the mtDNA control region were
analysed. Of these, 347 positions (83%) were invariant and
forty-three of the variable positions (10% of the total or 43/
70 = 61% of the variable) were uninformative. As expected
on the basis of the morphological comparisons (e.g. Table 2)
and observed life history characteristics, the genetic analysis
confirmed that the relict population at the Granites was
indeed N. fuscipes. A distance analysis using a Kimura two-
parameter correction of the data (Kimura, 1980) suggested
that the mean distance among N. fuscipes populations was

Table 2 Results of morphological analysis. Sample sizes are given below location and species. Means and the standard error of the mean are
given; those which are significantly different in a one-way ANoOvA are indicated by different superscripts (see text for details; P < 0.001 in all
cases). The ratio of males/females was approximately equal for each locality. Exact trapping localities are shown in Fig. 1.

San Bernardino Hastings Granite Mtns*
Variable N. lepida (16) N. fuscipes (18) N. fuscipes (50) Neotoma (17)
Body Length 156.5% 4.13 185.5° 4.73 214.1° 1.67 164.3* 2.88
Tail Length 130.1* 2.08 166.4° 4.11 193.4¢ 227 177.1° 2.44
Hindfoot Length 29.5¢ 0.40 35.8° 0.42 40.9° 0.28 32.5¢ 0.23
Ear Length 28.7 0.40 32.7% 0.88 31.9° 0.20 30.9° 0.47
Body Masst 130.1* 4.69 158.3 11.67 244.3b 4.9 167.9¢ 9.05

*Measures were made on live animals.

tBody mass was available for only three animals from San Bernardino.
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Table 3 Kimura Two-parameter distance matrix (Kimura, 1980). Distances below the diagonal are for transversions only. GM, Granite
Mountains N. fuscipes; SB, San Bernardino N. fuscipes; H, Hastings N. fuscipes; NI, N. lepida. Considering all substitutions, mean within
N. fuscipes distance was 0.046; mean N. lepida v. N. fuscipes distance was 0.119.

GM1 GM2 SB1 SB2 H1 H2 H3 NI
GM1 — 0.0449 0.0449 0.0146 0.0527 0.0500 0.0552 0.1186
GM2 0.0048 — 0.0146 0.0476 0.0661 0.0633 0.0659 0.1275
SB1 0.0048 0.0000 — 0.0476 0.0501 0.0474 0.0552 0.1100
SB2 0.0000 0.0048 0.0048 — 0.0634 0.0606 0.0632 0.1216
H1 0.0073 0.0073 0.0073 0.0073 — 0.0170 0.0295 0.1245
H2 0.0097 0.0097 0.0097 0.0097 0.0024 — 0.0220 0.1100
H3 0.0121 0.0121 0.0121 0.0121 0.0048 0.0024 — 0.1187
NI 0.0486 0.0486 0.0486 0.0486 0.0514 0.0487 0.0513 -
U
120°
100 —— 6M1
92 ——— SB2
83— 6M2
SB1
67 [ H1
95 —— H2
H3 Legend:
B Quercus spp. only
Nl N. fuscipes only
Quercus spp. & N. fuscipes
co-occur
T 1

Figure 3 Parsimony tree based on 417 base pairs of p-loop. A
bootstrap 50% majority-rule consensus tree yielded an identical
topology. The number at the node represents the percentage of trees
in which the branch was present. Branch lengths are arbitrary.
Legend is as follows: GM1 = MDM182, GM2 = MDM189,

SB1 = MDM216, SB2 = MDM217, H1 = MDM1, H2 = JLP16817,
H3 = MDM12, NI = MDM22 (Appendix 1).

0.046 (range 0.045-0.066), and the mean distance between
N. lepida and N. fuscipes was 0.119 (range 0.110-0.128;
Table 3). Use of only transversions to calculate genetic dis-
tances yielded an average within N. fuscipes distance of
0.007 (range 0-0.012) and a value for the distance between
N. lepida and N. fuscipes of 0.049 (range 0.0486-0.0514).
While we would anticipate that genetic diversity would be
lower for the Granite Mountain animals due to potentially
smaller effective population sizes, our relatively small sample
sizes (N = 3) did not allow us to directly assess the overall
level of genetic diversity between and among the various
populations. Our analysis did find two unique mtDNA

Figure 4 Comparison of the contemporary distributions of N.
fuscipes and four species of Quercus. Three species largely explain
the distribution in California: Quercus agrifolia (California live
oak), Q. chrysolepis (Canyon live oak), and Q. lobata (Valley oak);
the Oregon distribution is explained by the inclusion of Q. garryana
(Oregon oak). Data for woodrats taken from Linsdale & Tevis
(1951) and Hall (1981); Quercus distributions are from Little
(1971). Dots represent marginal occurrence records of N. fuscipes.
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haplotypes (2/3) from both the Granites and San Bernardinos;
three unique haplotypes were obtained from Hastings (3/3).
Using N. lepida as the outgroup, a single most parsimonious
tree of 86 steps was generated in the PAUP analysis, with a
consistency index of 0.884 (Fig. 3). The consistency index
was 0.756 with a tree length of 41 steps when only informative
characters were included. There was complete concordance
among tree topologies; a distance tree and a bootstrap 50%
majority-rule consensus tree also found the same relation-
ship among the populations, suggesting that the branching
patterns were robust. Again, restricting the analysis to trans-
versions yielded the same topology. The Granite Mountain
woodrats form a paraphyletic group with the San Bernardino
N. fuscipes (Fig. 3). Although our tree is based on a single gene
and thus may not reflect an accurate species tree if there
has been fairly recent divergence and isolation of the popula-
tion (e.g. Lyons-Weiler & Milinkovitch, 1997), the topology
is consistent with the results of the morphological analysis
(Table 2). Our analysis also strongly supports the monophyly
of the Hastings N. fuscipes. The bootstrap value for this
node in the 50% majority rule consensus tree is 95%. Given
the uncertainty in the rate of the mtDNA clock, we have not
attempted to calculate the timing of molecular divergence.

Distributional comparisons

The degree of overlap between the contemporary distribu-
tion of the four Quercus species and N. fuscipes is striking.
They occur in sympatry in over 69.6% of their combined
estimated range of ~404,814 km? (Fig. 4). Virtually all of the
oak habitat also contained N. fuscipes. The portion that did
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not (~12.8%) was largely located in Washington and/or
Oregon beyond the current northern distributional limit of
N. fuscipes. We suspect that N. fuscipes may be displaced
from preferred habitat at these higher latitudes by the much
larger and cold tolerant N. cinerea (Smith, 1997).

The degree of overlap is even more striking when meth-
odological differences are considered. Hall (1981) depicts
marginal trapping records of N. fuscipes as contiguous with
the mainland population, when in fact many of these may
actually reflect large discontinuities in the distribution (e.g.
Figure 4). The N. fuscipes population in northern Baja Cali-
fornia, for example, is extremely patchy and apparently
maps onto pockets of montane habitat (E A. Smith, pers.
obs., Fig. 4). In contrast, Little (1971; the source of our oak
distributions) maintained marginal records as disjunct popu-
lations. Hence, we have undoubtedly overestimated the nonoak
habitats occupied by N. fuscipes. When methodological
differences are considered, there is almost complete overlap
between oak and dusky-footed woodrat ranges within Cali-
fornia. In fact, the largest area containing N. fuscipes but
no oak, was considered outside the dusky-footed woodrat’s
range prior to 1981 (e.g. Linsdale & Tevis, 1951), and may
represent a subsequent range expansion (Murray & Barnes,
1969). If this is the case, we would predict that oaks may
now also be present in this area. Note that the vegetation
atlas used was compiled in the late 1960s; our work does
not reflect changes since that time.

Analysis of the topographic maps for the Mojave Desert
suggests that large contiguous areas of woodland habitat existed
over much of the late Pleistocene and early Holocene (Fig. §).
We estimate that at ~9000 ybp, over 52% (31,003 km?) of

37°

Wen'omine ‘*
Palms KM
—— 0102030405 C 34°

117° 115°

Figure 5 Distribution of Oak-Juniper woodlands in the Mojave Desert over the late Quaternary: (a) Approximately 8000 ybp (elevations
> 900 m); (b) Approximately 3500-2000 ybp (elevations > 1200 m); (c) current (elevations > 1400 m). See text for details.
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Table 4 Estimated maximum extent of Pinyon-juniper-oak woodlands within a portion (115°-117° longitude by 34°-37° latitude) of the
Mojave Desert, over the late Pleistocene and Holocene. Data are derived from USGS topographical maps at 1 : 500,000 scale (see text for
details of methodology and assumptions). Habitat islands of less than 25 km? each have been combined under the heading ‘Miscellaneous
Mountains’.

>900 m >1200 m > 1400 m

Elevational contour Area (km?) % totalarea  Ne* Area (km?) % total area Ne Area (km?) % total area Ne
Total woodland® 31,003 52.9 6,200.6 15,574 26.6 3,114.8 9,072 15.5 1,814.4
Granite Mtns 55 <0.1 11.0
Providence Mtns
New York Mtns
McCollough Mtns 1,005¢ 1.7 201.0
Ivanpah Mtns 436 0.7 87.2
Spring Mtns 7,075¢ 12.1 1,415.0 2,136 3.6 427.2
Kingston Mtns 287 4.9 57.4 94 0.2 18.8
Greenwater Mtns 294 5.0 58.8 148 0.3 29.6
Funeral Mtns 123 2.1 24.6 24 <0.1 4.8
Nellis Sector:

Spotted Mtns . 3,496 6.0 699.2

Mercury Peak 50 <0.1 10.0

Skull Mtn 33 <0.1 6.6

Bare Mtn 21,871¢ 37.3 43742 5417 9.2 1,083.4 34 <0.1 6.8
Nopah Range 157 0.3 31.4 56 <0.1 11.2 28 <0.1 5.6
Nth of Nopah 152 0.3 30.4 11 <0.1 2.2 1 <0.1 0.2
Arrow Canyon Range 121 0.2 24.2 0 0 0 0 0 0
Mouty Mtns 164 0.3 32.8 0 0 0 0 0 0
Spirit Mtns 156 0.3 31.2 20 <0.1 4.0 0 0 0
Clipper Mtns 45 <0.1 9.0 0 0 0 0 0 0
Old Woman Mtns 315 0.5 63.0 90 0.2 18.0 6 <0.1 1.2
“West’ Granite Mtns? 1,798 3.1 359.6 220 0.4 44.0 63 0.1 12.6
Teifort Mtn 33 <0.1 6.6 0 0 0 0 0 0
Cady Mtns 57 <0.1 114 0 0 0 0 0 0
San Bernardino Mtns 6,070 10.3 1,214.0 1,981 3.4 396.2 1,463 2.5 292.6
Miscellaneous Mtns 64 0.1 12.8 0 0 0 0 0 0

* Potential population size in thousands, based on woodrat density estimate of two individuals/ha (200 individuals/km”) and multiplied by
approximate ha of habitat at this contour interval. See text for details.

b Total area contained within 2 x3° rectangle is approximately 58,633 km?.

¢ The Granite, Providence, New York, McCollough, Ivanpah, Spring, Kingston, Greenwater, Funeral and Nellis Sector (including the Spotted
Mountains, Mercury Peak, Skull and Bare Mountain) form a single contiguous area at this elevational contour.

4 The Granite, Providence, New York, McCollough, Ivanpah and Spring Mountains form a single contiguous area at this elevational contour.
¢ The Providence, New York, and McCollough Mountains form a single contiguous area at this elevational contour.

f Mercury Peak, Skull, and Bare Mountain all form a single contiguous area within an area we have called the Nellis Sector (other ranges are
included) at this elevational contour.

& At least three different mountain ranges within the Mojave are referred to as the Granite Mountains. Our study refers to the range situated at
24°47’ N latitude, 115°43” W longitude.

the area within our rectangle was occupied by juniper/ elevational range, further fragmentation occurred. Yet, even
pinyon/oak woodlands (Table 4). At this time, most of the today we estimate that there are approximately 9000 km? of
mountains in the northern portion formed a single habitat woodlands (15.5% of the total area) within just this portion
block of > 21,800 km?. The retreat of woodlands to higher of the Mojave. Most is probably contained within the San
elevation (~1200 m) sites resulted in a much more frag- Bernardinos, the Providence/New York/McColloughs, the
mented habitat, but nevertheless several large contiguous Spring Mountains, and a group of connected ranges we have
areas remained (e.g. Figure 5b). The Granites, Providence, called the Nellis Sector (Table 4). Surprisingly, the Granite
New York, McCollough, Spring and Ivanpah Mountains, Mountains do not appear to be particularly isolated, but
for example, still formed a single large area of habitat of form a more or less continuous range with the Providence,
~7075 km?®. We estimate that this area alone could poten- New York, and McCollough Mountains to the north-east
tially support a woodrat population of over 1.4 x 10¢ indi- (Fig. 5, Table 4). In fact, less than 3 km currently separate
viduals (Table 4). As woodlands retreated to their current the Granites from the Providence Mountains (Fig. 6). With
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Figure 6 Aerial photograph taken 18 May 1979 of the north-east Granite Mountains and southern portion of the Providence Mountains. Dots
indicate individual pinyon, juniper, or oak plants. Scale is 1 : 6000 (1 cm = 1 km). The relict population was discovered at Cottonwood Wash.
Note that riparian corridors extend quite a distance into the Bajada. Isolated junipers are found between the two mountain ranges as well, and
may facilitate dispersal across the intervening area. Photograph courtesy of C. Luke, co-Director of Granite Mountain Desert Research Center.

the exception of the present study and a population at
Joshua Tree National Park (Cameron, 1971), N. fuscipes has
not been reported from any area within the Mojave; given
the large amount of potential habitat we suspect this is due
to a paucity of sampling rather than to low or nonexistent
woodrat populations.

Another interesting point that arises from our analysis is
that the Granite Mountains are likely to be a fairly marginal
site for N. fuscipes. We estimate that the Providence Mountains,
for example, are likely to contain an order of magnitude
more potential habitat than the Granites (~1005 vs. 55 km?;

© Blackwell Science Ltd 2000, Journal of Biogeography, 27,483 —-500

Table 4). Consequently, some 200,000 animals could be present
within the Providence/New York/McCollough Mountains,
compared to the 11,000 or so we estimate currently inhabit
the Granite Mountain range. It should be remembered,
however, that large uncertainties surround these values. We
could be under-or over estimating population density by an
order of magnitude.

DISCUSSION

The genetic and morphometric analyses clearly demonstrate
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that the animals found in Upper Cottonwood Wash are a
relict population of N. fuscipes (Fig. 3; Tables 3 and 4). This
concurs with our preliminary assessment based on their
large body size, distinctly marked dusky hind feet and
unique den construction (Fig. 2a). Although we did expect
some degree of sympatry between the distribution of oak
trees and dusky-footed woodrats, we were overwhelmed by
the almost complete overlap found (Fig. 4). We feel sure that
this result is more than a correlated response to similar environ-
mental requirements, but instead reflects a close obligate or
functional relationship (e.g. Linsdale & Tevis, 1951; Murray
& Barnes, 1969; Cameron, 1971; Atsatt & Ingram, 1983; Kelly,
1989). Dusky-footed woodrats depend on oak trees for food,
shelter and as a building substrate (e.g. Linsdale & Tevis,
1951; Kelly, 1989, 1991). In fact, dens are often constructed
at the base of and even within the branches of oaks (Linsdale
& Tevis, 1951), and reproduction has been demonstrated to
be highly correlated with the production of acorn mast crop
(Kelly, 1989). Studies have demonstrated a strong preference
for Quercus, even when other food resources are abundant,
despite the high phenolic content (Linsdale & Tevis, 1951;
Chew & Woodman, 1974; Atsatt & Ingram, 1983; Kelly, 1989).
Such a tightly linked habitat specificity has apparently existed
since at least the Rancholabrean (e.g. Harris, 1985; Jefferson,
1991; Fig. 1). Within Neotoma, at least, such a high degree of
habitat specificity is not unique. Stephens’ woodrat is known
to have developed a close obligate relationship with juniper
foliage (Vaughan & Czaplewski, 1985).

A consistent result arizing from both our morphological
and genetic analyses is that the Granite Mountain N. fuscipes
form a paraphyletic group with the woodrats from the San
Bernardino population (Fig. 3). We had hypothesized that
the ~10,000 years that had presumably elapsed since they
formed a contiguous group with other N. fuscipes, combined
with what we assumed was a fairly small effective population
size, would have led to some degree of evolutionary diver-
gence. A number of studies have demonstrated evolutionary
changes over much shorter periods of time (e.g. Thomas
et al., 1990; Sullivan, 1994). Using allozyme data, for example,
Sullivan (1994) concluded that vicariance processes asso-
ciated with discontinuities in Pleistocene vegetation were a
major factor structuring the pattern of differentiation seen
among allopatric populations of N. mexicana in the South-
west. The paraphyly we find between the Granite Mountain
and San Bernardino N. fuscipes suggests that there has been
a much more recent isolation, and/or a much larger effective
population size than originally suspected.

Given the tight and arguably obligate relationship found
between dusky-footed woodrats and several oak species, and
the ubiquity of oak within the Mojave Desert during the
Pleistocene and early Holocene, it seems reasonable to
assume that N. fuscipes must have been fairly widely distrib-
uted across the region. We suspect that N. fuscipes may still
inhabit many of these larger woodland patches. In particu-
lar, we predict this will prove true of the Providence/New
York and Ivanpah Mountains (e.g. Fig. 5). These relatively
undisturbed ranges contain about 16% of the total wood-
land habitat in this area (Table 4). It is also possible that sev-

eral large ranges such as the Spring Mountains in western
Nevada may harbour animals; fossil evidence certainly suggests
that N. fuscipes ranged this far east during the Pleistocene
(Harris, 1985; Jefferson, 1991). Although we have no direct
evidence that N. fuscipes currently are found within the
Providence Mountains, we think it is highly likely. The avail-
able habitat currently found within the Granites (= 55 km?;
Table 4) does not appear to be sufficient to buffer against
the frequent local extinctions that woodrats experience
(e.g. Smith, 1996). Woodrats typically do not reproduce
until their second year, and mean survivorship is less
than 6 months (Linsdale & Tevis, 1951; Escherich, 1981;
Vaughan & Czaplewski, 1985; Kelly, 1989; Carraway &
Verts, 1991; Smith, 1996). Further, females generally pro-
duce only a single litter per year, and mean litter size is only
2.6 young (range 1-4; Linsdale & Tevis, 1951; Carraway
& Verts, 1991). Consequently, most individuals do not live
long enough to reproduce, and smaller and/or marginal popu-
lations are subject to frequent extinctions. Normal mortal-
ity combined with seasonally dependent fecundity can thus
lead to considerable volatility in local population dynamics.
A four year study of the desert woodrat (N. lepida) at the
Granite Mountains, for example, clearly demonstrated such
sink/source population dynamics (Smith, 1996). We estimate
that perhaps 11,000 dusky-footed woodrats may exist in
the Granite Mountains (Table 4). Yet, the Granite Mountain
N. fuscipes population is clearly viable. Young of the year
and/or individuals in reproductive conditions were caught in
both 1990 and 1998 (Appendix 1).

Analysis of the topographic maps suggests that the
Granites/Providence/New York/McCollough/Ivanpah and Spring
Mountains may actually function as a single metapopula-
tion (Figs 5, 6; Table 4). Despite the apparently fragmented
environment, a dynamic equilibrium may be maintained
throughout this region by occasional migration of individuals
between patches and recolonization after local extinction
events (e.g. Kozakiewicz, 1993). In this context, the Granite
Mountains are probably a sink population, and are maintained
by frequent immigration from the much larger woodland
habitat found within the Providence Mountains (Fig. 6).
There is some evidence that unexpectedly long distances
can be traversed by small mammals in a relatively short
time span (Kozakiewicz, 1993). Certainly several population
studies conducted on N. fuscipes and on other woodrat
species (e.g. N. cinerea) have noted long distance dispersal
(Smith, 1965; Escherich, 1981). Distances of 1.6 km have
been crossed in as few as 5 nights (Smith, 1965). Other
researchers routinely report movements of > 0.6 km in
dispersing N. fuscipes, particularly males (Linsdale & Tevis,
1951; Kelly, 1989). A somewhat larger woodrat species,
N. cinerea, has been documented dispersing over 6—8 km
(Escherich, 1981). Currently, less than 3 km separates the
1400 m contour intervals between the Granite and Pro-
vidence mountain ranges, discounting mesic corridors that
probably more closely connect the two (Fig. 6). Movement
between the ranges would certainly have been far easier in
the past, when woodlands occupied lower elevational
levels. Less than 1 km separated them between 3000 and
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2000 years ago (Table 4), for example, thus they effectively
functioned as a single habitat until fairly recently.

The monophyly of the Hastings N. fuscipes also suggests
some degree of subdivision among the mainland woodrat
population. Whether this is due to the uniqueness of the San
Bernardino woodrats (an uniqueness shared by those at the
Granite Mountains), or to isolation and/or restricted dis-
persal of the Hastings animals remains to be seen. Given the
rapid urbanization occurring along the coastal regions of
California, the Hastings population may be experiencing
severe habitat fragmentation. As early as 1938, Hooper
noted that there was no longer any contiguous habitat
between the location where the type specimen of N. fuscipes
was collected (in Kern County) and the rest of the popula-
tion. He attributed this to ‘extensive cultivation of the
San Joaquin Valley. and the denudation of the foothills.’
(Hooper, 1938; pg. 224). Given that dispersal may be
limited to the south, our results suggest that the Central
Valley is a more persistent and rigorous barrier to dispersal
than is the Mojave desert.

In many ways our study raises more issues than it
explains. Do other Pleistocene refugia exist, as we predict,
throughout the Mojave Desert (e.g. Figure 5)? What type of
dispersal and/or movement patterns connect these various
putative populations? How does the overall level of genetic
diversity vary with the refugia size and distance from the
mainland? Will further analysis of mainland woodrats reveal
similar discontinuities among populations fragmented by
increased urbanization along the coast of California? Do the
patterns we report here for woodrats apply to other mon-
tane woodland organisms that also inhabit these refugia?
Detailed study of the genetics, distribution and dispersal of
woodrats and other montane mammals within the Granite
and Providence Mountain ranges would be very illuminat-
ing, and could lead to unique insights into the late Quater-
nary biogeography of the southwest. We hope these and
other issues can be resolved in future studies.
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