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The alternating mountain ranges and desert basins of the Great Basin in the western United States support
higher species diversity of mammals than any other region of comparable area in temperate North America.
Topographically complex regions have strong environmental gradients and heterogeneous habitats that result in
fragmented geographic ranges over long periods and may promote speciation. In order to evaluate the influence
of topography and climate on mammal diversification, we traced the history of mammal diversity during the
formation of basin-and-range topography. We compiled species-occurrence data from the NeoMap database of
fossil mammals and calculated standing diversity, origination rate, extinction rate, diversification rate
(originations  extinctions), and turnover rate (originations þ extinctions) for million-year intervals. We
evaluated changes in faunal composition (species in mammalian orders and species in rodent families) over
time and assessed whether significant changes in diversity and faunal composition tracked major changes in
landscape history. Neogene geologic evolution generated by tectonic activity and changing climate created the
topographic complexity and habitat heterogeneity of the Great Basin. Over the last 30 million years, extensional
tectonic processes caused an older high plateau to collapse and stretch from east to west, resulting in
longitudinal expansion by ~235 km to form the Great Basin. Average elevation decreased by 1–3 km. Global
warming and associated increases in regional precipitation from 17 to 14 million years ago (mya; the Miocene
Climatic Optimum [MCO]) interrupted the long-term trend of Cenozoic cooling and aridification. From 30 to 2
mya, Great Basin mammal diversity peaked during the MCO, then declined over the later Miocene and
Pliocene. The major changes in diversity over time were robust to sampling effects. Faunal composition
changed episodically, with increasing proportions of rodents, lagomorphs, and carnivores and decreasing
proportions of ungulates and proboscideans. The highest diversification rate occurred during the MCO with
smaller but significant diversification rates later in the Neogene. The highest turnover rates occurred during and
immediately following the MCO. Comparison of rodent faunas of the Great Basin and the Great Plains showed
substantial differences in the timing and magnitude of diversification and changes in taxonomic composition.
These patterns support the hypothesis that climate change over complex topography stimulated diversification
in the Great Basin.
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The Great Basin of western North America is a region of
unique physiography and biological diversity. More than 120
mountain ranges alternate with broad valleys to form a mosaic
of desert and montane habitats encompassing nearly 500,000
km2. The 19th-century geologist and explorer, Clarence
Dutton, described the parallel mountain ranges as ‘‘an army
of caterpillars crawling northward’’ (Dutton 1886). The
remarkable topographic heterogeneity of the Great Basin

supports high biological diversity along steep elevational
gradients, with 8 distinct floral belts spanning 3,000 m of
vertical relief, according to the classification of Hall (1946). In
the present day, 172 species of native mammals inhabit the
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100 million years? To address these questions, we summarize
the tectonic and climatic history of the Great Basin and
evaluate the fossil record of Great Basin mammals in terms of
diversification and changes in faunal composition in relation to
major changes in landscape history. We compare these results
to an earlier study that evaluated diversity dynamics of the
Great Plains and the intermontane west (Finarelli and Badgley
2010). Finally, we evaluate the evidence for influences of
landscape history on the diversification of Great Basin
mammals.

GEOLOGIC HISTORY

OF THE

GREAT BASIN

Tectonic history.—The Great Basin has a complex tectonic
history that overlapped with long-term climatic trends and
geologically rapid climatic changes at both global and regional
scales. In contrast to the Great Plains, tectonic and climatic
changes in the Great Basin have produced a landscape with
high topographic complexity and habitat heterogeneity, with
significant consequences for mammalian diversity and
evolution.
The Great Basin lies within the broader Basin and Range
geologic province, which is bounded by the Colorado Plateau
to the east and the Sierra Nevada to the west, and by the Snake
River Plain to the north and the Mexican Plateau to the south
(Fig. 2). The distinctive basin-and-range topography of north–
south trending, parallel mountain ranges alternating with
sedimentary basins extends for 2,500 km from north to south
(Dickinson 2002). During the Cretaceous and early Cenozoic,
the Basin and Range Province was the setting for compressional tectonics, as the North American and Farrallon plates
collided during the Sevier and Laramide orogenies (130–50
million years ago [mya]), leading to the formation of an
uplifted, thickened crust (Spencer et al. 2008). Often called the
‘‘Nevadaplano,’’ in reference to the present Andean Altiplano,
western North America supported moderately high elevations
with low topographic relief until the early Eocene (DeCelles
2004; Chamberlain et al. 2012). During the Eocene and
Oligocene, the surface elevation of interior western North
America increased substantially. Uplift and volcanism migrated from north to south and metamorphic core complexes, deep
crustal rocks, were exposed during displacements of shallow
terrain along low-angle, laterally extensive fault systems. These
processes produced a rugged, high-elevation landscape, setting
the stage for later topographic and habitat diversity (Mix et al.
2011; Chamberlain et al. 2012).
During the late Oligocene to early Miocene (28–19 mya), the
tectonic setting shifted from a compressional to an extensional
regime, causing collapse and broadening of the landscape
(Atwater and Stock 1998). Based on the stable oxygen isotopic
composition of clay minerals, the mean elevation of the Basin
and Range Province decreased by 1–3 km over the Miocene as
the edges of the province were stretched apart (Horton and
Chamberlain 2006). This early extensional history of western
North America resulted in large east–west offsets along lowangle, vertical fault systems and further exposure of metamor-
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Great Basin (147 species, excluding bats). This regional
diversity is higher than that observed in regions of similar
size in the Great Plains or eastern North America. An
additional 21 species, predominantly large ungulates and
carnivores, inhabited the Great Basin during the late Quaternary (Heaton 1990).
Extant Great Basin mammals show strong spatial patterns in
both composition and diversity. Some species occur only in the
desert grassland, scrub, and sand-dune habitats of the broad
valleys, other species are restricted to pinyon–juniper woodland or alpine tundra of the mountains, whereas others occupy
the entire range of elevations and habitats (Rowe et al. 2010).
High spatial turnover, especially among small species,
characterizes the entire region. The number of mammal species
residing above 2,300 m (7,500 feet) varies among mountain
ranges (Brown 1971; Lawlor 1998). Although these montane
faunas show some characteristics of island biogeography (e.g.,
strong correlation between montane-island area and number of
species of small mammals, and broader geographic distribution
of habitat generalists than specialists), both modern and
historical evidence for extinction, dispersal, and recolonization
suggests that these faunas are behaving with source–sink
dynamics (e.g., Grayson and Livingston 1993; Floyd et al.
2005). Human modifications to Great Basin landscapes—
especially fire suppression, (over)grazing of livestock, and
introduction of nonnative forage plants, as well as more recent
relaxation of these effects in some places—have altered
mammal distributions and abundances across entire mountain
ranges (Rowe 2007; Rowe et al. 2011).
Within the broader context of North American mammal
biogeography, the Great Basin forms part of the topographically complex, intermontane western region that exhibits high
species density throughout (Simpson 1964; Badgley and Fox
2000). A representative longitudinal transect across North
America shows relatively low species density from the Atlantic
coast to the Great Plains, a sharp increase at the Front Range of
the Rocky Mountains, and continued high species density to
the Pacific Coast (Fig. 1). The positive correlation between
modern mammal diversity and topographic complexity is
observed on all the continents except Antarctica and suggests
that landscape history (tectonics, volcanism, and climate
change) may directly influence diversification processes
(Badgley 2010). Because landscape history establishes the
substrates and environmental gradients over which species
distributions occur, there is a plausible connection between
landscape changes and speciation, extinction, and range shifts.
Our goal in this paper is to analyze mammal diversification in
relation to landscape evolution for the Great Basin, focusing on
mammal diversity and landscape history over the last 30
million years. We address 3 questions. 1) Did the regionally
high diversity of the Great Basin today extend deep into the
past? 2) Did historical episodes of mammal diversification
coincide with periods of change in landscape complexity? 3)
How does the diversification history of the Great Basin
compare with that of the Great Plains, a contrast between
regions of active versus passive tectonic activity over the last
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FIG. 1.—Longitudinal transect, extending from approximately 368N to 438N, in relation to species density of modern mammals in quadrats of
225 3 225 km2, relief at 3 spatial scales within quadrats, and mean elevation per quadrat. A) Species density (number of species, including bats,
per unit area) across North America, illustrating the increase in species density from east to west. Higher species density in western North America
parallels the increase in B) topographic relief and C) mean elevation. A–C) Based on data from Badgley and Fox (2000), with finer-scale data for
relief from the United States Geological Survey (Hydrosheds—2010).
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phic core complexes from 35 to 25 mya in the north and 24 to
18 mya in the southern Great Basin (Dickinson 2002;
McQuarrie and Wernicke 2005).
Extensional tectonics causing the high relief that characterizes the Basin and Range Province today began in the late early
Miocene (~17.5 mya) and varied in regional timing and degree
of extension, as well as overall rate and direction, throughout
the Miocene (Sonder and Jones 1999; Snow and Wernicke
2000). High-angle block faulting resulted in ~235 km of east–
west extension in the Great Basin (east–west arrows in Fig. 2)
and the development of the distinctive topography of
alternating mountain ranges and sedimentary basins. Intense
tectonic activity in the Great Basin from 17 to 14 mya
generated longitudinal displacements of large magnitude and
an overall increase in land area and relief (see animation of
McQuarrie and Wernicke 2005). Extensional deformation has
continued throughout the Great Basin to the present time,
changing to a northwest–southeast orientation with the advent
of the San Andreas fault system about 6 mya. In the southern
Great Basin and the Mojave Desert, early Miocene extensional
tectonics and late Miocene offsets along the San Andreas
transform-fault system generated low relief and nonparallel
topography, juxtaposing geological formations of different

temporal and geographic origins (Sonder and Jones 1999;
McQuarrie and Wernicke 2005).
Volcanic activity was prevalent during the late stages of
uplift (Oligocene) and early stages of core-complex exposure
(late Oligocene to early Miocene), leaving volcanic features
(ash deposits and lava flows) across the Great Basin (Axen et
al. 1993; Mix et al. 2011). Volcanic activity coeval with blockfaulting extension during the middle Miocene formed prominent features on the landscape. For example, the northern
boundary of the Great Basin along the Snake River Plain
follows the track of the Yellowstone hot spot developed over
the past 16 mya (Pierce and Morgan 1982; Dickinson 2002—
see Fig. 2). In the northern Great Basin, voluminous
magmatism along the Northern Nevada Rift from 17 to 14
mya overlapped with intensified regional extensional tectonics
(Zoback et al. 1994). The modern Great Basin is defined as a
large, internally drained area of rugged topography created by
extensional faulting, volcanism, erosion, and deposition as
mountain ranges rose, gradually eroded, and basins were filled.
Climate and vegetation history.—Although generally wetter
and warmer than today, the Miocene was characterized by a
trend of persistent global cooling that accompanied changes in
ocean circulation and increase in ice volume. Long-term
Cenozoic cooling recorded in the deep-sea record was
punctuated by warm intervals, including a pronounced warm
period in the middle Miocene (Fig. 3; Zachos et al. 2008). This
Miocene Climatic Optimum (MCO; 17–14 mya) was a warm
interval that overlapped with the period of intensified blockfaulting extension in the southern Great Basin. The MCO was
followed by abrupt global cooling of the oceans and
atmosphere between 14.0 and 13.8 mya, coincident with
rapid growth of the East Antarctic ice sheet (Chapin 2008). The
Antarctic ice sheet continued to grow during the middle
Miocene in response to changing ocean circulation and
decreasing atmospheric CO2, which further contributed to the
cooling trend since 14 mya (Foster et al. 2012).
Along with temperature changes throughout the Miocene,
progressive aridification of western North America led to
changing environmental gradients and dominant vegetation
types. Few paleoclimatic or paleobotanical data for the
Neogene are available from most of the Great Basin per se,
although macrofloral, pollen, or phytolith assemblages have
been studied from the northwestern and northeastern boundaries of the Great Basin (e.g., Leopold and Denton 1987;
Retallack 2007). For the most part, Neogene climatic change
and vegetation change of the Great Basin are inferred from data
for a larger region. During the middle Miocene, western forest
habitats changed to a mixture of woodlands and early
grasslands (Wing 1998). From ~16 to 13 mya, the vegetation
of western North America was predominantly warm-temperate
evergreen and mixed forest in the north and broadleaf forests
and xerophytic scrubland in the south. As regional climate
became cooler and drier during the middle to late Miocene
(~13–7 mya), western biomes became more heterogeneous,
with greater incorporation of drier savanna vegetation (Pound
et al. 2012). By 7 mya, a regionally cooler, drier, and more
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FIG. 2.—Geologic features of the Great Basin. The extent and
timing of volcanism are adapted from Dickinson (2006); Oligocene to
early Miocene volcanic fronts are shown in light gray and labeled;
middle Miocene volcanic centers are indicated in dark gray. Basin and
Range extension history (double-pointed arrows), as reconstructed by
McQuarrie and Wernicke (2005), is illustrated by extension pathways
of representative mountain ranges from 36 to 0 mya. NNR, Northern
Nevada Rift.
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seasonal climate promoted the expansion of arid-adapted C4
grasses in western North America, transforming the vegetation
from C3-dominated woodlands to C4 grasslands (Cerling et al.
1997; Tipple and Pagani 2007).
An interior continental climate in the Great Basin developed
over the Miocene, with an increase in seasonality of
precipitation beginning around 11 mya (Kohn and Fremd
2008). Seasonality of rainfall intensified between 7 and 5 mya,
when the opening of the Gulf of California enhanced the North
American monsoon (Chapin 2008). This late Miocene episode,
characterized regionally and globally by increased aridity and
seasonality, coincided with the spread of grasslands and desert
scrub in the Great Basin (Cronquist 1978).

The climatic and vegetation history of the Great Basin
interacted with topographic changes resulting from tectonic
activity (see sources in Fig. 3). The role of tectonic activity in
changing surface elevation and relief also affected regional
climate patterns. Stable oxygen isotopic records indicate a
reorganization of regional atmospheric circulation and precipitation sources resulting from net elevation decrease of the
Great Basin during the Miocene (Horton and Chamberlain
2006). Additionally, climatic changes, such as the MCO and
the intensified monsoons at about 6 mya, enhanced topographic
relief by increasing rates of erosion and incision (Chapin
2008).
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FIG. 3.—Neogene tectonic, climatic, and landscape history in western North America (Axen et al. 1993; Zoback et al. 1994; Cerling et al. 1997;
Atwater and Stock 1998; Wing 1998; Sonder and Jones 1999; Barnosky and Carrasco 2002; Dickinson 2002, 2006; McQuarrie and Wernicke
2005; Horton and Chamberlain 2006; Chapin 2008; Spencer et al. 2008; Chamberlain et al. 2012; Pound et al. 2012). The deep-sea, oxygenisotope curve (modified from Zachos et al. 2008) is a temperature-dependent record of Cenozoic climate change. Although tectonic and climate
change occurred continuously in western North America throughout the Neogene, a significant episode of synchronous tectonic and climatic
change from approximately 17 to 14 mya is known as the Miocene Climatic Optimum (MCO). NNR, Northern Nevada Rift; NA monsoon, North
American monsoon.
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MATERIALS

AND

METHODS

Data and analyses.—In order to evaluate mammal diversity
in relation to landscape history, we compiled species
occurrences from fossil localities spanning the early
Oligocene through the Pliocene (30–2 mya). This time
interval encompassed much of the formation of the
physiography of the Great Basin, as well as critical periods
of climatic change. We retrieved data from NeoMap, a portal
for two databases (MIOMAP and FAUNMAP) of published
localities and mammal occurrences covering the last 30 million
years (Carrasco et al. 2005, http://www.ucmp.berkeley.edu/
neomap/; Graham and Lundelius 2010). We compiled speciesdiversity estimates over million-year intervals for 344 species
(raw diversity; 253 species omitting singletons) from 344 fossil
localities distributed across the physiographic Great Basin (Fig.
4).
Following methods detailed in Finarelli and Badgley (2010)
and Badgley and Finarelli (2013), we recorded species
presence for intervals between 30 and 2 mya. Each time
interval is designated by its starting age; for example, the time
interval 30 mya refers to the interval 30–29 mya, and so on.
Species presence reflects its occurrence at a fossil locality and
the uncertainty in the age estimate of the locality. In estimating
1st and last occurrences of species, we used the earliest and
latest possible age estimates, respectively, based on the
uncertainty in age estimates of fossil localities in the NeoMap
database. Standing diversity included species with 1st or last
occurrences in each time interval as well as species occurring
before and after the interval, using the range-through
assumption for species represented by fossils in older or
younger intervals but not the focal interval. This assumption
implies that a species was present in the Great Basin for the
entire interval of its duration in the Great Basin fossil record,
although some species could have originated there, experienced a range shift to a region outside the Great Basin, and
later reappeared in the Great Basin. Such patterns have been
documented in the fossil record but are best evaluated from

FIG. 4.—Distribution of published fossil-mammal localities (n ¼
344, many overlapping or in clusters) in the Great Basin from 32 to 2
mya. Records were obtained from the MioMap and FAUNMAP
databases (Carrasco et al. 2005; Graham and Lundelius 2010).
Localities denoted by square symbols are from the Miocene Climatic
Optimum (MCO) warm interval associated with increased tectonic
activity in the Great Basin.

records with high sampling density over long intervals,
abundance data, and, ideally, evidence of species occurrence
in adjacent regions. Such data are not available at present for
the fossil record of the Great Basin or of the surrounding
regions. For the purpose of this study, we are not attempting to
evaluate true gaps in the temporal ranges of mammals in the
Great Basin.
For most analyses of diversity, we omitted singleton taxa
(species known from a single time interval) because they are
sensitive to fluctuations in sampling intensity (Foote 2000a,
2000b). For each million-year interval, we calculated diversity
and rates of origination, extinction, diversification, and
turnover. (We use the terms ‘‘origination’’ and ‘‘extinction’’
here for 1st and last appearances, respectively. Originations
include newly evolved species and immigration events;
extinctions include regional and global disappearances.)
In order to assess potential effects of sampling rates on
diversity, we performed correlation analysis and a subsampling
procedure. We determined the correlation (Pearson’s r)
between the number of fossil localities and 3 measures of
species diversity—the number of occurrences, using the mean
age of each locality to assign each species to a time bin;
standing diversity—assigning species to time bins using the
maximum to minimum age estimates for each locality and
using the range-through assumption (presence–absence diver-
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Implications for mammal habitats.—The tectonic history of
extension in the Great Basin increased overall habitat area by
more than 50,000 km2 and generated a topographic fabric of
alternating mountain ranges and basins during the last 30
million years. Mean elevation decreased, as the ancient plateau
collapsed by extensional faulting. Volcanic activity prior to and
during the Miocene created calderas and rift valleys, further
dissecting the landscape, and gave rise to volcanic soils
throughout the Great Basin (Barnosky and Carrasco 2002). As
relief increased in the Great Basin, habitats within the region
became fragmented and isolated (Rickart 2001; Kohn and
Fremd 2008). Increase in relief and elevational climatic
gradients altered the distribution of vegetation, and thereby
the diversity and productivity of mammalian habitats (Coblentz
and Riitters 2004; McCain 2005), resulting in increased
opportunities for species accommodation and diversification
(Cracraft 1985; Badgley 2010).
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We compared the fossil records of diversity, diversification,
and change in taxonomic composition for rodents of the Great
Basin and the Great Plains, with data for the Great Plains from
Finarelli and Badgley (2010). For the Great Plains, confidence
intervals were estimated, as described above, over the entire
analysis interval (25–6 mya); for the Great Basin, confidence
intervals were estimated for the well-sampled period from 16 to
6 mya. We performed the same subsampling routine described
above on these 2 records of rodent diversity (Supporting
Information S4, DOI: 10.1644/13-MAMM-S-088.S4).

RESULTS
Diversity changes over time.—The standing diversity
(presence–absence with the range-through assumption) of
Great Basin mammals fluctuated between 28 and 84 species
per million years during well-sampled intervals ( 10
localities) of the fossil record (Fig. 5A). Fluctuations in fossil
preservation clearly influence the record of mammal diversity.
The number of species occurrences tracks fossil productivity
closely, with a moderately high correlation between the
number of occurrences and the number of fossil localities per
interval (r ¼ 0.65, P ¼ 0.003). However, the range-through
assumption causes this sampling effect to subside. Between 30
and 24 mya, there are fewer than 10 fossil localities per time
interval, and standing diversity was generally low ( 31
species per million years). No singletons were present in this
part of the record, so diversity based on presence–absence is
equivalent to diversity without singletons. A gap in
preservation extends from 23 to 18 mya, corresponding to a
period of volcanic eruptions and an interval of limited regional
deposition (and some data are present only in gray literature).
No species ranges span the interval from 23 to 17 mya.
Between 17 and 2 mya, the fossil record was more consistently
productive. Standing diversity peaked at over 75 species per
interval from 16 to 15 mya during the MCO, then declined to
values fluctuating around 50 species per million years from 14
to 6 mya. Between 5 and 2 mya, diversity ranged from 26 to 43
species per million years. The drop in diversity at 4 mya and
rise to previous levels at 3 mya may be due to poor sampling at
4 mya followed by the largest number of sampled localities for
any interval at 3 mya. However, neither presence–absence
diversity (r ¼ 0.29, P ¼ 0.24) nor diversity omitting singleton
taxa (r ¼ 0.10, P ¼ 0.71) per interval is significantly correlated
with the number of fossil localities across the 18 time intervals
in which fossil localities are recorded. Thus, although sampling
effects are manifest in the interval of nonpreservation, and
there is a significant correlation between occurrences and fossil
localities (i.e, between productivity and sampling effort), their
influence on the data set analyzed for diversification is low.
Subsampling results for Great Basin mammal diversity
showed that the overall pattern of observed diversity between
18 and 3 mya is preserved even at the lowest sampling levels
(Supporting Information S5, DOI: 10.1644/13-MAMM-S-088.
S5). At all sampling levels, the large peak in the middle
Miocene is followed by a long period of minor fluctuations
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sity); and standing diversity without singletons, assigning
species to time bins using the maximum to minimum age
estimates for each locality and using the range-through
assumption (no-singleton diversity). In addition, we performed
a modification of the shareholder-quorum subsampling routine
of Alroy (2010) to evaluate the sensitivity of fluctuations in
diversity to variable sampling intensity. For this procedure, the
time interval from 18 to 3 mya was resampled to a particular
cumulative frequency of species (e.g., 0.50), with each species
represented in the sampling pool by its observed relative
frequency of occurrences at fossil localities over the entire
interval. This method is described in Supporting Information
S1 (DOI: 10.1644/13-MAMM-S-088.S1; see also Badgley and
Finarelli 2013).
We calculated the per capita origination rate, p(i), and
extinction rate, q(i), scaling the number of 1st occurrences and
last occurrences, respectively, by the number of species passing
through the focal time interval. These diversity metrics were
based on no-singleton diversity. Diversification rate, d(i), is the
difference between the number of originations and extinctions
scaled by the number of species passing through the time
interval and expresses the net diversity change from interval to
interval. Turnover rate, t(i), the sum of originations and
extinctions per pass-through lineage, highlights intervals of
faunal change. Because origination and extinction rates can be
balanced, t(i) can identify intervals with large changes in faunal
composition in the absence of net change in diversity (Badgley
and Finarelli 2013). Diversity metrics for each time interval are
reported in Supporting Information S2 (DOI: 10.1644/
13-MAMM-S-088.S2).
We resampled the empirical distribution of temporal ranges
of species between 17 and 3 mya to test the hypothesis that
extinctions and originations, and the rates calculated from
them, were not evenly distributed over the well-sampled
portion of the analysis interval. Confidence intervals were
determined as 2 SDs around bootstrapped estimates for each
metric. Details for the calculation of these metrics and their
confidence intervals are provided in Supporting Information S3
(DOI: 10.1644/13-MAMM-S-088.S3) and in Badgley and
Finarelli (2013).
We evaluated changes in faunal composition between
adjacent time intervals with a multinomial likelihood method
(Finarelli and Badgley 2010). We binned species occurrences
by mammalian order and evaluated whether the proportional
composition of higher taxa changed significantly between
adjacent time intervals. For each time interval, the likelihood of
the observed count of species per order was calculated using
the proportions observed in that time interval. These
likelihoods were then compared using the observed counts in
relation to the proportions calculated for the preceding time
interval. This likelihood test measures the change from interval
to interval in the proportions of mammalian orders in Great
Basin faunas. A ln-likelihood difference greater than 2.0 was
considered as significant faunal change between adjacent
intervals (Edwards 1992). We performed a similar analysis at
the family level for rodents.
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species. From 13 to 5 mya, eomyids, castorids, and aplodontids
declined in species diversity, as heteromyid, murid, and sciurid
diversity increased fitfully.
Even though the number of rodent species per interval
(omitting singletons) fluctuated between 11 and 25 species per
million years from 16 to 2 mya, the proportion of rodents in
mammalian faunas rose from ~0.20 at 12 mya to ~0.50 by the
end of the Pliocene (Fig. 6B). This trend is not the consequence
of rodents being better sampled in younger time intervals: rank
correlations of interval age with both the number of fossil
localities with rodents (rs ¼ 0.299, P ¼ 0.262) and the
proportion of fossil localities with rodents (rs ¼ 0.330, P ¼
0.211) are not significant. The modern proportion (0.63)
continues this trend, which also parallels the changing
composition of rodent faunas toward dominance by murids,
sciurids, heteromyids, and geomyids. Three intervals of
significant change in family-level composition occurred
between 12 and 6 mya (Fig. 6C). Peaks at 12 and 6 mya
both involved increase in the proportion of murids relative to
the preceding time interval. The peak at 10 mya featured
significant increase in the proportion of dipodids and sciurids.
Two major trends characterize the record of mammal
diversity over the last 30 million years. First, the high regional
diversity of modern faunas was not a persistent feature over the
last 16 million years (Fig. 5). Rather, diversity peaked in the
middle Miocene during the MCO and then declined across all
mammalian groups, except in rodents and lagomorphs, which
showed sustained or increased diversity from 8 mya until the
present time. Thus, high diversity characterized particular
intervals of Great Basin history, as in western North America
in general (Finarelli and Badgley 2010; Badgley and Finarelli
2013). Second, the taxonomic composition of mammalian
faunas changed over the last 16 million years in an irregular but
sustained pattern of increasing proportions of rodents,
lagomorphs, and carnivores and decreasing proportions of
ungulates and proboscideans. Among rodents, the dominant
families of the modern Great Basin fauna were present since at
least the middle Miocene but have increased in proportional
diversity from the late middle Miocene (approximately 12
mya) to the present day (Fig. 6).
Diversification and landscape history.—Per capita rates of
change in diversity varied across the analysis interval (Fig.
7A). Significant origination rates, when the confidence
intervals around p(i) were above 0, occurred more often than
not between 16 and 3 mya. The largest peak in originations
occurred at 16 mya, the time interval with the greatest change
in species composition among orders (Fig. 5B). Significant
extinction rates, q(i), were more sporadic from the middle
Miocene to Pliocene, with the largest extinction peak at 13
mya, just after the MCO. Several time intervals had both
significant origination and extinction rates, resulting in
significant rates of faunal turnover.
The diversification rate, d(i), or net change in diversity,
showed 6 intervals of significant change (Fig. 7B). The highest
diversification rate occurred during the MCO at 16 mya, with
substantial increase in diversity. (The significance of d(i) at 17
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around a plateau, then a drop at 4 mya, followed by a rise to
previous levels. Thus, the major changes in diversity were
robust to variable sampling among time intervals.
Taxonomic composition also fluctuated over time, differing
significantly from the composition of the modern Great Basin
mammal fauna (Fig. 5B). In terms of ordinal composition,
artiodactyls, carnivores, and rodents have been consistently
present throughout the last 30 million years. Soricomorphs
were present from the middle to late Miocene, as well as in
modern faunas, but were absent from Oligocene and rare in
Pliocene fossil assemblages. Perissodactyls, including equids
and rhinos, were present since 30 mya, with substantial
diversity during the middle to late Miocene. They declined
over the late Neogene and became extinct in North America
during the megafaunal extinction of the late Pleistocene. As
introduced species, 2 species of equids occur in the Great
Basin today as both domestic and feral populations. One or 2
species of Proboscidea were present over much of the middle
to late Miocene as well. Lagomorphs have been present since
the middle Miocene and persist to the present day. At various
times between 30 and 2 mya, the Great Basin featured high
diversity of antilocaprids and camelids among artiodactyls;
equids and rhinocerotids among perissodactyls; canids and
the extinct amphicyonids (‘‘bear-dogs’’) among carnivores;
soricids and talpids among soricomorphs; leporids among
lagomorphs; and castorids, heteromyids, sciurids, and murids
among rodents. Almost two-thirds of modern mammals of the
Great Basin (92 of 147 species, excluding bats) are rodents,
with carnivores, shrews, lagomorphs, and artiodactyls composing the remainder.
Faunal proportions, in terms of the number of species
(omitting singletons) in mammalian orders, show 3 phases of
change over time (Fig. 5C). During the late Oligocene (30–24
mya), carnivores, artiodactyls, and rodents dominated mammalian faunas. The significant interval of change in faunal
proportions at 27 mya was dominated by changes in the
number of carnivores and artiodactyls. The 2nd and largest
change occurred at 16 mya with a substantial increase in the
number of rodents, a modest increase in the number of shrews,
and modest declines in the number of artiodactyls and
perissodactyls. From 15 to 2 mya, a few minor episodes of
significant change in faunal proportions occurred (Fig. 5C),
with different taxa dominating change in each episode.
Significant change in rodent proportions occurred during 6 of
the 8 intervals; change in artiodactyls occurred in 5 intervals;
and change in carnivores occurred in 4 intervals, including at 3
mya, the greatest change in proportions of any order between
12 and 2 mya.
Rodents changed in family-level composition and in their
proportion of mammalian faunas over the last 30 million years
(Fig. 6). Oligocene rodent faunas were dominated by species in
groups that have become extinct (Allomyidae) or are
monospecific in modern faunas (Aplodontidae and Castoridae
[Fig. 6A]). Geomyids and murids were present during most of
these early intervals. The middle Miocene witnessed high
rodent diversity with 8 families represented by multiple
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FIG. 5.—Neogene mammal diversity of the Great Basin. A) Three measures of mammal diversity over the analysis interval. Occurrences are
species records from fossil localities based on the mean age of each locality. PA diversity is based on the presence or absence of species (including
singleton taxa) and the range-through assumption (see text for explanation). NS diversity is based on the presence or absence of species and the
range-through assumption, with singleton taxa (known from a single time interval) omitted. Number of localities per million years is based on the
mean age of each locality. The correlation between number of localities and occurrences is significant but the correlations between number of
localities and PA and NS diversity are not significant (see text for explanation). For the NS data analyzed, variation in sampling effort was not the
primary driver of variation in mammal diversity. B) Faunal composition between 30 and 2 mya in terms of number of species in mammalian
orders, based on NS diversity. The category ‘‘Other’’ includes 1 marsupial, 2 bats, and 3 erinaceids. The proportional taxonomic composition of
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et al. (2007) inferred branching events within the Dipodomyinae at 15.4 mya, within the Perognathinae at 17.6 and 15.2
mya, and within the Heteromyinae at 15.2 mya. Other
branching events were substantially older or younger than
those that clustered around the MCO. A phylogenetic analysis
of North American ground squirrels based on cytochrome-c
sequences with divergence times calibrated by fossils (Harrison
et al. 2003) indicated basal divergences among extant groundsquirrel clades between 17.5 and 14.5 mya. Between 25 and 5
mya, over the tectonically active western United States, rodent
diversity showed a high peak of diversity during the middle
Miocene compared to fluctuating lower diversity from the
Great Plains (Finarelli and Badgley 2010). Also, Kohn and
Fremd (2008) reported increased diversification at 17–17.5
mya among ungulates and carnivores in the tectonically active
western United States (although their analysis included few
localities from the Great Basin) compared to the Great Plains.
Comparison with the Great Plains.—The Great Plains and
the Great Basin provide a useful contrast for evaluating the
influence of landscape history on mammal diversification
(Davis 2005). In contrast to the dramatic changes in area,
elevation, and topography of the Great Basin over the last 30
million years, the Great Plains have been tectonically stable
since the late Mesozoic. Great Plains landscapes have been
influenced by the adjacent Rocky Mountains as well as
regional climatic changes (Swinehart et al. 1985).
Accumulation of eolian and fluvial deposits over much of the
region has alternated with regional tilting, erosion, and
dissection of a plains landscape. These deposits contain a
rich fossil record of mammals. Our comparison involves rodent
diversity from the Great Basin and the Great Plains, because
rodents dominate many mammalian faunas and are collected
from fossil localities in a similar manner (by screening of
sediment) across different regions. We focus on MioMap data
from the Great Plains as analyzed in a previous study (Finarelli
and Badgley 2010) with methods similar to those employed
here.
Comparison of the timing and magnitude of diversification
and faunal composition between the 2 regions reveals different
relationships between diversity and landscape history. Fig. 8A
depicts species diversity per million-year interval for both
regions from 25 to 6 mya (the period in common to both
analyses). The Great Basin rodent record is poor until 16 mya.
Diversity peaked from 16 to 15 mya, declined to a lower level
for several million years, then climbed to another peak at 6
mya. The Great Plains record shows large fluctuations in
diversity between 25 and 12 mya, then an unsteady decline
from 12 to 9 mya and modest increase from 8 to 6 mya.
Subsampling of both records showed that these trends persisted
even at low sampling levels (Supporting Information S6, DOI:

the modern Great Basin mammal fauna (147 species) is depicted to the right of the Neogene history and scaled to the same height. C) Lnlikelihood test of significant change in faunal proportions between adjacent million-year time bins. Faunal proportions of each time interval were
predicted from proportions based on the preceding interval. Significant change between adjacent intervals occurred when the likelihood ratio
exceeded 2.0. The major peak of faunal change occurred during the Miocene Climatic Optimum (MCO).
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mya cannot be evaluated because of the sampling gap prior to
that interval.) A smaller pulse of diversification, dominated by
extinctions, occurred at 13 mya, followed by 4 small peaks and
troughs in positive or negative diversification between 12 and 3
mya.
Significant turnover rates, t(i), even when diversification
rates were low, occurred sporadically from the middle Miocene
to the Pliocene (Fig. 7B). The highest turnover rate occurred at
13 mya, during an interval of high origination and extinction
rates. Several late Miocene and Pliocene intervals with
significant turnover rates also showed significant change in
taxonomic composition of mammalian faunas (Fig. 5C) and in
rodent families as well (Fig. 6B).
Topographic complexity of the Great Basin landscape
changed in both pulsed and gradual ways. Extension was
episodic and incremental, whereas volcanism was episodic.
Both of these processes lasted throughout the analysis interval,
causing increased fragmentation and isolation of montane
habitats. Climatic warming of the MCO reversed a cooling
trend since the late Oligocene. Over much of western North
America, the MCO entailed increased precipitation and
erosion, according to both paleobotanical and stratigraphic
evidence (Thompson et al. 1982). This warmer, wetter period
was followed by rapid, then slow cooling until the present time
(Zachos et al. 2008; Fig. 3).
In the Great Basin, the highest diversity, origination rates,
and diversification rates occurred during the warm MCO (17–
14 mya), whereas the highest extinction and turnover rates are
observed during the subsequent cooling period (13–12 mya
[Figs. 5A and 7]). The taxonomic composition of mammalian
faunas changed substantially during the onset phase of the
MCO but not during the initial cooling that followed (Figs. 5B
and 5C). Although the MCO saw a significant increase in the
proportion of rodents in the mammalian fauna, the major
changes in taxonomic composition of rodent faunas did not
begin until 12 mya (Fig. 6). Thus, between 30 and 2 mya, the
interval of highest mammal diversity occurred when climatic
warming (and probably increased precipitation) prevailed over
partially extended basin-and-range topography.
We cannot determine how much of the change in diversity
from one time interval to the next resulted from geographicrange shifts and how much from speciation or extinction.
Neither the density of fossil localities over time and space nor
the sample sizes of fossil assemblages make it feasible to
document changes in geographic ranges with confidence over
this analysis interval. Notably, however, recent phylogenetic
analyses of rodents with significant representation of lineages
in the Great Basin over the last 30 million years indicate deep
splits in modern clades during the MCO. For example, in a
molecular-phylogenetic analysis of heteromyid rodents, Hafner
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FIG. 6.—Diversity of rodents by family over the Neogene. A) Number of species in rodent families between 30 and 2 mya (presence–absence
with the range-through assumption, omitting singletons). The proportional taxonomic composition of the modern Great Basin rodent fauna (92
species) is depicted to the right of the Neogene history and scaled to the same height. The modern fauna is dominated by Sciuridae (34 species),
Muridae (29 species), and Heteromyidae (19 species). B) Proportion of rodent species in Great Basin mammal faunas over time. From about 12
mya to the present time, the proportion of rodent species increased in mammalian faunas; the modern value is 63% of nonvolant mammal species.
C) Ln-likelihood test of significant change in proportions of rodent families between adjacent million-year time bins. Faunal proportions of each
time interval were predicted from proportions based on the preceding interval. Three intervals of significant change occurred between 12 and 6
mya, when the likelihood ratio exceeded 2.0.
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10.1644/13-MAMM-S-088.S6). In the Great Basin record, 1
peak of diversity coincided with the MCO and the 2nd peak at
6 mya coincided with onset of the southwestern monsoon. In
the Great Plains record, the major peaks and valleys of
diversity between 25 and 12 mya tracked intervals of sediment
deposition and hiatuses in the geologic record, respectively
(Badgley and Finarelli 2013). Diversity was relatively low
from 17 to 15 mya, during the early MCO, and then reached a
peak during the cooling interval that followed (13 mya).
Although declining diversity from 12 to 6 mya corresponded to
low fossil productivity, it is notable that diversity between 25
and 12 mya on several occasions exceeded that of modern
rodent diversity in the Great Plains.
The records of the Great Basin and the Great Plains also
differed in their patterns of change in faunal composition. For
the Great Basin, 3 time intervals of significant faunal change at
12, 10, and 6 mya (Fig. 8B) represented relatively modest
amounts of change compared to the preceding intervals.
Increase in the proportion of murids influenced the significant
faunal change at 12 mya, increase in the proportion of dipodids
and sciurids drove the change at 10 mya, and another increase
in murids drove the change at 6 mya. Middle Miocene faunas

were dominated by eomyids, castorids, and aplodontids, with
sciurids, murids, and heteromyids composing a lower proportion of the faunas. After the MCO, eomyids, castorids, and
aplodontids declined while sciurids, murids, heteromyids, and
geomyids increased in diversity.
The Great Plains record had 6 intervals of significant change
in faunal composition with larger peaks than any of those in the
Great Basin record (Fig. 8B). From 25 to 18 mya, geomyids
and castorids were the dominant families; from 17 to 10 mya,
mylagaulids, heteromyids, castorids, and sciurids were the
more speciose families of the middle Miocene; and murids
increased in the late Miocene and dominated the Pliocene
intervals (Finarelli and Badgley 2010). The episode of change
in faunal composition at 17 mya involved castorids and
mylagaulids maintaining their diversity of the preceding 2
intervals, as other groups declined in diversity. The peak of
change at 8 mya was caused by a spike in murid diversity.
Smaller peaks between 15 and 12 mya each resulted from
changes in 1 or 2 of the dominant families of the middle
Miocene, except at 13 mya, when murids increased (Finarelli
and Badgley 2010:figure S3).
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FIG. 7.—Diversity metrics for Great Basin mammals over geologic time, based on diversity excluding singletons. A) Per capita origination rate,
p(i), and extinction rate, q(i), per million-year time interval. B) Diversification rate, d(i), and turnover rate, t(i), per million-year time interval.
Significant values of each metric are noted by a symbol above the data points; key to symbols with data labels. The highest values of p(i), d(i), and
t(i) occurred during the Miocene Climatic Optimum (MCO).
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Per-lineage diversification rates differed between the Great
Basin and the Great Plains (Fig. 8C). For the Great Plains
record, which was continuously sampled over the analysis
interval, 8 of 20 million-year intervals had diversification rates
significantly greater than 0, with half of the time intervals
significant between 15 and 6 mya, the period in common
between the 2 regions. Most diversification rates were of low
magnitude, however. The largest values occurred at 14 mya,
with an increase in originations, and at 10 mya, with an
increase in extinctions. In contrast, the Great Basin record had
only 2 intervals of significant rodent diversification between 15
and 6 mya. At 13 mya, diversification fell due to a spike of
extinctions, and at 12 mya, diversification rose due to an

increase in originations. Notably, time intervals in which
significant change in faunal composition is observed did not
always coincide with intervals of significant net diversification
(compare Figs. 8B and 8C). For both records, the intervals with
the greatest net change in diversity (13 mya for the Great Basin
and 10 mya for the Great Plains) did not exhibit significant
change in family-level proportions of their respective rodent
faunas, although significant change in taxonomic composition
did occur in the subsequent interval for the Great Basin and
within 2 million years for the Great Plains. During the MCO,
rodent faunas on the Great Plains changed significantly in
composition but had low diversity and diversification. In the
Great Basin, rodents had high diversity when the middle
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FIG. 8.—Comparison of rodent diversity of the Great Basin and the Great Plains from 25 to 6 mya. A) Diversity of rodent species (excluding
singleton taxa) for each region over time. B) Ln-likelihood measure of change in faunal composition from each million-year interval compared to
the preceding interval. Ln-likelihood values greater than 2.0 indicate significant change in faunal composition. Intervals of significant change in
faunal composition coincided only once at 12 mya. C) Diversification rate per million-year time interval for the Great Basin and Great Plains
records. Data for the Great Plains are from Finarelli and Badgley (2010). Over the 10 time intervals from 15 to 6 mya, significant diversification
rates, indicated by stars or asterisks, in both regions coincided only once at 13 mya.
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DISCUSSION
Cenozoic tectonic and climatic processes transformed a
region of high elevation but low topographic relief into the
Great Basin of today, one of the most topographically
fragmented regions on Earth. Our analysis of the Great Basin
mammal fossil record supports the hypothesis that landscape
history has influenced patterns of mammal diversification.
Revisiting the 3 questions that framed our analysis highlights
the major changes in diversity and taxonomic composition that
occurred during the formation of basin-and-range topography.
1) History of regional diversity.—The high regional
diversity of modern mammals does not appear to be a
persistent feature of Great Basin history, even during the
millions of years when the parallel mountain ranges and
intervening basins were established. During the MCO between
17 and 14 mya, mammal diversity in the Great Basin reached
its highest peak of the last 16 million years (Figs. 5A and 5B).
The same pattern was observed in mammalian faunas of the
entire intermontane west (Kohn and Fremd 2008; Finarelli and
Badgley 2010). Such a geographically widespread pattern
suggests that climatic warming interacted with changing
topography to promote diversification. Sustained warming
should cause geographic-range shifts to higher elevations for
many species, as has been observed during interglacial periods
of the Quaternary (e.g., Grayson 2006; Lomolino et al. 2010).
During the middle Miocene, such elevational range shifts
across a landscape of increasingly isolated mountain ranges for
more than 2 million years could have promoted speciation
through sustained fragmentation of populations. The peak of
significant change in faunal composition during the MCO (Fig.
5C), primarily representing changes in small mammals (rodents
and shrews), is consistent with this interpretation. With life
habits often closely tied to particular substrates (e.g., friable
soils versus sand versus rock piles) and vegetation types (e.g.,
sage scrub versus pinyon–juniper forest), small-mammal
populations can become more effectively isolated along
elevational gradients than can ungulates or carnivores.
Following the MCO, the long-term decline in mammal
diversity paralleled long-term cooling and aridification. As

rodent diversity increased, artiodactyl, perissodactyl, and
proboscidean diversity declined over the late Miocene and
Pliocene (Figs. 5 and 6). Similar changes in Neogene ungulate
diversity in other regions of western North America (Janis et al.
2002; Figueirido et al. 2012) have been attributed to changes in
the dominant vegetation structure from woodland and shrubland to grasslands with increasing amounts of C4 grasses (Fox
et al. 2012).
2) Diversification and landscape history.—The largest
changes in diversification rate coincided with significant
intervals of tectonic and climatic history. The highest
diversification rate, driven by a peak of originations,
occurred during the MCO (Fig. 7), with a significant trough
in d(i), dominated by increased extinctions, at 13 mya just after
the MCO. These elevated diversification rates are not simply a
reflection of high middle Miocene diversity, because d(i) is
standardized to the number of species passing through the time
interval. Turnover rates also peaked during these time intervals
(Fig. 7B). The coincidence of high diversification and turnover
rates during and immediately after the MCO further supports
the hypothesis that mammal diversification in response to
global climatic change is augmented by regional topographic
complexity (Finarelli and Badgley 2010). The early Miocene
gap in the MioMap database from 23 to 18 mya prevents us
from discerning whether the high MCO diversity might have
arisen substantially earlier. It is notable, however, that the
pattern of high diversification rate during the MCO was
documented in other studies across the intermontane west but
not in the Great Plains (Barnosky and Carrasco 2002; Kohn
and Fremd 2008; Finarelli and Badgley 2010; Badgley and
Finarelli 2013).
3) Comparison with the Great Plains.—Rodent diversity
from 16 to 5 mya in the Great Basin contrasts sharply with the
fossil record of the Great Plains (Fig. 8). The magnitude of
variation in diversity differed between the 2 regions, with
greater volatility observed in the Great Plains record (Fig. 8A).
Intervals of significant change in faunal composition (at 12
mya [Fig. 8B]) and significant diversification (at 13 mya [Fig.
8C]) coincided only once between the 2 regions. The Great
Plains record had more intervals of minor, but significant,
diversification among rodents than did the Great Basin.
Differences in diversification history are expected between
tectonically active and passive landscape histories (Badgley
2010). It is notable that the Neogene record of Great Basin
rodent diversity differs from those of the Pacific Northwest and
the northern Rocky Mountains, both tectonically active regions
(Badgley and Finarelli 2013). In all 3 intermontane records, the
largest changes in diversity and faunal composition coincided
with major intervals of topographic change.
The fossil record of the Great Basin suggests that landscape
history has influenced mammal diversification during specific
episodes. But regional diversity was not consistently greater in
the Great Basin than on the Great Plains over the last 30
million years, nor were diversification rates systematically
higher in the Great Basin (Fig. 8C). Thus, the topographically
complex landscapes of the Great Basin, which have been in

Downloaded from https://academic.oup.com/jmammal/article/95/6/1090/835852 by State Univ NY at Stony Brook user on 14 October 2020

Miocene record began and did not show significant change in
faunal composition or diversification until just after the MCO.
Overall, patterns of change in rodent diversity and faunal
composition, particularly between 16 and 6 mya, differed
substantially between the Great Basin and the Great Plains.
Over much of this time, as rodent diversity was increasing in
one region, it was declining in the other (Fig. 8A). The
intervals of substantial change in faunal composition and in
diversification occurred at different times. The interval of
greatest (negative) diversification in the Great Basin occurred
during cooling that followed the MCO, whereas the interval of
greatest (negative) diversification in the Great Plains record
occurred at 10 mya and corresponded to an interval of low
fossil productivity in the Ogallala Group (Badgley and Finarelli
2013).
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(Fig. 7B). This pattern indicates that Great Basin mammal
faunas experienced moderate but persistent flux in composition
from the middle Miocene through the Pliocene. This flux did
not appear to result from variation in fossil productivity,
although greater geographic and temporal coverage and larger
sample sizes should improve our understanding of macroevolutionary trends.
It is notable that small mammals, especially rodents,
increased as a proportion of Great Basin mammalian faunas
over the Neogene (Fig. 6B). This trend is an expected outcome
of diversification over a landscape of increasing topographic
complexity, because small mammals partition habitat heterogeneity along elevational gradients more finely than do large
mammals. (Notably, this trend is not attributable to increasingly better sampling of more recent faunas.) In addition, ice is
an effective agent of erosion, and montane glaciation during
glacial advances may have increased relief within the Great
Basin (and across the intermontane west—Egholm et al. 2009).
Increased habitat heterogeneity within basins and mountain
ranges would potentially facilitate an increase in diversity of
small mammals both locally and regionally. This hypothesis
could be tested with a robust fossil record across the
Quaternary, especially if cave deposits representing faunas at
higher elevations were included. In the Great Basin, beta
diversity of nonvolant mammals increased over the Neogene
and into the Quaternary, a pattern that is consistent with
topographic enhancement of regional diversity (Davis 2005;
Atwater and Davis 2011).
This synthesis suggests several productive avenues of future
research. First, time intervals that are currently underrepresented by fossil localities, highlighted here by the sampling gap
in the early Miocene interval prior to the MCO, could be
targeted for prospecting and dating. Second, it would be useful
to standardize diversity over time in relation to the area
sampled (Barnosky et al. 2005). Our study involves time
intervals of equal duration, but we have not evaluated the
geographic distribution of fossil localities from each interval in
order to account for possible area effects. Third, the Neogene
climatic history of the Great Basin needs study with methods
that provide evidence of changes in temperature and precipitation in order to clarify which aspects of climate are
associated with changes in diversification and composition of
mammalian faunas. In addition, ecomorphological analyses of
selected clades could indicate how ecological attributes of
species (e.g., changes in hypsodonty, body size, and burrowing
habits) relate to diversification and ecological structure of
mammalian faunas. Finally, integration of diversification
history from fossils with phylogenies based on living species
would provide a more complete record of speciation and
extinction history than either data set alone.
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2012. Pedogenic carbonate stable isotope record of environmental
change during the Neogene in the southern Great Plains, southwest
Kansas, USA: carbon isotopes and the evolution of C4-dominated
grasslands. Geological Society of America Bulletin 124:444–462.
GRAHAM, R. W., AND E. L. LUNDELIUS, JR. 2010. Faunmap II: new data
for North America with a temporal extension for the Blancan,
Irvingtonian and early Rancholabrean, Faunmap II database, ver
1.0. www.ucmp.berkeley.edu/faunmap/. Accessed 8 May 2012.
GRAYSON, D. K. 2006. The late Quaternary biogeographic histories of
some Great Basin mammals (western USA). Quaternary Science
Reviews 25:2964–2991.
GRAYSON, D. K., AND S. D. LIVINGSTON. 1993. Missing mammals on
Great Basin mountains: Holocene extinctions and inadequate
knowledge. Conservation Biology 7:527–532.
HAFNER, J. C., ET AL. 2007. Basal clades and molecular systematics of
heteromyid rodents. Journal of Mammalogy 88:1129–1145.
HALL, E. R. 1946. Mammals of Nevada. University of California
Press, Berkeley.
HARRISON, R. G., S. M. BOGDANOWICZ, R. S. HOFFMANN, E. YENSEN,
AND P. W. SHERMAN. 2003. Phylogeny and evolutionary history of
the ground squirrels (Rodentia: Marmotinae). Journal of Mammalian Evolution 10:249–276.
HEATON, T. H. 1990. Quaternary mammals of the Great Basin: extinct
giants, Pleistocene relicts, and recent immigrants. Pp. 422–465 in
Causes of evolution: a paleontological perspective (R. M. Ross and
W. D. Allmon, eds.). University of Chicago Press, Chicago, Illinois.
HORTON, T. W., AND C. P. CHAMBERLAIN. 2006. Stable isotopic
evidence for Neogene surface downdrop in the central Basin and
Range Province. Geological Society of America Bulletin 118:475–
490.
JANIS, C. M., J. DAMUTH, AND J. M. THEODOR. 2002. The origins and
evolution of the North American grassland biome: the story from
the hoofed mammals. Palaeogeography Palaeoclimatology Palaeoecology 177:183–198.
KOHN, M. J., AND T. J. FREMD. 2008. Miocene tectonics and climate
forcing of biodiversity, western United States. Geology 36:783–
786.
LAWLOR, T. E. 1998. Biogeography of Great Basin mammals:
paradigm lost? Journal of Mammalogy 79:1111–1130.
LEOPOLD, E. B., AND M. F. DENTON. 1987. Comparative age of
grassland and steppe east and west of the northern Rocky
Mountains. Annals of the Missouri Botanical Garden 74:841–867.
LOMOLINO, M. V., B. R. RIDDLE, R. J. WHITTAKER, AND J. H. BROWN.
2010. Biogeography. 4th ed. Sinauer Associates, Inc., Publishers,
Sunderland, Massachusetts.
MCCAIN, C. M. 2005. Elevational gradients in diversity of small
mammals. Ecology 86:366–372.
MCQUARRIE, N., AND B. P. WERNICKE. 2005. An animated tectonic
reconstruction of southwestern North America since 36 Ma.
Geosphere 1:147–172.
MIX, H. T., A. MULCH, M. L. KENT-CORSON, AND C. P. CHAMBERLAIN.
2011. Cenozoic migration of topography in the North American
Cordillera. Geology 39:87–90.

Downloaded from https://academic.oup.com/jmammal/article/95/6/1090/835852 by State Univ NY at Stony Brook user on 14 October 2020

BARNOSKY, A. D., M. A. CARRASCO, AND E. B. DAVIS. 2005. The impact
of the species–area relationship on estimates of paleodiversity.
PLoS Biology 3:e266.
BROWN, J. H. 1971. Mammals on mountaintops: nonequilibrium
insular biogeography. American Naturalist 105:467–478.
CARRASCO, M. A., B. P. KRAATZ, E. B. DAVIS, AND A. D. BARNOSKY.
2005. Miocene Mammal Mapping Project (MIOMAP). University
of California Museum of Paleontology. www.ucmp.berkeley.edu/
miomap/. Accessed 11 April 2012.
CERLING, T. E., ET AL. 1997. Global vegetation change through the
Miocene/Pliocene boundary. Nature 389:153–158.
CHAMBERLAIN, C. P., ET AL. 2012. The Cenozoic climatic and
topographic evolution of the western North American Cordillera.
American Journal of Science 312:213–262.
CHAPIN, C. E. 2008. Interplay of oceanographic and paleoclimate
events with tectonism during middle to late Miocene sedimentation
across the southwestern USA. Geosphere 4:976–991.
COBLENTZ, D. D., AND K. H. RIITTERS. 2004. Topographic controls on
the regional-scale biodiversity of the south-western USA. Journal of
Biogeography 31:1125–1138.
CRACRAFT, J. 1985. Biological diversification and its causes. Annals of
the Missouri Botanical Garden 72:794–822.
CRONQUIST, A. 1978. The biota of the Intermountain Region in
geohistorical context. Great Basin Naturalist Memoirs 2:3–15.
DAVIS, E. B. 2005. Mammalian beta diversity in the Great Basin,
western USA: paleontological data suggest deep origin of modern
macroecological structure. Global Ecology and Biogeography
14:479–490.
DECELLES, P. G. 2004. Late Jurassic to Eocene evolution of the
Cordilleran thrust belt and foreland basin system, western U.S.A.
American Journal of Science 304:105–168.
DICKINSON, W. R. 2002. The Basin and Range Province as a composite
extensional domain. International Geology Review 44:1–38.
DICKINSON, W. R. 2006. Geotectonic evolution of the Great Basin.
Geosphere 2:353–368.
DUTTON, C. E. 1886. Mount Taylor and the Zuni Plateau. Pp. 105–198
in Report of the Secretary of the Interior; being part of the message
and documents communicated to the two houses of Congress at the
beginning of the first session of the Forty Ninth Congress in five
volumes. Government Printing Office, Washington, D.C.
EDWARDS, A. W. F. 1992. Likelihood: expanded edition. Johns
Hopkins University Press, Baltimore, Maryland.
EGHOLM, D. L., S. B. NIELSEN, V. K. PEDERSEN, AND J.-E. LESEMANN.
2009. Glacial effects limiting mountain height. Nature 460:
884–887.
FIGUEIRIDO, B., C. M. JANIS, J. A. PÉREZ-CLAROS, M. DE RENZI, AND P.
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