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PALEONTOLOGY

Tectonic extension and paleoelevation influence
mammalian diversity dynamics in the Basin and Range

Province of western North America
Tara M. Smiley'*, Alireza Bahadori>3, E. Troy Rasbury?, William E. Holt?, Catherine Badgley*
Landscape properties have a profound influence on the diversity and distribution of biota, with present-day bio-

diversity hot spots occurring in topographically complex regions globally. Complex topography is created by tec-
tonic processes and further shaped by interactions between climate and land-surface processes. These processes
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enrich diversity at the regional scale by promoting speciation and accommodating increased species richness along
strong environmental gradients. Synthesis of the mammalian fossil record and a geophysical model of topographic
evolution of the Basin and Range Province in western North America enable us to directly quantify relationships
between mammal diversity and landscape dynamics over the past 30 million years. We analyze the covariation
between tectonic history (extensional strain rates, paleotopography, and ruggedness), global temperature, and
diversity dynamics. Mammal species richness and turnover exhibit stronger responses to rates of change in land-
scape properties than to the specific properties themselves, with peaks in diversity coinciding with high tectonic

strain rates and large changes in elevation across spatial scales.

INTRODUCTION

Landscape history is crucial for exploring the drivers of biological
diversity (I): Landscape properties provide the template over which
species arise, adapt to spatiotemporal changes in their environment,
shift their geographic ranges, and disappear. Mountain building,
erosional processes, and climate feedbacks all contribute to the gen-
eration and maintenance of biodiversity hot spots in regions of high
topographic complexity (2-4). Today, mountainous regions support
elevated taxonomic, ecological, and phylogenetic richness for many
clades and across all continents, yet the factors shaping what is known
as the topographic diversity gradient (TDG) over deep time remain
elusive (2, 5, 6). The fossil record and diversification history of clades
in mountainous regions demonstrate the complex histories of these
gradients in relation to uplift and climate (3, 7-11) and provide a key
opportunity to investigate long-term landscape and biogeographic
processes underlying the formation and persistence of the TDG.
Disentangling the relative roles of tectonic activity, paleoelevation,
and climate has been a great challenge, establishing the need for fur-
ther integration of geologic and biotic records (12-14).

A promising region of study is the North American continent,
with contrasting eastern and western regions of landscape history
and topographic relief that parallel a marked east-to-west rise in
mammal species richness (1, 5, 6). The complex landscape history of
the Basin and Range Province is increasingly well studied (15, 16),
including recent geodynamic models over the past 36 million years
(Ma) (17-19). In these models, a large dataset of fault movement
(16) and geophysical properties of the lithosphere form the basis for
estimating horizontal crustal displacement rates within the region.
Fitting these rates to the surface of a sphere provides estimates of
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lithospheric strain rates as a function of position and time. Dilata-
tional strain rates are integrated to estimate changes in crustal thick-
ness and elevation under the assumption of conservation of volume.
These geophysical models thus provide estimates of extensional strain
rates, crustal thickness, and paleoelevation that are smoothed over
50 to 100 km (17-19).

Continental basins in North America document an extensive but
patchy record of mammal species richness, comprising large and
small mammal taxa of diverse ecological roles, over the last 30 Ma
(20). Prior work has contrasted diversity trends in the tectonically
active western US versus the tectonically quiescent Great Plains re-
gion in relation to hypothesized landscape and climatic forcings (I,
7,9, 21). A pronounced peak in species richness in the Basin and
Range coincided with global warming and an increase in extensional
faulting from 18 to 14 Ma ago (22). While Cenozoic climate change
has been shown to contribute to continental-scale biodiversity patterns
in North America (23, 24), lack of a corresponding richness increase
in the tectonically quiescent eastern region suggests that increasing
landscape complexity during this time exerted a first-order control
on biodiversity patterns in the west. Furthermore, intervals of a weak
or absent TDG in the North American fossil record suggest that the
presence of topographic complexity alone is insufficient to result in
a strong positive relationship between relief and species richness (9).
By reconstructing geohistorical dynamics in the Basin and Range in
relation to patterns from the fossil record, we build on this prior work
and provide critical tests of the mechanisms promoting biodiversity
in mountainous regions and a framework for understanding the TDG
globally and over deep time.

Geophysical models of paleotopography provide elusive and criti-
cal estimates of the history of topographic barriers, ruggedness, and
elevational gradients to test their potential influence on origination,
extinction, and geographic-range shifts. Here, we couple novel quanti-
tative estimates of area, extensional strain rate, paleoelevation, and
topographic ruggedness for the Basin and Range with regional
mammal richness and turnover over the last 30 Ma. Combined with
records of global temperature and the regional sedimentary rock
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area, we evaluate the individual and joint effects of geohistorical
variables as predictors of mammal diversity. Spatiotemporal varia-
tion in the timing and rate of tectonic extension and changing relief
across the province (16, 17) influence the distribution of the sedi-
mentary and fossil records (25). Therefore, we investigate these re-
lationships within the Mojave region in the southern Basin and
Range, testing the coupling between landscape history and species
richness and composition across a hierarchy of spatial scales. As the
longest subregional fossil record of the Basin and Range (26), eval-
uation of the Mojave region allows us to continuously sample at a
subregional scale, reducing the potential for estimates of turnover to
be confounded by spatial variation in the fossil record of the western
US across temporal intervals (27, 28).

Here, we address three primary questions: (i) What are the pri-
mary landscape and climate predictors of species richness and turn-
over in mammals in the tectonically active western North America
over the past 30 Ma? (ii) What is the relative importance of and in-
teractions between predictors? (iii) What are the potential underly-
ing mechanisms linking landscape, climate, and diversity change?
Increased land area and ruggedness are known enhancers of bio-
diversity today and in the Plio-Pleistocene, including pronounced
turnover and endemism in topographically complex regions (6, 8,
29, 30). Therefore, we expect to find a strong relationship between
these landscape properties and fossil diversity. In contrast to analysis
of modern-day species-richness-environment relationships, our geo-
logic and paleontological datasets allow us to quantify the relative
importance of rate of change variables compared to properties of the
landscape themselves. We evaluate species richness and turnover
in tandem, given that faunal turnover (e.g., changes in dominant
mammalian families) can occur without changes in richness, there-
by capturing a distinct biotic response. We expect the rate of change
(landscape or climate) to be a key factor influencing variation in
species richness and turnover over geologic time. We use horizontal
extensional strain rate as a proxy for the rate of topographic change,
which, in turn, acts as a control on erosional rates and geomorphic
processes, the formation of orographic and temperature gradients,
and the degree of habitat heterogeneity (31). Such landscape dy-
namics create novel habitats and ecological niches leading to species
adaptation, facilitate geographic isolation of populations and specia-
tion, and open corridors for species movement. We therefore expect
strain rate to be a strong predictor of species richness and turnover
patterns. We expect to see a decline in species richness as the tran-
sient and high relief generated during intervals of rapid uplift (e.g.,
period of high strain rate) reaches a steady-state landscape (e.g., ero-
sion equals uplift) and persistent relief structure.

We expect interplay between climate change and topographic
complexity to further shape diversity dynamics. Mountains alter re-
gional climate conditions (32, 33), whereas periods of global climate
change lead to different diversity outcomes in topographically com-
plex versus low-relief regions, with elevational gradients often act-
ing as refugia or dispersal corridors (34). Moderate rates of climate
change may promote speciation and dispersal processes; however,
high rates may lead to species loss if conditions change too rapidly
for species to adapt or track their preferred climate (35). Given the
changing configuration of topographic complexity of the Basin and
Range over the Cenozoic (15, 17, 18), we further expect the opening
of low-elevation corridors and climate conditions to facilitate move-
ment into the province. To provide a control and isolate the specific
influences of tectonic activity and topographic complexity (versus
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climate change alone), results from western US are compared with
the adjacent, low-relief, and tectonically quiescent Great Plains region.
If climate, and warming in particular, exerts a first-order control on
diversity, we expect to see parallel rises in diversity in both regions
during the middle Miocene followed by declines with cooling, inde-
pendent of regional changes in landscape. In contrast, if the two
regions are decoupled, a global-scale driver, such as warming, is un-
likely to be the dominant control on diversity patterns, necessitating
an assessment of regional scale factors, such as landscape change.
We note that a lack of correspondence in diversity records between
the tectonically active western and quiescent eastern regions has been
found in previous studies on specific mammalian clades (7-9, 21).
Integration of geological, climatic, and biotic history is critical for
unraveling the underlying ecological and evolutionary processes
causing elevated biodiversity in topographically complex regions.

RESULTS
Trends in landscape, climate, and mammal diversity
Models of topography and ruggedness derived from geodynamic
models (17, 18) demonstrate a marked reconfiguration of the Basin
and Range landscape at model resolutions of 0.25° X 0.25° (including
formal errors) over the last 30 Ma (Fig. 1 and movies S1 and S2).
Once dominated by continuous north-south running highlands
(Nevadaplano, Mogollon Highlands) west of what are today the
Rocky Mountains (Fig. 1A, 28 Ma ago), the region experienced low-
ering of mean elevation and increasing ruggedness during tectonic
extension (Fig. 1, 21 to 0 Ma ago; Fig. 2F). Given the relatively coarse
spatial scale of the tectonic model and topographic estimates, the
roughness metric presented herein resolves broad-scale features
(e.g., long-wave-length surface relief) rather than fine-scale features,
like steep valleys and river drainages adjacent to neighboring peaks.
Although we are unable to resolve fine-scale geomorphic features,
we expect the two scales of roughness to be correlated, with increas-
es in roughness from the modeled paleotopography capturing what
is likely even higher localized relief as tectonic faulting leads to steep
gradient formation and the rearrangement of physiographic barriers.
Monotonic increase in surface area contrasts with variable strain
rate over time, with the highest extensional strain rate occurring
during the middle Miocene (Fig. 2, D and E). Global temperature
declined and became more seasonal throughout this history (36, 37)
except during the mid-Miocene Climatic Optimum (MMCO), when
continental temperatures increased by 4° to 8°C from 18 to 14 Ma
ago (Fig. 2C) (38). The rate (slope) of temperature change within 1-Ma
bins is variable through the record, with higher rates of change at the
Oligo-Miocene boundary, following the MMCO (e.g., during rapid
cooling), and near the Plio-Pleistocene boundary (Fig. 2C).

Species richness in the tectonically active western US ranged from
51 to more than 200 species over the 30-Ma record, compared to the
less variable record of the tectonically quiescent eastern region (species
richness ranged from 90 to 189; Fig. 2A and figs. S1 to S3). Details
and comparison of evaluated species richness estimators (range-through
using Bayesian adaptive credible intervals versus shareholder quo-
rum subsampling) can be found in Materials and Methods and the
Supplementary Materials (Supplementary Results and figs. S4 and
S11). In the tectonically active region, low species richness persisted
through the late Oligocene and early Miocene, followed by a steep
increase starting around 19 Ma ago, a peak in species richness at
16 Ma ago, and a subsequent decline toward the present. The decline
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Fig. 1. Models of paleoelevation and standardized ruggedness of southwest-
ern North America for four representative time intervals from the past 30 Ma
and the present time. (A) Paleoelevation models represent topography estimates
generated by geodynamic models, plotted at 0.25° resolution (77, 18) for time inter-
vals 28 Ma ago, 21 Ma ago, 14 Ma ago, 7 Ma ago, and present (0 Ma ago). (B) Rugged-
ness is the mean of absolute differences between the paleoelevation of a 0.25° grid
cell and the paleoelevations of its eight surrounding cells, standardized across all
time intervals to better reflect the distribution of barriers and corridors through
time independent of changes in the absolute values of elevation. Dashed gray lines
show the position of the longitudinal and latitudinal transects presented along
the top x axis and the right y axis, respectively, for each map. The elevational (A) and
ruggedness (B) transects demonstrate the relief structure of the Basin and Range
through time, including the presence of dispersal barriers and corridors. The inset
map in the top right panel shows the present-day topography and location of the
Basin and Range in western North America.
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was greatest from 15 to 10 Ma ago, following the MMCO. Although
richness patterns in the eastern quiescent and western active regions
are moderately correlated [Fig. 2A; correlation coefficient (r) = 0.41;
P = 0.02], the western diversity peak during the MMCO is distinct
and marked, supporting a unique role for tectonic activity influencing
regional diversity patterns. We evaluated changes in faunal com-
position following multinomial likelihood methods (9). Turnover
patterns at the family level (increase or decrease of species within
48 mammalian families) in the western US are highest during the
middle Miocene, further indicating biological response to landscape
changes (Fig. 2B and figs. S5 to S7).

Relationships among landscape, climate, and
mammal diversity
In the tectonically active western US, species richness is strongly cor-
related with the rate of tectonic extension (r = 0.85; P << 0.01) but
uncorrelated with temperature (r = 0.10; P = 0.62) or temperature
change (r = —0.08; P = 0.68). The strong relationship between species
richness and strain rate remains after removing the effect of autocor-
relation from our time series data (table S1). Richness is moderately
correlated with area of the Basin and Range, topographic ruggedness,
and outcrop area of the sedimentary rock record; however, these
trends are weaker through time (Fig. 2 and fig. S8), and correlations
are nonsignificant when data are time-series—transformed (table S1).
Elevated rates of tectonic extension, leading to increasing land area
and topographic ruggedness (Fig. 1) from 21 to 15 Ma ago coincide
with the rapid rise in regional species richness (Fig. 2). Log-likelihood
values expressing change in the proportional contribution of each
family to total diversity is also highest during the middle Miocene
(Fig. 2B and figs. S5 and S6). Turnover values are marginally signifi-
cantly (P < 0.05) correlated with extensional strain rate (r = 0.40),
standardized ruggedness (r = 0.37), area of the Basin and Range
(r = 0.41), and temperature change (r = —0.40), but not with tem-
perature or outcrop area (table S1 and fig. S9). In contrast to the tec-
tonically active western US, the tectonically quiescent eastern US
exhibits a significant correlation between species richness and 8'*0
values (r = —0.50; P < 0.01), indicating a positive relationship be-
tween the number of species and global temperature (table S2).
Although neither global temperature nor rate of temperature
change appears to influence patterns in mammal species richness in
the western US during the Neogene, interactions between the gen-
eration of complex topography and climate change may still con-
tribute to diversity patterns. To test for multiple drivers of species
richness and turnover through time, we assessed the influence of
different combinations of geohistorical variables on species richness
and turnover with generalized least squares (GLS) regression and
compared models in an Akaike information criterion (AIC) testing
framework. The top models explaining variation in species richness
(delta AICc < 4, P < 0.05) all included strain rate (Fig. 3A), with the
sum of the Akaike weights across all candidate models that included
strain rate > 0.999. All but one model included at least one addi-
tional variable, with area, topographic ruggedness, temperature
change, and outcrop area exhibiting low and roughly equal variable
importance. Although not a significant correlate with species rich-
ness by itself, 5'°0 values as a proxy for temperature were found in
five of the top eight models, including the best fit model, suggesting
that interactions between temperature and the rate of topographic
change via tectonic extension play an important role in determining
species richness patterns.
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Fig. 2. Trends in species richness and family-level turnover from 30 to 1 Ma ago in relation to geohistorical variables. (A) Species richness and (B) family-level
turnover are compared to (C) oxygen isotopic composition of benthic foraminifera [data from (36)] as a proxy for global temperature (1-Ma running average shown in
black line) and rate of global temperature change (absolute value of the slope of oxygen isotopic composition within 1-Ma analytical bins shown in black triangles, refer
to the right-hand axis for slope values); (D) strain rate as a measure of tectonic extension, (E) total area, and (F) median standardized ruggedness (higher values indicating
higher relative ruggedness) of the Basin and Range; and (G) the proportional outcrop area of the rock record in the tectonically active region of western North America.
Species richness in the tectonically active western region is contrasted against species richness in the tectonically quiescent eastern region in (A), with shading illustrating
variation in species richness estimates based on age uncertainty for fossil localities. Shaded region in (C) represents uncertainty in strain rate estimates. Data for (D) to (F)
are derived from models produced by Bahadori et al. (17) and data for (G) are derived from the Macrostrat database (50) as presented by Smiley (44).
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Fig. 3. Across a suite of candidate models, variation in species richness is consistently explained by tectonic strain rate, whereas family-level turnover is weakly
explained by a combination of factors. Aggregated corrected Akaike information criterion (AlCc) based support for top multiple regression models fitted using general-
ized least squares (GLS; delta AlCc < 4 and P < 0.05) for (A) species richness and (B) family-level turnover. Each row represents a candidate model, with colored boxes in-
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all models and lower values indicating the proportion of models featuring that variable, weighted by each model’s AIC weight. The side histogram reflects model support,
with bar height indicating the proportional support for each model (out of 1). Nagelkerke (39) psuedo-R? values are shown for the top GLS model in each group. The
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Our results show a more complex relationship between land-
scape and climate variables and faunal turnover. Temperature, the
within-bin rate of temperature change, and the area of the Basin and
Range are found in the top model and share somewhat higher vari-
able importance (Fig. 3B), with additional contributions from topo-
graphic ruggedness and outcrop area. Counter to expectations,
tectonic extension (e.g., strain rate) does not appear to influence
faunal turnover when evaluated in combination with other abiotic
factors. GLS multiple regression models for turnover had poorer fit
than for species richness [Nagelkerke (39) psuedo—coeflicient of de-
termination (R*) = 0.35 versus 0.55 for top models, respectively],
and correlation coefficients between turnover and landscape vari-
ables were weaker (table S1). Likewise, it would be reasonable to
expect a positive relationship between turnover and rate of climate
change, given that both often contribute to our designation of ep-
ochal boundaries. However, we find the opposite relationship, with
elevated turnover sometimes occurring during high rates of climate
change (e.g., Oligo-Miocene boundary), but not elsewhere in the
record (e.g., turnover is low during rapid post-MMCO cooling).
While the highest turnover values (Fig. 2B) occur at the onset of the
MMCO and high rates of tectonic extension, suggesting an strong
influence of these combined factors, a long-term association be-
tween landscape, climate, and turnover throughout the Cenozoic is
not recovered. Given the variable spatial distribution of fossil lo-
calities through the Neogene, regional- to global-scale drivers may
provide a poor fit to temporal turnover data if spatial turnover is
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also high; therefore, study of topographic and climatic features
within the Basin and Range will be necessary to further characterize
the causes of faunal turnover.

Results at finer spatial scales within the Mojave region reflect
broader regional patterns. The Mojave region experienced west-
ward translation, rotation, and changes in area, mean elevation,
and ruggedness through the Miocene (16, 17, 40). Fossil-rich for-
mations in the Mojave, including the well-known Barstow and
Dove Spring formations, present the longest subregional record in
the Basin and Range (41-43), with peak mammal richness also oc-
curring during the MMCO (Fig. 4A and fig. S10). Peak turnover in
faunal composition within the Mojave occurred from 19 to 15 Ma
ago (Fig. 4C and fig. S7). Changes in species richness correspond
strongly with absolute changes in the mean elevation of the Mojave
(R*=0.41, P << 0.01; Fig. 4D). The magnitude of elevation change
matters to a greater degree than the direction of change, with large
increases in species richness and turnover occurring when land-
scape change is greatest for both elevation increase and decrease
(Fig. 4, B to D). At the relatively coarse resolution of our geophysi-
cal model, large changes in elevation, either positive or negative,
likely reflect increased topographic relief along local faults within
the subregion. These rapidly generated topographic and associated
climate barriers could then influence immigration and speciation
processes (see Discussion), elevating species richness, contributing
to faunal turnover across the landscape, and strengthening the
TDG during this time.
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Fig. 4. Patterns of species richness, turnover, and elevation in the Mojave region of the Basin and Range Province. (A) Species richness (shaded region illustrates
variation in species-richness estimates based on age uncertainty for fossil localities) in blue compared to mean regional elevation (gray symbols), (B) change in species
richness in blue, and (C) family-level turnover in red compared to change in elevation from 25 to 1 Ma ago. (D) Change in species richness is significantly correlated with
absolute changes in mean elevation, indicating a greater role for the magnitude of elevation change than for the absolute elevation in driving changes in species richness.

We find significant correlations between sediment outcrop area
and strain rate (r = 0.63, P < 0.01) and species richness (r = 0.55,
P < 0.01; table S1). However, poor linear model fits (fig. S8) suggest
fundamentally different patterns of correlation among these vari-
ables, and correlations are not significant once data are transformed
using first and generalized differences for time series data (table S1).
Because regional species richness did not tightly track changes in
province area or sediment outcrop area, we do not find support for
strong species-area effects or preservation dominating the record.
Although sampling bias may have contributed to low species rich-
ness before 19 Ma ago, the Middle Miocene peak richness remains a
feature that cannot be explained by outcrop area or the number of
fossil localities (22, 44).

DISCUSSION

Phases of diversity change in relation to climate

and landscape

Our results support a clear relationship between mountain-building
processes and the generation of the TDG. The integration of geo-
physical and fossil data through the Neogene extends this strong
association through deep time. We find that the rate of landscape
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change is the strongest and most consistent predictor of species
richness across spatial scales. On the basis of our analyses, we rec-
ognize three phases in the history of mammalian diversity in the
western US from 30 to 1 Ma ago and propose a set of underlying
mechanisms for those phases.

(Phase 1) From 30 to 20 Ma ago, species richness was low and
steady with low to moderate faunal turnover (Fig. 2, A and B). The
collapsing Nevadaplano and Mogollon highlands were likely still a
topographic barrier to immigration from the east and south, respec-
tively, whereas large areas of low relief meant few opportunities for
geographic speciation within the province (Fig. 1, 28 Ma ago). The
comparatively smaller area of the tectonic province and outcrop
area of basin sediments would have dampened fossil preservation,
potentially leading to underestimates of species richness, especially
of poorly preserved high-elevation fauna, across the region.

(Phase 2) From 19 to 14 Ma ago, elevated rates of tectonic ex-
tension and widespread fault activation, leading to increasing land
area and topographic ruggedness (Fig. 1, 21 to 14 Ma ago), coin-
cided with the rapid rise in regional species richness (Fig. 2).
Landscape reorganization, in combination with MMCO warming,
created circumstances for geographic and ecological speciation,
elevational range shifts, and immigration into the province. In the
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Mojave region, species richness and turnover increased markedly
when localized changes in elevation were large and rapid (Fig. 4).
These results imply a nonlinear response to landscape change,
whereby biodiversity response is concentrated during intervals of
rapid and large elevation change. Findings across spatial scales
suggest that regional landscape processes serve as a primary regu-
lator of species richness and that richness responds to the rate of
landscape change more than to the specific properties themselves.
While extensional processes leading to the formation and filling of
basins allow for a more persistent fossil record, preservation is not
the primary process contributing to elevated species richness or
turnover patterns during this time.

(Phase 3) Following the MMCO, from 13 to 1 Ma ago, species
richness declined with low to moderate faunal turnover. After the
middle Miocene peak, strain rate declined and remained steady
from 11 to 1 Ma ago; with a lag of 2 to 3 Ma, ruggedness followed a
similar pattern as the land surface reached a dynamic steady-state
phase (Fig. 2, D and F). Although ruggedness remained high dur-
ing this period (Fig. 1B, 7 to 0 Ma ago), our results suggest that
processes generating diversity are subdued without marked chang-
es to the relief structure or climate warming. Global cooling and
increasing area and ruggedness may represent balancing negative
and positive effects, respectively, maintaining constant, moderate
mammalian species richness.

Proposed mechanisms for diversity changes

Immigration and in situ speciation may promote increases in re-
gional species richness and changes in turnover over geologic time.
Although quantifying the relative roles of these processes on diver-
sity patterns remains a challenge outside the scope of this paper,
both processes likely played a role in generating the MMCO diver-
sity peak in the western US and the strongest expression of the TDG
over the Neogene. Here, we first discuss immigration, followed by
speciation processes in relation to landscape and climate change,
concluding with discussion of turnover patterns.

Immigration

During the Neogene formation of the Basin and Range, the collapse
of large-scale barriers and subsequent opening of connective corri-
dors between geologic provinces would have influenced immigra-
tion processes into and within the region. The late Oligocene and
early Miocene extensional collapse of the Mogollon Highlands and
Nevadaplano, respectively, removed a major high-elevation barrier,
facilitating immigration into the Basin and Range. High-elevation
faunas may have tracked that extensional collapse, dispersing to
newly emerging and isolated mountain ranges (potentially followed
by subsequent allopatric speciation). Following this collapse and the
westward expansion of the landscape, major dispersal corridors
formed between the Mojave region, the central and northern Basin
and Range, and the southern Basin and Range. The expansion of
low-elevation habitats combined with global warming (MMCO)
likely led to the northward range shifts of southern species. Inclusion
of the Mexican fossil record as well as coupled topographic-climate-
landscape models are needed to identify the spatial configuration
and timing of effective corridor formation in the past.

Species movement from the topographically complex and high-
elevation western landscapes into the Great Plains following the
MMCO may have precipitated the later decline in species richness
in the western US. Although it is difficult to track species move-
ment and ranges through the fossil record (45), there is evidence
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for dispersal from tectonically active regions of western North
American into the low-relief Great Plains during Miocene cooling
(10). Mountains as sources of biodiversity for adjacent low-relief
regions during cooling has been documented for other taxonomic
groups and regions (46).

Speciation

In addition, the development of topographic relief within the dy-
namic Basin and Range landscape over the Cenozoic likely facili-
tated geographic isolation of populations and thus speciation, while
the increased elevational gradients and habitat heterogeneity would
have provided variable habitats for species to adapt to and undergo
ecological speciation processes (I, 2). The interplay of climate
change on a dynamic landscape (e.g., the development of orograph-
ic gradients in precipitation and rain shadow effects) would have
served to further isolate populations, limit species ranges, and lead
to high spatial turnover across the province and elevated regional
diversity. During the MMCO in particular, warming coincided with
increasing relief from high strain rates, influencing climatic gradi-
ents and habitat heterogeneity along newly formed elevational gra-
dients. Stronger elevational zonation, and thus barriers to dispersal,
in mountainous regions with warm and stable climates today has
been implicated in elevating species richness through speciation
processes (47); therefore, it is reasonable to expect that periods with
warmer, more stable climates might also see higher species richness
across a topographically complex landscape. At smaller spatial
scales, mammals in the Mojave subregion likely underwent in situ
speciation during the middle Miocene period of rapidly changing
elevational gradients and climate warming. High turnover in small-
mammal species composition at the basin scale within the Mojave
region potentially reflects locally elevated rates of speciation and
endemism on a rapidly changing landscape (43, 48). Alternatively,
the diversity peak (as well as subsequent decline) apparent at small-
er spatial scales could also be the result of interactions between the
diversity of the regional species pool, dispersal, and local commu-
nity assembly processes (49).

The rate of physiographic landscape change is shaped by tec-
tonic processes leading to surface uplift and by geomorphological
processes such as erosion. We expect isolation and adaptation to
occur in response to broadscale tectonic processes that shape pa-
leotopography at long wavelengths (hundreds of kilometers) and
over millions of years, as captured by our current geophysical mod-
els. However, we also expect speciation processes to be further am-
plified by geomorphic processes that alter drainage patterns and
local relief over shorter spatial and temporal scales. Displacement
along small- to large-scale faults during this interval of rapid exten-
sion would have led to steep gradient formation, the rearrangement
of physiographic and climatic barriers, and higher localized relief
than is captured by the smoothed paleotopography from geophysi-
cal modeling (16-18). Although mechanistic landscape evolution
models are needed to fully characterize diversity responses to the
combined influence of uplift and geomorphological processes, the
temporal and spatial distribution of sediment accumulation pro-
vides some indication of how basin formation and filling occurred
in the past (19, 25, 50). These records suggest that tectonic activity,
especially during the initiation of the rapid extension phase (18 to
15 Ma ago), stimulated the geomorphic engine and that rapid and
fine-scale landscape response provided a strong stimulus to the
processes of speciation and extinction that shape regional and local
diversity.

70f12

$707Z ‘71 Areniqo uo 310°90uaros mmm//:sdny woij papeofumo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

Turnover

While changes in species richness demonstrate a strong coupling
with the rate of landscape change, the underlying mechanisms con-
tributing to turnover patterns are less clear. One may expect high
turnover during periods of rapid landscape and climate change
(e.g., initiation of Basin and Range faulting), due to increased rates
of both speciation and extinction. However, we find low support for
any of our tested variables as a persistent first-order control on fau-
nal turnover. Instead, turnover in species composition in the west-
ern US and Mojave subregion is highly punctuated during the
middle Miocene and tightly linked with rapid paleoelevational
changes in the Mojave. At both spatial scales, this event is charac-
terized by complex turnover in the composition of rodent families
and the rise and fall of dominant families of carnivores and large-
bodied ungulates (figs. S5 to S7). Turnover (and richness) patterns
may also track changes in vegetation structure, such as the Miocene
spread of grasslands, in ways that both reflect underlying climate
drivers of vegetation change and the independent influence of re-
gional variation in vegetation itself (I, 23, 51). Inclusion of regional
vegetation variables will likely improve the ability of our models to
explain long-term patterns in turnover.

Complex interactions between landscape, climate, and vegeta-
tion change may be more pronounced in the turnover patterns of
groups like rodents and other small-bodied mammals. With small
home-range sizes, limited dispersal capabilities, and often small
geographic ranges, small mammals are more susceptible than
large mobile and migratory mammals to landscape changes that
fragment and isolate populations (52, 53). Warming climate in a
region of high topographic and habitat heterogeneity can lead to
further isolation of populations, especially in small-bodied and
nonmigratory taxa. Therefore, these taxa may exhibit earlier and
stronger eco-evolutionary responses to landscape change. Evi-
dence for increased hypsodonty earlier in the rodent record than
in the ungulate record (54, 55) indicates high sensitivity to chang-
es in local- to regional-scale environments, including the expan-
sion of grasslands. Evidence from clades originating in North
America shows deep branching and regional speciation events to
have proliferated during the middle Miocene [e.g., Heteromyidae;
(56)]. The signature of topographic barriers persists in phylogeo-
graphic population structure and spatial distribution patterns of
many small-mammal species today (57, 58). Future evaluation of
individual clade dynamics, including differences in ecology, ta-
phonomy, and sampling, in a comparative framework would help
distinguish the complex processes and interactions between spe-
cies biology and landscape change that underlie the observed pat-
terns of species richness and turnover.

Study limitations

Factors such as vegetation, primary productivity, precipitation, and
climatic seasonality have been shown to influence mammalian di-
versity dynamics across spatial scales (23, 59, 60) and need future
consideration as potential influences on mammal richness and fau-
nal composition in the topographically complex western US. In ad-
dition, a greater number of regional proxies are needed to identify
the linkages between topographic change, regional climate, geo-
morphological process, and resulting relief structure. Continuous
Cenozoic regional climate data are not currently available for North
America, although recent climate model results for key intervals
over the Neogene (19) may be used in future evaluation of spatial
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and temporal diversity patterns. Likewise, an increasing number of
studies in the western US will help address the spatial and temporal
gaps in existing compilations of regional vegetation (1, 61). Data
from phytolith and paleobotanical studies will be valuable to distin-
guish the distinct role of grassland expansion that has been demon-
strated in other systems (23), and we expect to influence mammalian
diversity and turnover in the late Miocene.

Variation in preservation across time, space, and taxonomic
groups remains a challenge in paleontological studies (25, 62, 63).
Outcrop area does not capture the full suite of factors that cause
variation in preservation and sampling (64) and is likely also related
to tectonic processes [e.g., rapid sedimentation during basin exten-
sion could lead to a higher rate of fossil preservation (25)]. Further
work is needed to fully evaluate taphonomic influences on this re-
cord, as well as common cause hypotheses (50); however, prior sim-
ulation studies have found that the fossil record is a reliable recorder
of shifts in diversification rates across a range of preservation histo-
ries (44). In our analysis, the low relative importance of outcrop area
and the correspondence of species richness patterns using different
diversity estimators suggests that our findings present a robust bio-
logical pattern. The relative contributions of speciation, extinction,
and immigration processes need further examination to fully un-
derstand the mechanistic underpinnings of the observed diversity
and turnover patterns (65, 66). The use of process-based models to
jointly infer preservation, speciation, and extinction rates from fos-
sil occurrence data and proposed biotic and abiotic predictors (12,
67) as well as phylogenetic approaches to quantify macroevolution-
ary dynamics (68) represent the next steps of analysis. Spatially ex-
plicit analyses tracking the movement or turnover of lineages within
and between the tectonically active and quiescent regions (8, 10)
will further illuminate how landscape and climate change influence
species range dynamics and speciation over complex topography.
Last, the incorporation of species ecology (e.g., body size and diet)
into such analyses will help us determine the direct and indirect in-
fluences of broad-scale climate and landscape change and local-
scale habitat change (13).

Implications for the TDG globally and over deep time

In contrast to prior work at the continental and global scales (23,
24), we do not find a strong relationship between species richness
and temperature or rate of temperature change at the regional scale.
Distinct species richness patterns for the tectonically active and qui-
escent regions (Fig. 2A) indicate different regional impacts of global
climate change. While temperature may have had a stronger influ-
ence on diversity dynamics in the Great Plains (table S2), tectonic
extension, as well as interactions between the development of topo-
graphic complexity and climate change, likely drove diversification
and immigration in the intermontane western US. The Great Plains
record demonstrates a temporally broader and more muted peak in
diversity through the middle Miocene than that observed in the
western US, indicating fundamentally different processes contribut-
ing to diversity patterns in regions of low versus high topographic
complexity. Persistently elevated species richness in the Great Plains
following the MMCO warm period until ~12 Ma ago suggest com-
plex climate-related dynamics during both warming and cooling
phases in the region. Prior research has indicated that immigration
from higher elevation regions of the western US into the Great
Plains region during post-MMCO global cooling may have contrib-
uted to higher species richness during this time (10).
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Beyond the Basin and Range and the western US, tectonic activ-
ity and mountain building have been found to play a role in shaping
biodiversity patterns in the fossil record in other mountainous re-
gions, including the Andes, Anatolia, and Europe (3, 11, 69). These
tectonically active mountain ranges represent both extensional tec-
tonic regimes, like the Basin and Range Province, as well as conver-
gent margins. Our primary finding that the rate of landscape change
is the dominant influence on species richness change is meaningful
and generalizable to a diversity of geophysical and tectonic settings.
While modern patterns of biodiversity provide compelling rationale
for expecting a relationship between mountain building processes
and biodiversity, identifying the proximal drivers of the processes
that generate patterns such as the TDG requires deep-time informa-
tion from the fossil record and elsewhere (1, 7, 12, 13). Furthermore,
the co-occurrence of warming and a concentration of tectonic
events leading to mountain building in many regions of the globe
during the middle Miocene (70) likely interacted to shape the long-
observed global peak in diversity during the Middle Miocene (23).
Similar interplay between topographic and climatic change has been
proposed to influence biodiversity patterns during both older and
younger intervals of mountain building (28, 71), providing multiple
windows of opportunity to further test hypotheses about the TDG
across tectonic settings and global climate conditions.

Temporal information from the fossil record and recent ap-
proaches like geogenomics (72) will help determine the relative
contribution of relief generation and climate change to the initial
generation and long-term maintenance or shifting nature of the
TDG. Likewise, these approaches can advance our understanding
of the distinct roles immigration, and in situ speciation may play
over the history of a regional TDG. Our findings, combined with a
growing body of evidence across mountain ranges globally and over
time, emphasize the need to integrate regional geologic and climate
dynamics with investigations of diversity patterns; continental-
scale biotic analyses and global-scale proxies may obscure the
mechanisms underlying biodiversity change over deep time.

In summary, we find strong evidence for tectonic and topo-
graphic controls on mammalian species richness and faunal turn-
over from 30 to 1 Ma ago in western US. Neither increasing area of
the entire Basin and Range Province during extension nor increas-
ing sediment-outcrop area and thus fossil preservation explain vari-
ation in species richness, although both appear to contribute to the
changing nature of mammal richness and composition over time.
While global temperature change does not directly predict species
richness trends, interactions between the changing landscape and
major changes in global temperature may have driven geographic-
range shifts into and out of the Basin and Range Province during
and following the MMCO, respectively, contributing to the strong
expression of the TDG during the warm MMCO (1, 7). The integra-
tion of landscape history and biogeographic processes is critical to
our understanding of modern-day biodiversity gradients. Similar
expressions of the TDG across global mountain ranges today, in-
cluding the Andes, East African Rift Zone, Himalaya, and Alps—all
regions of recent tectonic activity—can be evaluated using a similar
integrative approach. Further efforts to estimate rates of tectonic ac-
tivity, paleotopography, and ruggedness, as presented herein, as well
as regional climate models that use regional paleotopography re-
constructions as boundary conditions, will make this work possible.
A comparative framework will be key for determining the general-
ity of landscape controls on diversity. In parallel with increasing
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resolution of regional tectonic, topographic, and climate models,
implementation of macroevolutionary and biogeographic modeling
and inclusion of ecomorphological traits will further illuminate the
controls on diversity over deep time.

MATERIALS AND METHODS

Tectonics, climate, and outcrop area

Our study uses quantitative estimates of strain rate and paleotopog-
raphy from geodynamic models for the Basin and Range from
36 Ma ago to the present (17, 18). The temporal scale varies over the
model run with time steps of 6 Ma (36 to 18 Ma ago) to 2 Ma (18 to
0 Ma ago); estimated strain rates in this study represent the mean
1-Ma rate over each time step of the model, where strain rates be-
tween time steps are temporally smoothed while preserving total
offset estimates (16, 17). The geodynamic model provides crustal
thickness and surface paleoelevation estimates, including formal er-
rors, within grid cells of 0.25° X 0.25° dimension, which corre-
sponds to the dimension used for the averaging of fault offset data
for crustal strain rates for each 1-Ma interval. From these results, we
calculated the geographic area as well as surface area inclusive of
topography of the Basin and Range during the primarily east-west
extension (stretching of the crust) and the median ruggedness of
the regional paleotopography. Geographic area and surface area of
the Basin and Range Province were highly correlated (r > 0.99);
therefore, geographic area is reported herein. To accentuate the
overall relief structure, rather than extremes in absolute ruggedness,
we standardized paleoelevational data to a common maximum of
one before calculating the ruggedness metric. The terrain rugged-
ness index is the mean of the absolute elevational differences be-
tween the value of a cell and the value of its eight surrounding cells
(73) and was calculated at a resolution of ~770 km? (0.25°) per grid
cell. Paleoelevation data for the Mojave region were geographically
constrained based on a convex hull around the spatial extent of
Mojave fossil localities; the paleo-coordinates of localities were de-
termined by the geophysical model of lithospheric evolution. Mean
elevation was calculated for the subregion as a measure of topogra-
phy and difference in mean elevation between adjacent intervals
calculated as a measure of topographic change.

Global temperature was approximated by the oxygen isotopic
composition of deep-sea benthic foraminifera from Westerhold
et al. (36). We calculated the 1-Ma mean 830 value for correlation
and multiple regression analyses. To capture the rate of temperature
change, we additionally calculated the slope of the oxygen isotopic
values within each analytical bin (absolute value plotted), with high-
er slopes indicating faster rates of temperature change within a given
1-Ma interval. We used proportional outcrop area of the tectonically
active region of western North America from Smiley (44); data were
originally compiled from the Macrostrat database (macrostrat.org;
version 0.3; accessed April 2016). Calculations for landscape and cli-
mate variables were performed in the R open-source programming
environment (74), using the raster (75), sp (76), and scales (77)
packages.

Richness and turnover

We extracted mammal fossil data from the MioMap and FaunMap
databases [(78); accessed November 2019] for regional species rich-
ness and turnover estimates. Fossil occurrence data included any
species-level record within the tectonically active region (west of the
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Rocky Mountain Front Range; n = 8021 specimen-level records) or
the tectonically quiescent region (Great Plains and east; n = 7159
specimen-level records) from 30 to 1 Ma ago (fig. S1). Geographic
designation was based on the physiographic divisions of the conter-
minous US (79). Although the tectonic data are restricted to the
Basin and Range Province, we chose to analyze diversity patterns for
the topographically complex region west of the Rocky Mountain
Front Range for the following reasons: (i) much of the western US is
tectonically active over the same period of time and/or is influenced
by Basin and Range tectonics (15, 17-19); (ii) although this tectonic
activity does not lead to extensive increases in area during extension
as experienced in the Basin and Range Province, it does build topo-
graphic complexity, the main proposed mechanism for promoting
speciation processes; (iii) fossil data from the Basin and Range Prov-
ince are ~75% of the western dataset and exhibit strong correlation
with western species richness as a whole (r = 0.75, P << 0.001); (iv)
we expect spillover effects from the Basin and Range Province into
adjacent areas with connected dynamics as the entire region under-
goes changes in topographic complexity; and (v) the broader spatial
scope enables us to use a larger dataset that is more comparable to
the record of paleodiversity in the tectonically quiescent eastern US.

Here, we present a species richness estimate, whereby first and
last occurrence data are estimated on the basis of observed species
occurrence data and a Bayesian adaptive Beta method (80) for esti-
mating the true stratigraphic range of a taxon based on fossil occur-
rences and recovery potential models. Species ranges are based on
the 90% credible interval of the posterior distribution of first or last
occurrence dates, which are then used as estimates of origination
(by in situ speciation or immigration) and extinction (or regional
extirpation) dates, respectively (fig. S2). At the spatial scale of anal-
ysis (within region or subregion), we assume that species range-
through or are found in all intervening intervals between the 90%
credible intervals. For each fossil occurrence, three estimates were
generated to reflect uncertainty in age based on the maximum,
minimum, and mid-point age estimate for each fossil locality. Spe-
cies richness was tallied for each 1-Ma interval, with singleton taxa
(those occurring in only one time bin) excluded from the analysis.
Species richness measures derived from the mid-point locality-age
estimates were used for subsequent correlation and multiple regres-
sion analyses. The same methods were used to generate richness
estimates for the tectonically quiescent and Mojave regions. To test
the robustness of our approach using Bayesian credible intervals
and the range-through assumption, we compared richness results
with the shareholder quorum subsampling diversity estimator (62,
81, 82; see Supplementary Methods).

We evaluated changes in faunal composition following multino-
mial likelihood methods presented in Finarelli and Badgley (9). For
each 1-Ma time interval, we calculated compositional similarity us-
ing the multinomial likelihood of the proportional contribution
(fraction of species) of each family-level group to total mammalian
richness. The log-likelihood (LnL) of the multinomial distribution is
given by

(83) LnL(i) = Zja]-ln(pj)
where a; is the count of species in family j and p; is the proportion of
total species in interval i assigned to family j. Summing over j fami-
lies gives the LuL for interval i; this value is then compared with the
LnL calculated for interval i — 1 (i.e., the previous time interval). The
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difference in likelihood estimates between adjacent 1-Ma time in-
tervals reflects the amount of faunal turnover in the record, with
differences in LnL greater than 2.0 considered to represent signifi-
cant faunal change (83).

Statistical analysis

We use global climate and regional tectonic (Basin and Range Province)
and sedimentary-rock outcrop (western US) variables as predictors
of temporal variation in mammal species diversity within the tec-
tonically active western region. We assessed correlations between
abiotic variables and species richness and turnover metrics using a
rank-based correlation test statistic, Spearman’s rho. Because our
temporal data are trending (e.g., exhibit non-stationarity), we addi-
tionally implemented two approaches—first differences (FD) and
generalized differences (GD)—for nonindependence that may be
present in time-series data with either long-term trends or short-term
autocorrelation. Both approaches have been implemented for pale-
ontological time-series data (63, 84), with R code for calculating GD
provided (www.graemetlloyd.com/methgd.html). The same meth-
ods were used to test for richness-climate correlations in the tec-
tonically quiescent east.

We used GLS multiple regression models to assess variation in
richness and turnover as a function of different combinations of six
predictor variables: land surface area, tectonic strain rate, standard-
ized topographic ruggedness, 5'%0 value as proxy for global tem-
perature, 5'°0 slope as proxy for rate of global temperature change,
and outcrop area as proxy for preservation potential. GLS is appro-
priate for time series and nonindependent data because it does not
assume independence of data series or points within a data series
and allows one to account for autocorrelation with an underlying
autoregressive model. We tested a range of autocorrelation struc-
tures using AIC, implementing a second-order autoregressive-
moving average [corARMA(2)] correlation structure across our
candidate models. GLS is further advantageous because it allows
multiple explanatory variables to be tested. From all candidate
models, we evaluated model support using AICc, accepting models
with a delta AICc < 4 relative to the best-fitting model and a P value
of <0.05, using Nagelkerke (39) psuedo-R* values, as our top models.
Calculations were performed in R (74), using the MuMIn (85),
nlme (86), and rcompanion (87) packages; supplementary figures
were produced using the ggplot2 package (88).
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Supplementary Methods and Results
Figs.S1to S11
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Legends for movies S1 and S2

Legend for data S1
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Data S1

REFERENCES AND NOTES
1. C.Badgley, T. M. Smiley, R. Terry, E. B. Davis, L. R. G. DeSantis, D. L. Fox, S. S. B. Hopkins,
T. Jezkova, M. D. Matocq, N. Matzke, J. L. McGuire, A. Mulch, B. R. Riddle, V. L. Roth,
J. X. Samuels, C. A. E. Stromberg, B. J. Yanites, Biodiversity and topographic complexity:
Modern and geohistorical perspectives. Trends Ecol. Evol. 32,211-226 (2017).
2. A. Antonelli, W. D. Kissling, S. G. A. Flantua, M. A. Bermudez, A. Mulch, A. N. Muellner-Riehl,
H. Kreft, H. P. Linder, C. Badgley, J. Fjeldsa, S. A. Fritz, C. Rahbek, F. Herman,

100f 12

$707Z ‘71 Areniqo uo 310°90uaros mmm//:sdny woij papeofumo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

20.
21.
22.
23.

24.

25.

26.

Smiley et al., Sci. Adv. 10, eadn6842 (2024)

H. Hooghiemstra, C. Hoorn, Geological and climatic influences on mountain biodiversity.
Nat. Geosci. 11,718-725 (2018).

. C.Hoorn, F. P.Wesselingh, H. Ter Steege, M. A. Bermudez, A. Mora, J. Sevink, I. Sanmartin,

A. Sanchez-Meseguer, C. L. Anderson, J. P. Figueiredo, C. Jaramillo, D. Riff, F. R. Negri,

H. Hooghiemstra, J. Lundberg, T. Stadler, T. Sarkinen, A. Antonelli, Amazonia through
time: Andean uplift, climate change, landscape evolution, and biodiversity. Science 330,
927-931 (2010).

. C.Rahbek, M. K. Borregaard, A. Antonelli, R. K. Colwell, B. G. Holt, D. Nogues-Bravo,

C. M. @. Rasmussen, K. Richardson, M.T. Rosing, R. J. Whittaker, J. Feldsa, Building
mountain biodiversity: Geological and evolutionary processes. Science 365, 1114-1119
(2019).

. C.Badgley, D. L. Fox, Ecological biogeography of North American mammals: Species

density and ecological structure in relation to environmental gradients. J. Biogeogr. 27,
1437-1467 (2000).

. T.M. Smiley, P. O.Title, M. L. Zelditch, R. C. Terry, Multi-dimensional biodiversity hotspots

and the future of taxonomic, ecological and phylogenetic diversity: A case study of North
American rodents. Glob. Ecol. Biogeogr. 29, 516-533 (2020).

. A.D.Barnosky, M. A. Carrasco, Effects of Oligo-Miocene global climate changes on

mammalian species richness in the northwestern quarter of the USA. Evol. Ecol. Res. 6,
811-841 (2002).

. E.B. Davis, Mammalian beta diversity in the Great Basin, western USA: palaeontological

data suggest deep origin of modern macroecological structure. Glob. Ecol. Biogeogr. 14,
479-490 (2005).

. J. A. Finarelli, C. Badgley, Diversity dynamics of Miocene mammals in relation to the

history of tectonism and climate. Proc. Biol. Sci. 277, 2721-2726 (2010).

. C.Badgley, J. A. Finarelli, Diversity dynamics of mammals in relation to tectonic and

climatic history: Comparison of three Neogene records from North America. Paleobiology
39,373-399 (2013).

. S.Huang, M. J. Meijers, A. Eyres, A. Mulch, S. A. Fritz, Unravelling the history of

biodiversity in mountain ranges through integrating geology and biogeography.
J. Biogeogr. 46, 1777-1791 (2019).

. D.Silvestro, J. Schnitzler, “Inferring macroevolutionary dynamics in mountain systems

from fossils” in Mountains, Climate and Biodiversity, C. Hoorn, A. Perrigo, A. Antonelli, Eds.
(Wiley, 2018), pp. 217-230.

. F.L.Condamine, A. Antonelli, L. P. Lagomarsino, C. Hoorn, L. H. Liow, “Teasing apart

mountain uplift, climate change and biotic drivers of species diversification” in
Mountains, Climate and Biodiversity, C. Hoorn, A. Perrigo, A. Antonelli, Eds. (Wiley, 2018),
pp. 257-272.

. T.F.Rangel, N. R. Edwards, P. B. Holden, J. A. F. Diniz-Filho, W. D. Gosling, M. T. P. Coelho,

F. A. S. Cassemiro, C. Rahbek, R. K. Colwell, Modeling the ecology and evolution of
biodiversity: Biogeographical cradles, museums, and graves. Science 361, eaar5452
(2018).

. H.T.Mix, A. Mulch, M. L. Kent-Corson, C. P. Chamberlain, Cenozoic migration of

topography in the North American Cordillera. Geology 39, 87-90 (2011).

. N. McQuarrie, B. P. Wernicke, An animated tectonic reconstruction of southwestern North

America since 36 Ma. Geosphere 1, 147-172 (2005).

. A.Bahadori, W. E. Holt, E. T. Rasbury, Reconstruction modeling of crustal thickness and

paleotopography of western North America since 36 Ma. Geosphere 14, 1207-1231 (2018).

. A.Bahadori, W. E. Holt, Geodynamic evolution of southwestern North America since the

Late Eocene. Nat. Commun. 10,5213 (2019).

. A.Bahadori, W. E. Holt, R. Feng, J. Austermann, K. M. Loughney, T. Salles, L. Morei,

R. Beucher, N. Lu, L. M. Flesch, C. M. Calvelage, E. T. Rasbury, D. M. Davis, A. R. Potochnik,
W. B.Ward, K. Hatton, S. S. B. Haq, T. M. Smiley, K. M. Wooton, C. Badgley, Coupled
influence of tectonics, climate, and surface processes on landscape evolution in
southwestern North America. Nat. Commun. 13, 4437 (2022).

M. O. Woodburne, Late Cretaceous and Cenozoic Mammals of North America:
Biostratigraphy and Geochronology (Columbia Univ. Press, 2004).

M. J. Kohn, T. J. Fremd, Miocene tectonics and climate forcing of biodiversity, western
United States. Geology 36, 783-786 (2008).

C. Badgley, T. M. Smiley, J. A. Finarelli, Great Basin mammal diversity in relation to
landscape history. J. Mammal. 95, 1090-1106 (2014).

C. M. Janis, Tertiary mammal evolution in the context of changing climates, vegetation,
and tectonic events. Annu. Rev. Ecol. Sys. 24, 467-500 (1993).

B. Figueirido, C. M. Janis, J. A. Pérez-Claros, M. De Renzi, P. Palmqvist, Cenozoic climate
change influences mammalian evolutionary dynamics. Proc. Natl. Acad. Sci. U.S.A. 109,
722-727 (2012).

K. M. Loughney, C. Badgley, A. Bahadori, W. E. Holt, E. T. Rasbury, Tectonic influence on
Cenozoic mammal richness and sedimentation history of the Basin and Range, western
North America. Sci. Adv. 7, eabh4470 (2021).

C. Badgley, T. M. Smiley, K. Loughney, “Miocene mammal diversity of the Mojave region in
the context of Great Basin mammal history” in Mojave Miocene, Desert Symposium Field
Guide and Proceedings (2015), pp. 34-43.

19 June 2024

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

. S.C.R.Maidment, C. D. Dean, R. |. Mansergh, R. J. Butler, Deep-time biodiversity patterns

and the dinosaurian fossil record of the Late Cretaceous Western Interior, North America.
Proc. Biol. Sci. 288, 20210692 (2021).
L. N. Weaver, J. R. Kelson, R. M. Holder, N. A. Niemi, C. Badgley, On the role of tectonics in

stimulating the Cretaceous diversification of mammals. Earth Sci. Rev. 248, 104630 (2024).

E. O. Wilson, R. H. MacArthur, The Theory of Island Biogeography (Princeton Univ. Press,
2016).

D. D. Coblentz, K. H. Riitters, Topographic controls on the regional-scale biodiversity of
the south-western USA. J. Biogeogr. 31, 1125-1138 (2004).

S. D. Willett, Orogeny and orography: The effects of erosion on the structure of mountain
belts. J. Geophys. Res. Solid Earth 104, 28957-28981 (1999).

P. Molnar, P. England, Late Cenozoic uplift of mountain ranges and global climate change:

Chicken or egg? Nature 346, 29-34 (1990).

K. X. Whipple, The influence of climate on the tectonic evolution of mountain belts. Nat.
Geosci. 2, 97-104 (2009).

N. A. Hazzi, J. S. Moreno, C. Ortiz-Movliav, R. D. Palacio, Biogeographic regions and events
of isolation and diversification of the endemic biota of the tropical Andes. Proc. Natl.
Acad. Sci. U.S.A. 115, 7985-7990 (2018).

M.T. Burrows, D. S. Schoeman, A. J. Richardson, J. G. Molinos, A. Hoffmann, L. B. Buckley,
P.J. Moore, C. J. Brown, J. F. Bruno, C. M. Duarte, B. S. Halpern, O. Hoegh-Guldberg,

C.V. Kappel, W. Kiessling, M. 1. O'Connor, J. M. Pandolfi, C. Parmesan, W. J. Sydeman,

S. Ferrier, K. J. Williams, E. S. Poloczanska, Geographical limits to species-range shifts are
suggested by climate velocity. Nature 507, 492-495 (2014).

T.Westerhold, N. Marwan, A. J. Drury, D. Liebrand, C. Agnini, E. Anagnostou, J. S. Barnet,
S. M. Bohaty, D. De Vleeschouwer, F. Florindo, T. Frederichs, An astronomically dated
record of Earth’s climate and its predictability over the last 66 million years. Science 369,
1383-1387 (2020).

J. C. Zachos, G. R. Dickens, R. E. Zeebe, An early Cenozoic perspective on greenhouse
warming and carbon-cycle dynamics. Nature 451, 279-283 (2008).

A. Goldner, N. Herold, M. Huber, The challenge of simulating the warmth of the
mid-Miocene climatic optimum in CESM1. Clim. Past 10, 523-536 (2014).

N. J. D. Nagelkerke, A note on a general definition of the coefficient of determination.
Biometrika 78, 691-692 (1991).

B. J. MacFadden, C. C. Swisher, N. D. Opdyke, M. O. Woodburne, Paleomagnetism,
geochronology, and possible tectonic rotation of the middle Miocene Barstow
Formation, Mojave Desert, southern California. Geol. Soc. Am. Bull. 102, 478-493 (1990).
D. P. Whistler, D. W. Burbank, Miocene biostratigraphy and biochronology of the Dove
Spring Formation, Mojave Desert, California, and characterization of the Clarendonian
mammal age (late Miocene) in California. Geol. Soc. Am. Bull. 104, 644-658 (1992).

D. Pagnac, Revised large mammal biostratigraphy and biochronology of the Barstow
Formation (Middle Miocene), California. PaleoBios 29, 48-59 (2009).

T. M. Smiley, H. G. Hyland, J. M. Cotton, R. E. Reynolds, Evidence of early C4 grasses,
habitat heterogeneity, and faunal response during the Miocene Climatic Optimum in the
Mojave Region. Palaeogeogr. Palaeoclim. Palaeoecol. 490, 415-430 (2018).

. T.M. Smiley, Detecting diversification rates in relation to preservation and tectonic

history from simulated fossil records. Paleobiology 44, 1-24 (2018).

S. A. Darroch, M. M. Casey, G. S. Antell, A. Sweeney, E. E. Saupe, High preservation
potential of paleogeographic range size distributions in deep time. Am. Nat. 196,
454-471 (2020).

D. Esquerré, I. G. Brennan, R. A. Catullo, F. Torres-Pérez, J. S. Keogh, How mountains shape
biodiversity: The role of the Andes in biogeography, diversification, and reproductive
biology in South America's most species-rich lizard radiation (Squamata: Liolaemidae).
Evolution 73, 214-230 (2019).

D. H. Janzen, Why mountain passes are higher in the tropics. Am. Nat. 101, 233-249
(1967).

E. B. Davis, M. S. Koo, C. Conroy, J. L. Patton, C. Moritz, The California Hotspots Project:
Identifying regions of rapid diversification of mammals. Mol. Ecol. 17, 120-138 (2008).
G. G. Mittelbach, D. W. Schemske, Ecological and evolutionary perspectives on
community assembly. Trends Ecol. Evol. 30, 241-247 (2015).

S. E. Peters, Macrostratigraphy and its promise for paleobiology. Paleontological Soc. Pap.
14, 205-231 (2008).

C. A. Stromberg, Evolution of grasses and grassland ecosystems. Annu. Rev. Earth Planet.
Sci. 39,517-544 (2011).

J. L. Blois, J. L. McGuire, E. A. Hadly, Small mammal diversity loss in response to
late-Pleistocene climatic change. Nature 465, 771-774 (2010).

R. J. Rowe, R. C. Terry, Small mammal responses to environmental change: Integrating
past and present dynamics. J. Mammal. 95, 1157-1174 (2014).

P.E. Jardine, C. M. Janis, S. Sahney, M. J. Benton, Grit not grass: Concordant patterns of
early origin of hypsodonty in Great Plains ungulates and Glires. Palaeogeogr. Palaeoclim.
Palaeoecol. 365, 1-10 (2012).

J. X.Samuels, S. S. B. Hopkins, The impacts of Cenozoic climate and habitat changes on
small mammal diversity of North America. Global Planet. Change 149, 36-52 (2017).

110f12

$707Z ‘71 Areniqo uo 310°90uaros mmm//:sdny woij papeofumo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

56. J.C.Hafner, J. E. Light, D. J. Hafner, M. S. Hafner, E. Reddington, D. S. Rogers, B. R. Riddle,
Basal clades and molecular systematics of heteromyid rodents. J. Mammal. 88,
1129-1145 (2007).

57. S.A.Neiswenter, B. R. Riddle, Diversification of the Perognathus flavus species group in
emerging arid grasslands of western North America. J. Mammal. 91, 348-362 (2010).

58. B.R.Riddle, T. Jezkova, M. E. Eckstut, V. Oldh-Hemmings, L. N. Carraway, Cryptic
divergence and revised species taxonomy within the Great Basin pocket mouse,
Perognathus parvus (Peale, 1848), species group. J. Mammal. 95, 9-25 (2014).

59. J.L.Blois, E. A. Hadly, Mammalian response to Cenozoic climatic change. Annu. Rev. Earth
Planet. Sci. 37, 181-208 (2009).

60. S.A. Fritz, J.T. Eronen, J. Schnitzler, C. Hof, C. M. Janis, A. Mulch, K. Bohning-Gaese,

C. H. Graham, Twenty-million-year relationship between mammalian diversity and
primary productivity. Proc. Natl. Acad. Sci. U.S.A. 113, 10908-10913 (2016).

61. T.Kukla, J. K. C. Rugenstein, D. E. Ibarra, M. Winnick, C. A. Stromberg, C. P. Chamberlain,
Drier winters drove Cenozoic open habitat expansion in North America. AGU Adv. 3,
€2021AV000566 (2022).

62. R.A.Close, S.W. Evers, J. Alroy, R. J. Butler, How should we estimate diversity in the fossil
record? Testing richness estimators using sampling-standardised discovery curves.
Methods Ecol. Evol. 9, 1386-1400 (2018).

63. G.T.Lloyd, J.R. Young, A. B. Smith, Taxonomic structure of the fossil record is shaped by
sampling bias. Syst. Biol. 61, 80-89 (2012).

64. A.K.Behrensmeyer, S. M. Kidwell, R. A. Gastaldo, Taphonomy and paleobiology.
Paleobiology 26, 103-147 (2000).

65. M. M. Pires, D. Silvestro, T. B. Quental, Continental faunal exchange and the asymmetrical
radiation of carnivores. Proc. Biol. Sci. 282, 20151952 (2015).

66. D.Silvestro, N. Salamin, A. Antonelli, X. Meyer, Improved estimation of macroevolutionary
rates from fossil data using a Bayesian framework. Paleobiology 45, 546-570 (2019).

67. S.Lehtonen, D. Silvestro, D. N. Karger, C. Scotese, H. Tuomisto, M. Kessler, C. Pefa,

N. Wahlberg, A. Antonelli, Environmentally driven extinction and opportunistic
origination explain fern diversification patterns. Sci. Rep. 7, 4831 (2017).

68. N.S.Upham, J. A. Esselstyn, W. Jetz, Inferring the mammal tree: Species-level sets of
phylogenies for questions in ecology, evolution, and conservation. PLoS Biol. 17,
3000494 (2019).

69. J.T.Eronen, C. M. Janis, C. P. Chamberlain, A. Mulch, Mountain uplift explains differences
in Palaeogene patterns of mammalian evolution and extinction between North America
and Europe. Proc. Biol. Sci. 282, 20150136 (2015).

70. P.E. Potter, P. Szatmari, Global Miocene tectonics and the modern world. Earth Sci. Rev.
96, 279-295 (2009).

71. U.Ring, C. Albrecht, F. Schrenk, “The east African rift system: Tectonics, climate and
biodiversity” in Mountains, Climate and Biodiversity, C. Hoorn, A. Perrigo, A. Antonelli, Eds.
(Wiley, 2018), pp. 391-412.

72. G.A.Dolby, S.E. K. Bennett, R. J. Dorsey, M. F. Stokes, B. R. Riddle, A. Lira-Noriega,

A. Munguia-Vega, B. T. Wilder, Integrating Earth-life systems: A geogenomic approach.
Trends Ecol. Evol. 37,371-384 (2022).

73. M.F. J. Wilson, B. O'Connell, C. Brown, J. C. Guinan, A. J. Grehan, Multiscale terrain analysis
of multibeam bathymetry data for habitat mapping on the continental slope. Mar. Geod.
30, 3-35(2007).

74. R CoreTeam, R: A language and environment for statistical computing (R Foundation for
Statistical Computing, Vienna, Austria, 2020).

Smiley et al., Sci. Adv. 10, eadn6842 (2024) 19 June 2024

75. R.J.Hijmans, raster: Geographic data analysis and modeling. R package version 3.3-13
(2020). https://cran.r-project.org/package=raster.

76. R.S.Bivand, E. J. Pebesma, V. Gomez-Rubio, Applied Spatial Data Analysis With R (Springer,
ed. 2,2013).

77. H.Wickham, D. Seidel, scales: Scale functions for visualization. R package version 1.1.1
(2020). https://CRAN.R-project.org/package=scales.

78. M. A.Carrasco, A. D. Barnosky, B. P. Kraatz, E. B. Davis, The Miocene Mammal Mapping
Project (Miomap): An online database of Arikareean through Hemphillian fossil
mammals. Bull. Carnegie Mus. Nat. Hist. 39, 183-188 (2007).

79. N.M.Fenneman, D.W. Johnson, “Physiographic divisions of the conterminous U. S!" (US
Geological Survey, 1946); https://water.usgs.gov/lookup/getspatial?physio.

80. S.C.Wang, P.J. Everson, H. J. Zhou, D. Park, D. J. Chudzicki, Adaptive credible intervals on
stratigraphic ranges when recovery potential is unknown. Paleobiology 42, 240-256
(2016).

81. J. Alroy, Geographical, environmental and intrinsic biotic controls on Phanerozoic marine
diversification. Palaeontology 53, 1211-1235 (2010a).

82. J. Alroy, Fair sampling of taxonomic richness and unbiased estimation of origination and
extinction rates. Paleontol. Soc. Pap. 16, 55-80 (2010).

83. A.W.F.Edwards, Likelihood. Expanded Edition (Johns Hopkins Univ. Press, 1992).

84. R.J.Butler, R. B. Benson, M.T. Carrano, P. D. Mannion, P. Upchurch, Sea level, dinosaur
diversity and sampling biases: investigating the ‘common cause’ hypothesis in the
terrestrial realm. Proc. Biol. Sci. 278, 1165-1170 (2011).

85. K. Barton, MuMIn: Multi-Model Inference. R package version 1.43.17 (2020). https://
CRAN.R-project.org/package=MuMin.

86. J.Pinheiro, D. Bates, S. DebRoy, D. Sarkar, R Core Team. nlme: Linear and Nonlinear Mixed
Effects Models. R package version 3.1-152 (2021). https://CRAN.R-project.org/
package=nlme.

87. S.Mangiafico, rcompanion: Functions to Support Extension Education Program
Evaluation. R package version 2.4.16 (2022). https://CRAN.R-project.org/
package=rcompanion.

88. H.Wickham, ggplot2: Elegant Graphics for Data Analysis. (Springer-Verlag, 2016).

Acknowledgments: We thank K. Loughney, B. Yanites, and P.Title for constructive comments
on study design. We thank F. Condamine and anonymous reviewers for comments and
recommendations that strengthened the manuscript. Funding: This work was supported by
National Science Foundation Research Coordination grant DEB-1655720 (C.B.), National
Science Foundation Integrated Earth Systems grant EAR-1814051 (E.T.R,, W.E.H., and C.B.), and
National Science Foundation Collaborative Research grant EAR-2041895 (T.M.S.). Author
contributions: Conceptualization: TM.S., C.B., W.EH., ET.R., and A.B. Methodology: TM.S. and
A.B. Investigation: T.M.S. Visualization: T.M.S. Supervision: C.B., ET.R., and W.E.H. Writing—
original draft: TM.S. Writing—review and editing: T.M.S., A.B., ET.R., and W.E.H. Competing
interests: The authors declare that they have no competing interests. Data and materials
availability: All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials.

Submitted 22 December 2023
Accepted 13 May 2024
Published 19 June 2024
10.1126/sciadv.adn6842

120f 12

$707Z ‘71 Areniqo uo 310°90uaros mmm//:sdny woij papeofumo(]



