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ABSTRACT

Tectonic processes drive the evolution of 
basins through local and regional changes 
in topographic relief, which have long-term 
effects on mammalian richness and distri-
bution. Mammals respond to the resulting 
changes in landscape and climate through 
evolution, shifts in geographic range, and 
by altering their community composition. 
Here, we evaluate the relationship between 
tectonic episodes and the diversification his-
tory of fossil mammals in the Miocene Dove 
Spring Formation (12.5–8.5 Ma) of southern 
California, USA. This formation contains a 
rich fossil record of mammals and other ver-
tebrates as well as structural and sedimento-
logical evidence for tectonic episodes of basin 
extension, rotation, and translation.

We used several methods to compare the 
fossil record to the tectonic history of the 
Dove Spring Formation. We updated the 
formation’s geochronology to incorporate 
current radiometric dating standards and 
measured additional stratigraphic sections 
to refine the temporal resolution of large 
mammal (>1 kg) fossil localities to 200-kyr
(or shorter) intervals. Observed species rich-
ness over time follows the same trend as the 
number of localities and specimens, suggest-
ing that richness reflects sampling intensity. 
Estimates of stratigraphic ranges with 80% 
confidence intervals were used to conduct 
per capita diversification analysis and a like-
lihood approach to changes in faunal com-
position from one time interval to the next. 
While edge effects influence time bins at the 
beginning and end of the study interval, we 

found changes in diversification rates and 
faunal composition that are not solely linked 
to preservation. Several rare species appear 
at 10.5 Ma and persist through the top of 
the formation despite variable preserva-
tion rates. Changes in faunal composition at 
12.1 Ma and 10.5 Ma are not associated with 
elevated preservation rates, which indicates 
that some faunal changes are not primarily 
driven by sampling effort. The lower por-
tion of the formation is characterized by high 
origination rates and long residence times. 
The upper portion has high per capita ex-
tinction rates that increased in magnitude 
as basin rotation and translation progressed 
from 10.5 Ma. The greatest change in faunal 
composition coincided with basin rotation 
and translation that interrupted a long-run-
ning extensional period. Tectonics played key 
roles in the diversity of mammals by deter-
mining fossil productivity and shaping the 
landscapes that they inhabited.

INTRODUCTION

Local and regional tectonic processes have a 
direct influence on climatic gradients and veg-
etation patterns relevant to animals, influencing 
their evolution, distribution, and community 
composition (Janis, 1993; Kohn and Fremd, 
2008; Eronen et al., 2015). The fossil record can 
reveal the response of mammalian communities 
to these environmental influences, as seen in sed-
imentary basins throughout the Basin and Range 
Province of western North America (Badgley 
and Finarelli, 2013; Smiley et al., 2018; Lough-
ney et al., 2021). Tectonic processes throughout 
the middle Miocene included widespread exten-
sion and major topographic changes that led to 
the development of topographically complex 
landscapes that characterize the region today 
(Dickinson, 2002; McQuarrie and Wernicke, 
2005; Bahadori et al., 2018). High mammalian 

species richness at the regional scale is associ-
ated with this period of tectonic development, 
and a similar pattern may be detectable at the 
basin scale (Loughney et al., 2021). Here, we 
focus on the middle to late Miocene Dove Spring 
Formation (12.5–8.5 Ma), which is located in the 
El Paso Basin of the northwestern Mojave region 
in southern California, USA (Fig. 1).

The deposition of the Dove Spring Formation 
coincided with a period of global changes in cli-
mate that began around 14 Ma known as the Mid-
dle Miocene Climatic Transition (MMCT; Zachos 
et al., 2001; Frigola et al., 2018; Steinthorsdottir 
et al., 2021). Regional tectonic episodes altered 
elevation and topographic relief in western North 
America, leading to increased seasonality of 
temperature and precipitation compared to the 
warmer Middle Miocene Climatic Optimum (ca. 
17–14 Ma). Faunal assemblages characterized, in 
part, by high species richness of ungulates devel-
oped throughout the Basin and Range in response 
to tectonically driven climatic and vegetation gra-
dients of the MMCT (Wing, 1998; Janis et al., 
2000; Chamberlain et al., 2014).

We investigated the links between tectonic 
history and mammalian species richness through 
geologic time with three goals: (1) to refine the 
stratigraphy and geochronology to serve as 
a temporal framework for evaluating faunal 
change in relation to tectonic episodes, (2) to 
identify changes in species richness and com-
position based on the estimated residence time 
of large mammals, and (3) to assess per capita 
origination and extinction rates in relation to 
the timing of tectonic episodes. Our work is 
part of a broader effort to examine changes in 
landscape, climate, vegetation, and mamma-
lian diversity that are associated with tectonic 
processes occurring throughout western North 
America (Finarelli and Badgley, 2010; Badgley 
and Finarelli, 2013; Badgley et al., 2017; Lough-
ney and Badgley, 2020). Previous work in the 
Crowder, Cajon Valley, and Barstow formations 
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within the Mojave region has illustrated patterns 
of increased species richness in topographically 
complex landscapes that are not driven by pres-
ervation (Smiley, 2016; Loughney and Badgley, 
2020; Loughney et al., 2021).

Paleontological Background

The Dove Spring Formation is located in the El 
Paso Basin of southern California, USA (35.373° 
N, 117.991° W). This formation spans Claren-
donian (12.5–10.3 Ma) to early Hemphillian 
(10.3–8.5 Ma) North American land mammal 
ages. These intervals of geologic time are char-
acterized, in part, by decreasing species richness 
of ungulate taxa (Woodburne, 1987, 2004; Janis 
et  al., 2000). The Dove Spring Formation has 
been well studied in terms of vertebrate pale-
ontology, lithostratigraphy, tephrochronology, 
and tectonic setting (Merriam, 1919; Dibblee, 
1967; Loomis and Burbank, 1988; Whistler and 
Burbank, 1992; Perkins et al., 1998; Wang and 
Barnes, 2008). Over 7400 vertebrate fossils have 

been collected and catalogued from more than 
750 localities by workers associated with the 
Natural History Museum of Los Angeles County 
for over a century, leading to a well-documented 
sequence of mammalian assemblages (Tedford 
et  al., 2004; Whistler et  al., 2009). Over 100 
mammalian species have been recognized in the 
Dove Spring Formation, 70 of which are large-
mammal lineages (>1 kg in estimated adult body 
weight; Whistler et al., 2009). Four orders (Artio-
dactyla, Carnivora, Perissodactyla, and Probosci-
dea) and 14 families of large mammals are rec-
ognized in the Dove Spring Formation, with 59 
taxa identified to the genus level and 20 further 
identified to the species level. (Here, we refer to 
the taxonomic order “Artiodactyla” due to its pri-
ority over “Cetartiodactyla” as a monophyletic 
group that includes the last common ancestors of 
all even-toed ungulates in this study; Asher and 
Helgen, 2010; Prothero et al., 2022.)

Ungulates are well represented in the Dove 
Spring Formation. Artiodactyl families include 
Antilocapridae (pronghorns), Camelidae (cam-

els), Merycoidodontidae (oreodonts), and 
Tayassuidae (peccaries) (Whistler and Burbank, 
1992; Whistler et al., 2009). Antilocaprids are 
represented by four genera and are the most 
commonly occurring artiodactyls in terms of 
specimens and localities. Camelids are repre-
sented by three genera and numerous specimens. 
Merychyus major is the only species of mery-
coidodontid present. Tayassuids are rare in the 
formation and are represented by Prosthennops 
sp. Perissodactyls in the formation belong to the 
Equidae (horses) and Rhinocerotidae (rhinos), 
with equids represented by numerous specimens 
from seven species, while rhinocerotids are rare 
and limited to one genus (Apehlops). Probosci-
deans belong to two families, Amebelodontidae 
and Gomphotheriidae, and are represented by 
one species each (Amebelodon burnhami and 
Gomphotherium sp., respectively). Canids are 
the most common carnivores, with nine lineages 
recognized in the formation, six of which belong 
to the Borophaginae (bone-crushing dogs; Wang 
and Barnes, 2008; Tedford and Wang, 2009). 

Figure 1. Map of study location, centered on the El Paso Basin. The basin’s southern boundary is the Garlock fault, and the western bound-
ary is the frontal fault of the Sierra Nevada Range.
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The Amphicyonidae are represented by Ischy-
rocyon mohavensis, which occurs alongside 
canids through most of the formation. Three 
species of Felidae are present, but their fossils 
are considerably rarer than those of the Cani-
dae (Whistler et al., 2009; Tseng et al., 2010). 
The Barbourofelidae are rare and represented 
by Barbourofelis whitfordi. Four mustelid spe-
cies are present (Whistler and Burbank, 1992; 
Whistler et al., 2009). Tedford (1965) divided 
the fossil record of the Dove Spring Formation 
into three superposed faunal assemblages that 
were later revised with new age interpretations 
by Whistler et al. (2009).

We used the fossil record of large mammals to 
evaluate potential causes of faunal change, partic-
ularly tectonic changes in the basin and regional 

climate. Changes in per capita rates of origination 
and extinction can be detected by analyzing taxo-
nomic richness through a stratigraphic sequence. 
Using statistical estimates of residence times of 
lineages, we generated a record of estimated rich-
ness and faunal composition that provides a more 
realistic chronology of faunal history compared 
to the observed fossil record. We focus on the 
large mammals of the Dove Spring Formation 
because they are the most abundant group among 
the fossil assemblages in terms of specimens 
recovered and species richness (Table 1).

Geologic Background

The Dove Spring Formation is the upper mem-
ber of the Ricardo Group and consists of 1800 m 

of fluvial and lacustrine sediments and volcanic 
ashes deposited between 12.5 Ma and 8.5 Ma 
(Fig. 2; Whistler and Burbank, 1992; Whistler 
et al., 2009). It lies disconformably above the 
predominantly volcanic Cudahy Camp Forma-
tion (ca. 18–15 Ma; Loomis and Burbank, 1988; 
Whistler et al., 2009). The study interval mostly 
consists of sandstones and mudstones interbed-
ded with at least 18 laterally extensive ash units 
(Loomis and Burbank, 1988; Whistler and Bur-
bank, 1992; Perkins et al., 1998). Dating methods 
include magnetostratigraphy, tephrochronologic 
correlation, and radiometric dating (U-Pb, K/Ar, 
40Ar/39Ar, and fission-track dating) and provide a 
temporal resolution of ∼200,000 years to most 
fossil localities (Evernden et al., 1964; Tedford, 
1965; Cox and Diggles, 1986; Loomis and Bur-

TABLE 1. LARGE MAMMALS OF THE DOVE SPRING FORMATION WITH OBSERVED AND ESTIMATED FIRST AND LAST OCCURRENCES

Group Species Obs. first occ. (Ma) Obs. last occ. (Ma) Est. first occ. (Ma) Est. last occ. (Ma) No. of fossil horizons

Artiodactyla
Antilocapridae Unassigned* 12.5 8.5 12.7 8.3 21
Antilocapridae cf. Illingoceros sp. 8.7 8.7 8.7 8.7 1
Antilocapridae Cosoroyx sp. 12.3 8.9 12.6 8.6 14
Antilocapridae Paracosoryx furlongi 12.5 10.9 12.7 10.7 8
Antilocapridae Plioceros sp. 10.5 8.9 10.7 8.7 8
Camelidae Unassigned* 12.5 8.5 12.7 8.3 21
Camelidae Aepycamelus sp. 10.5 9.5 10.8 9.2 4
Camelidae Megatylopus sp. 10.3 9.5 10.5 9.3 5
Camelidae Procamelus sp. 11.1 9.9 11.4 9.6 5
Merycoidodontidae Unassigned 12.3 8.7 12.9 8.1 7
Merycoidodontidae Merychyus major 12.5 8.9 12.9 8.5 11
Tayassuidae Unassigned 10.9 9.9 11.2 9.7 5
Tayassuidae Prosthennops sp. 11.1 10.1 11.6 9.6 3

Perissodactyla
Equidae Unassigned* 12.5 8.5 12.7 8.3 21
Equidae Cormohipparion sp. 11.9 9.5 12.1 9.3 12
Equidae “Dinohippus” leardi 11.1 8.7 11.5 8.3 7
Equidae Hipparion forcei 11.7 8.7 12.0 8.4 11
Equidae Hipparion sp. 12.3 8.7 12.6 8.4 12
Equidae Hipparion tehonense 11.1 9.7 11.3 9.5 7
Equidae Megahippus sp. 12.5 10.5 13.5 9.5 3
Equidae Pliohippus tantalus 12.5 8.5 12.8 8.3 17
Rhinocerotidae Unassigned 11.9 8.7 12.3 8.3 9
Rhinocerotidae Aphelops sp. 11.9 9.9 12.6 9.2 4

Proboscidea
Proboscidea Unassigned 11.1 8.9 11.7 8.4 5
Amebelodontidae Amebelodon burnhami 11.1 8.9 11.7 8.4 5
Gomphotheriidae Unassigned 12.5 8.7 12.8 8.4 16
Gomphotheriidae Gomphotherium sp. 12.3 8.7 12.6 8.4 13

Carnivora
Carnivora Unassigned 12.3 8.9 12.6 8.6 12
Amphicyonidae Ischyrocyon mohavensis 12.1 9.3 13.5 7.9 3
Barbourofelidae Barbourofelis sp. 10.5 9.5 11.0 9.0 3
Barbourofelidae Barbourofelis whitfordi 9.7 9.7 9.7 9.7 1
Canidae Unassigned 12.1 8.7 12.4 8.4 14
Canidae Borophagus littoralis 10.5 8.9 11.0 8.4 4
Canidae Carpocyon robustus 11.1 9.7 12.5 8.3 2
Canidae Carpocyon webbi 8.9 8.9 8.9 8.9 1
Canidae Epicyon haydeni 10.5 9.7 10.9 9.3 3
Canidae Epicyon saevus 12.1 8.9 12.7 8.3 6
Canidae Epicyon sp. 10.3 9.7 10.5 9.5 4
Canidae Leptocyon vafer 11.3 8.9 12.1 8.1 4
Canidae Metalopex macconnelli 9.7 8.7 10.0 8.4 4
Canidae Vulpinae 8.7 8.7 8.7 8.7 1
Felidae Unassigned 12.5 8.9 13.0 8.5 9
Felidae Homotherium sp. 10.3 8.9 11.0 8.2 3
Felidae Nimravides sp. 10.3 10.3 10.3 10.3 1
Felidae Pseudaelurus sp. 9.9 9.5 10.3 9.1 2
Mustelidae Unassigned 10.5 8.7 10.9 8.3 6
Mustelidae Martes buwaldi 10.5 8.7 11.0 8.3 5
Mustelidae Martinogale faulli 9.9 8.7 10.5 8.1 3
Procyonidae Bassariscus sp. 10.1 8.7 10.5 8.4 5

Note: In cases where species-level identification was not available for a time interval, we counted fossils identified to the family-level as species lineages to indicate the 
presence of a group. Fossil horizons represent the number of 200-kyr time bins from which any particular taxon has been recovered. Obs.—Observed; occ.—occurrence; 
Est.—Estimated; No.—Number.

*These taxa were excluded from most of our diversification analyses because they span nearly the entire formation and do not contribute meaningful information.
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bank, 1988; Whistler and Burbank, 1992; Per-
kins et al., 1998; Perkins and Nash, 2002; Smith 
et al., 2002; Lourens et al., 2004; Tedford et al., 
2004; Bonnichsen et al., 2008; Whistler et al., 
2009; Table 2). The lower half of the formation 
contains two thick basalt flows, with a 40Ar/39Ar 
radiometric age of 10.5 ± 0.25 Ma measured in 
the upper basalt (Loomis and Burbank, 1988; 
Whistler and Burbank, 1992).

Analysis of faunal and environmental changes 
requires a well-resolved chronology. The current 
chronological framework for the Dove Spring 
Formation is the culmination of decades of work 
integrating lithostratigraphy, magnetostratigra-
phy, biostratigraphy, and tephrochronology of 
the formation. Ten of the 18 prominent ashes in 

the study area were correlated throughout west-
ern North America using tephrochronology, and 
the remaining eight were radiometrically dated 
(Perkins et al., 1998; Perkins and Nash, 2002). 
Improvements to radiometric methods neces-
sitate occasional revisions to age estimates to 
ensure accuracy and consistency (Begemann 
et  al., 2001; Renne et  al., 2010; Carter et  al., 
2020; Schaen et al., 2021). Ages of many fos-
sil localities are based on the tephrochronology 
of associated ash layers (Whistler et al., 2009, 
2013). To further refine the stratigraphic reso-
lution and age estimates of fossil localities, we 
measured 19 new stratigraphic sections and 
updated magnetostratigraphic correlations to 
the 2012 edition of the Geomagnetic Time Scale 

(Whistler and Burbank, 1992; Hilgen et  al., 
2012). We updated 18 published radiometric 
dates for the Dove Spring Formation using cur-
rent decay-constant standards (Begemann et al., 
2001; Renne et al., 2010; Carter et al., 2020).

The El Paso Basin is located within a large 
fault zone that separates the western Basin and 
Range from the Sierra Nevada Mountains. The 
Walker Lane Belt and the Eastern California 
Shear Zone are right-lateral, strike-slip fault 
zones separated by the left-lateral Garlock 
fault (Loomis and Burbank, 1988; Faulds and 
Henry, 2008; Andrew et al., 2015; Dixon and 
Xie, 2018). These fault zones accommodate 
boundary motion between the Pacific and North 
American tectonic plates (Guest et al., 2007). 

Figure 2. Stratigraphy of the 
Dove Spring Formation with 
updated correlations based on 
recalibrated radiometric dates. 
Top of formation is based on 
new tephrochronologic correla-
tion by Knott et al. (2022). Col-
umns labeled W92 are modified 
from Whistler and Burbank 
(1992). Magnetic polarity stra-
tigraphy is from Whistler et al. 
(2009). Magnetic polarity time 
scale is modified from Hilgen 
et  al. (2012). Lateral distance 
between first and last columns 
is ∼8 km.
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The fault geometry within the El Paso Basin 
displays characteristics of both extensional and 
shear movement. Loomis and Burbank (1988) 
recognized four episodes of structural develop-
ment in the basin. During episode 1, the under-
lying Paleocene Goler Formation was tilted 
between the late Paleocene and early Miocene. 
Episode 2 is a period of north-south extension 
that began during the deposition of the under-
lying Cudahy Camp Formation (approximately 
18–15 Ma). A series of east-west trending dikes 
within the Cudahy Camp Formation is associated 
with northwest movement between 17 Ma and 
15 Ma of an extensive area of bedrock known 
as the Sierra Nevada–Great Valley crustal block 
(McQuarrie and Wernicke, 2005; Camp et al., 
2015). This long episode of extension continued 
to increase the basin area and created accommo-
dation space for sediment accumulation during 
the first 2.5 m.y. of the Dove Spring Formation. 
Episode 3 began at ca. 10.5 Ma with counter-
clockwise rotation of the basin and allowed for 
westward translation of the entire basin along the 
Garlock fault up to 64 km closer to the Sierra 
Nevada. In episode 4, west-northwest tilting and 
related extension deformed strata as young as 
9.0 Ma, increasing subsidence and basin relief 
relative to the Sierra Nevada Mountains.

As the extension taking place during episode 
2 progressed during the early deposition of the 
Dove Spring Formation, the basin increased in 

size relative to episode 1. Increasing subsidence 
allowed for the development of mature southeast-
to-northwest drainage networks that transported 
sediments from the El Paso Mountains into the 
basin (Loomis and Burbank, 1988). Lacustrine 
sediments are present in the northern part of the 
basin underneath the basalts, and lakes are com-
mon features in extensional settings (Gawthorpe 
and Leeder, 2000). The isotopic signal of a rain 
shadow east of the Sierra Nevada Mountains 
documented since 16.0 Ma in several locations 
throughout the Great Basin indicates that there 
was significant relief between the southern Sierra 
Nevada and the northwestern Mojave region 
during the early deposition of the Dove Spring 
Formation (Loomis and Burbank, 1988; Poage 
and Chamberlain, 2002; Crowley et al., 2008; 
Whistler et al., 2009). This rain shadow began 
to weaken during episode 2 as regional exten-
sion lowered the paleoelevation of the southern 
Sierra Nevada (Poage and Chamberlain, 2002; 
Lechler et al., 2013). In addition, pollen and dia-
tom records from the contemporaneous marine 
Monterey Formation indicate that the regional 
climate during tectonic episode 2 began turning 
cooler and drier at 15 Ma (Flower and Kennett, 
1993; Heusser et al., 2022).

The rotation and translation of episode 3 coin-
cided with increasing subsidence rates through-
out the central Basin and Range (Andrew et al., 
2015; Loughney et al., 2021). Movement along 

the Garlock fault during this interval is par-
tially constrained by volcanism in the Summit 
Range east of the El Paso Basin, with lithologi-
cal and geochemical correlations that suggest 
close proximity to the Lava Mountains until 
ca. 10.3 Ma (Fig. 1; Smith et al., 2002; Andrew 
et al., 2015). The initiation of movement on this 
segment of the Garlock fault accommodates slip 
between the Walker Lane Belt to the north and 
the Eastern California Shear Zone to the south. 
Fault movement is correlated with changes 
in sediment accumulation rate, and an age of 
10.5 Ma allows for uncertainty in estimating 
the timing of its initiation (Mitchell and Read-
ing, 1978; Loomis and Burbank, 1988; Burbank 
and Anderson, 2012). The tectonic activities of 
episode 3 locally interrupted the steady rates of 
subsidence within the basin and may have cut 
off existing drainage channels (Loomis and 
Burbank, 1988; Gawthorpe and Leeder, 2000). 
The regional cooling and drying trends observed 
within the Monterey Formation that began dur-
ing episode 2 continued into tectonic episode 3 
(Flower and Kennett, 1993; Heusser et al., 2022).

Episode 4 represents a new period of east-
west extension in the El Paso Basin that began 
between 9.5 Ma and 9.0 Ma based on cut strata 
and progressively less rotation observed in 
beds younger than 10.0 Ma (Loomis and Bur-
bank, 1988). Concurrent regional extension was 
associated with the southward migration of the 

TABLE 2. RADIOMETRIC DATES OF PROMINENT AND LATERALLY CONTINUOUS ASH LAYERS WITHIN 
THE DOVE SPRING FORMATION, WITH UPDATED DECAY CONSTANTS

Ash 
number

Date (Ma) Error  
(± m.y.)

Radiometric 
system

Tephra correlation Date using 
updated decay 
constant (Ma)

Difference (m.y.) Source

17 8.7945 0.1945 — Monterey Fm. — — Knott et al. (2022)
16 8.5 0.15 40Ar/39Ar — 8.52 +0.02 Whistler and Burbank (1992)
15 8.4 1.8 FT — 8.42 +0.02 Cox and Diggles (1986)
14 N.D. — — — — — N.A.
13 N.D. — — — — — N.A.
12 N.D. — — — — — N.A.
11 9.7 0.2 40Ar/39Ar Celetron 2 9.72 +0.02 Perkins et al. (1998); Perkins and Nash (2002); 

Bonnichsen et al. (2007)
10 N.D. — — — — — N.A.
9 10.2 0.2 40Ar/39Ar OC3 10.22 +0.02 Perkins et al. (1998); Perkins and Nash (2002); 

Bonnichsen et al. (2007)
8 10.6 0.2 40Ar/39Ar OC2 10.62 +0.02 Perkins et al. (1998); Perkins and Nash (2002); 

Bonnichsen et al. (2007)
7 10.4 1.6 FT — 10.42 +0.02 Cox and Diggles (1986)
N.A. 10.5 0.25 40Ar/39Ar Basalt 10.52 +0.02 Whistler and Burbank (1992)
7 11.01 0.03 40Ar/39Ar CPT XIII 11.03 +0.02 Perkins et al. (1998); Perkins and Nash (2002); 

Bonnichsen et al. (2007)
6 10.5 0.25 40Ar/39Ar — 10.52 +0.03 Whistler and Burbank (1992)
5 11.2 0.1 40Ar/39Ar CPT XII 11.23 +0.03 Perkins et al. (1998); Perkins and Nash (2002); 

Bonnichsen et al. (2007)
4 11.64 0.05 — Ammonia Tanks 11.67 +0.03 Perkins et al. (1998); Bonnichsen et al. (2007)
3 11.8 0.9 FT — 11.83 +0.03 Loomis and Burbank (1988)
3 11.83 0.05 — Rainier Mesa 11.86 +0.02 Perkins et al. (1998); Bonnichsen et al. (2007)
2 11.7 0.2 40Ar/39Ar — 11.55 –0.15 Smith et al. (2002)
2 12.01 0.03 40Ar/39Ar Ibex Hollow 12.04 +0.03 Perkins et al. (1998); Perkins and Nash (2002); 

Bonnichsen et al. (2007)
1 10.3 — K/Ar — 10.32 +0.02 Evernden et al. (1964)
1 12.15 0.04 40Ar/39Ar CPT V 12.18 +0.03 Perkins et al. (1998); Bonnichsen et al. (2007)
0 15.1 0.5 K/Ar — 15.13 +0.03 Cox and Diggles (1986)

Note: Radiometric dates of prominent and laterally continuous ash layers within the Dove Spring Formation. All dates were updated with currently accepted radioactive 
decay constants. N.A.—not applicable; N.D.—no data; Fm.—formation; FT—fission-track dating.
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Rivera triple junction as the San Andreas trans-
form boundary between the Pacific and North 
American plates shifted toward the current Gulf 
of California (Dickinson, 2002; McQuarrie and 
Wernicke, 2005; Bahadori et al., 2018). Dove 
Spring sediments from episode 4 are increas-
ingly coarse, with distinctively granitic clast 
composition that indicates the Sierra Nevada 
Mountains to the west were a new sediment 
source by 9.0 Ma (Loomis and Burbank, 1988; 
Fig. 2). Paleocurrent studies by Loomis and Bur-
bank (1988) demonstrated a shift to a northwest-
to-southeast drainage pattern, and the coarser 
sediments suggest the presence of higher-energy 
stream channels than during the extension of 
episode 2. Mean annual precipitation began 
to increase after 8.9 Ma throughout the region 
based on macrofossil and pollen records from 
several nearby basins that indicate the expan-
sion of water-reliant pine forests (Axelrod, 1977; 
Heusser et al., 2022). Regional extension during 
episode 4 may have further weakened the rain-
shadow effect from the southern Sierra Nevada, 
although there is debate regarding the precise 
timing of changes to its paleoelevation (Poage 
and Chamberlain, 2002; Lechler et al., 2013).

DATA AND METHODS

To investigate the potential link between tec-
tonic episodes and fossil preservation, we used 
a composite stratigraphic column to calculate 
average sediment accumulation rates through-
out the Dove Spring Formation. Variations in 
sediment accumulation rate are indicators of 
changes in topography or subsidence that influ-
ence the preservation potential of sediments 
(Rust and Koster, 1984; Paola et  al., 1992; 
Finarelli and Badgley, 2010; Loughney et  al., 
2021). In terrestrial basins, this rate is controlled 
by changes in subsidence driven largely by fault 
movement resulting in subsidence or changes 
in relief (Leeder, 1993; Holland, 2016; Holland 
and Loughney, 2021). We utilized data for the 
stratigraphic thickness of each magnetic polar-
ity interval and the thickness between dated ash 
deposits to calculate sediment accumulation 
rates. We omitted the pair of thick basalt flows 
near the middle of the section from our calcula-
tions because these volcanic units are not part of 
the normal mode of deposition.

We assigned fossil localities to 200-kyr time 
bins and developed a biochronology based 
on fossil occurrences within these intervals. 
We followed the convention of naming time 
bins based on the beginning of each bin (e.g., 
12.50–12.31 Ma; 12.3–12.11 Ma). We placed 
fossil localities into accurate geographic and 
stratigraphic contexts by reviewing a series of 
24 aerial photographs, 15 field notebooks, seven 

topographic maps, and three geologic maps pro-
duced by David Whistler of the Natural History 
Museum of Los Angeles County (Los Angeles, 
California, USA) during his extensive work on 
the Dove Spring Formation. GPS technology did 
not exist at the time of collection for many of 
these localities, so Whistler and colleagues used 
topographic and geologic maps in conjunction 
with U.S. Geological Survey aerial photographs 
to document localities on the ground. We geore-
ferenced these maps and photographs using the 
North American Datum of 1983 (NAD 83) as 
a spatial reference to place localities in Google 
Earth and Esri’s ArcGIS. We measured 19 new 
stratigraphic sections in the field and used strati-
graphic marker units to correlate them to the 
stratigraphy of Whistler and Burbank (1992), 
Whistler et al. (2009), and Whistler et al. (2013) 
to refine the stratigraphic placement of fossil 
localities throughout the formation.

The Natural History Museum of Los Angeles 
County vertebrate paleontology database con-
tains over 7200 specimens recovered from the 
Dove Spring Formation. The majority (6747) 
of these specimens are fossil mammals, with 
the remainder consisting of reptiles, amphib-
ians, birds, and fish. We compiled a faunal list 
of large mammal specimens identified to the 
species, genus, or family level for a total of 49 
taxa that span the 4 m.y. of stratigraphic record. 
In some cases, specimens are identified to the 
genus or family level but cannot be assigned to 
a single species. These specimens still provide 
valuable occurrence data, so we established cri-
teria for their inclusion in our analyses. When a 
genus is represented by multiple species, unas-
signed specimens could belong to any of those 
species, so we omitted these from further analy-
sis. In cases in which a genus is represented by 
a single species, unassigned specimens were 
only counted as separate species lineages when 
species-level identification was not possible. 
Family-level designations were only included as 
species lineages when their estimated residence 
times did not span the entire formation.

The true residence time of any fossil taxon is 
underrepresented by observed specimens due 
to incomplete preservation. To account for the 
uncertainty in observed stratigraphic ranges, we 
used the method of Strauss and Sadler (1989) 
to calculate 80% confidence intervals based on 
the number of time intervals containing each 
taxon. We selected this confidence level to main-
tain resolution on the timing of originations and 
extinctions through the formation while acknowl-
edging the sampling density of large mammal 
specimens (n = 3648). This method assumes a 
constant probability of recovering a fossil from 
within a taxon’s true stratigraphic range. We cal-
culated the unbiased point estimates of first and 

last occurrences of each large mammal lineage 
by adding the average gap size between fossil 
horizons to the observed first and last occurrences 
in 200-kyr time bins (Table 1). Most of our analy-
ses are based on the estimated residence times 
(Fig. 3). Confidence intervals and point estimates 
were not calculated for singletons, as these esti-
mates require multiple horizons.

An important consideration in our analyses 
is the presence of edge effects (Foote, 2000; 
Badgley and Finarelli, 2013). This phenomenon 
is due to the limitations of the fossil record to 
capture taxa whose residence times actually 
extend beyond the study interval and is strongly 
influenced by the presence of singletons, which 
we excluded from our analyses. Observed rich-
ness is typically low near both the beginning and 
end of any study interval, with high numbers of 
first appearances toward the lower edge and last 
appearances toward the upper edge (Alroy, 2010). 
Edge effects result in inflated per capita rates of 
origination at the start of an interval and inflated 
per capita rates of extinction at the end. To miti-
gate the influence of edge effects, we excluded 
the first two and last two time intervals (12.5 Ma, 
12.3 Ma, 8.7 Ma, and 8.5 Ma) from our inter-
pretations of faunal change. This allowed us to 
acknowledge the presence of edge effects while 
focusing on internal richness patterns.

Following Strauss and Sadler (1989; also 
Marshall, 1990, 2010), the formula for calculat-
ing a stratigraphic range extension using an 80% 
confidence interval is:

	 r R Cc
H

= −( ) −
− −( )

[ ],
/

1 1
1 1

	 (1)

where:

rc = projected stratigraphic range extension,
R = observed stratigraphic range (observed first 

occurrence datum − observed last occur-
rence datum),

C = confidence level (80% in this study), and
H = number of time intervals with occurrence 

of taxon.

The average gap size between fossil occur-
rences is given in the following equation:

	 runbiased = −( )R/ H 1 , 	 (2)

where:

runbiased = average gap size between fossil 
occurrences,

R = observed stratigraphic range (observed first 
occurrence datum − observed last occurrence 
datum), and

H = number of time intervals with occurrence 
of taxon.
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To evaluate change in faunal composition, 
we used a multinomial likelihood method to 
compare change between adjacent 200-kyr 
time intervals. Equation 3 is the log-likelihood 
(LnL) of the multinomial distribution (Edwards, 
1992; Handley et  al., 2009; Finarelli and 
Badgley, 2010). For each time interval of inter-
est (i) and its preceding interval, we calculated 
the proportion of species in each family from 
the total assemblage and the likelihood of that 
proportion.

The equation to calculate the log-likelihood of 
the multinomial distribution is:

	
LnL lni a pi j j( )=Σ ( ),

	
(3)

where:

aj = count of species in family j, and
pj = proportion of total species in interval i 

assigned to family j.

We compared the maximum likelihood of 
faunal proportions for each time interval to the 
maximum likelihood estimate based on the pre-
ceding interval by subtracting the latter from the 
former, to evaluate the difference in log-likeli-
hood values (delta LnL). The results were used 
to evaluate changes in faunal composition among 
subsequent time intervals; the magnitude of delta 
LnL is higher with increasingly divergent propor-
tions among intervals. A delta LnL value of 2.0 
is the standard threshold for statistically signifi-
cant change in maximum-likelihood estimates 
(Edwards, 1992; Badgley and Finarelli, 2013).

Variations in sampling frequency and pres-
ervation contribute to uncertainty in rates of 
origination and extinction in the fauna, which are 
based on first and last occurrences of lineages. 
We used Foote’s (2000) estimate of preservation 
rate to evaluate changes in the quality of the fos-
sil record for comparison with rates of origina-
tion and extinction. This estimate of preservation 

rate is calculated by comparing the total number 
of taxa (including range-through taxa) actually 
observed in a given interval with the estimated 
number of taxa (including range-through taxa) 
based on unbiased point estimates of their first 
and last occurrences. We calculated the preser-
vation rate r(i) for each 200-kyr interval of the 
fossil record using Foote’s (2000) equation:

	
r i N i i( ) ,=− − ( ) ( )( )ln /Nbt, samp bt1

	
(4)

where:

Nbt,samp(i) = number of species observed in the 
fossil record, including range-through taxa, 
whose residence time indicates the likelihood 
of their presence in an interval (i), and

Nbt(i) = estimated number of species in an inter-
val (i), including range-through taxa based on 
unbiased point estimates of their first and last 
occurrences.

Figure 3. Temporal distribution of large mammals from the Dove Spring Formation. Stratigraphic occurrences of fossil taxa are denoted by 
black points. Thick vertical lines represent observed residence time with thin vertical lines indicating 80% confidence intervals with endpoints 
indicated by white triangles. Unbiased point estimates of first and last occurrences are indicated by horizontal tick marks. Tectonic episodes 
are marked by gray zones to indicate uncertainty in the timing of their initiation. Numbers correspond to taxon names listed in Table A1.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37082.1/6006656/b37082.pdf
by University of Michigan user
on 25 March 2024



Hardy and Badgley

8	 Geological Society of America Bulletin, v. 130, no. XX/XX

We compared changes in species richness 
based on observed and estimated residence 
times and determined the observed and esti-
mated number of “originations” and “extinc-
tions” that occurred within each time interval. 
Here, “originations” refer to first appearances 
and may include endemic speciation events or 
immigrations, while “extinctions” refer to last 
appearances, including actual extinctions or 
emigration of species. Stratigraphic processes, 
such as changes in sediment availability or 
depositional environment, may also lead to vari-
able preservation and uncertainty in residence 
times (Holland, 2016). The majority of species 
are found elsewhere in the Basin and Range or 
Great Plains regions before and after their first 
appearance in the Dove Spring Formation (Ted-
ford et al., 2004; Pagnac, 2009; Whistler et al., 
2009; Priego-Vargas et al., 2016).

We used the per capita approach to diversi-
fication of Foote (2000). This approach recog-
nizes four categories of occurrences: species 
confined within a single time interval (single-
tons), bottom-boundary crossers (Nb) with a 
last occurrence during the focal interval, top-
boundary crossers (Nt) with a first appearance 
in the focal interval, and taxa that range through 
the focal interval and cross both the bottom and 
top boundaries (Nbt). We calculated the standing 
richness and per capita rates of origination p(i) 
and extinction q(i) for each interval as follows:

	
p i N i N ibt t( ) ( ) ( )( )=−ln / ,

	
(5)

	 q i N i N ibt b( ) ( ) ( )( )=−ln / ,	 (6)

where:

Nbt(i) = range-through taxa,
Nt(i) = top-boundary crossers, and
Nb(i) = bottom-boundary crossers.

We determined rates of diversification from 
the per capita origination and extinction rates to 
evaluate the per capita rate of change in species 
richness for each interval. Diversification rate 
d(i) is the net change in species richness, which 
is expressed as the absolute difference between 
per capita rates of extinction and origination 
(Equation 7; Foote, 2000; Badgley and Finarelli, 
2013; Domingo et al., 2014). Diversification rate 
d(i) is expressed as:

	
d i N i N i N i( ) ( ) ( )( ) ( )= −t b bt/ ,

	
(7)

where

Nbt(i) = range-through taxa,
Nt(i) = top-boundary crossers, and
Nb(i) = bottom-boundary crossers.

To evaluate the significance of the diversifi-
cation metrics, we used Microsoft Excel 2016 
to generate 1000 bootstrap replicates of the esti-
mated temporal durations of each taxon. Each 
bootstrapped dataset was generated using a 
random pull of the 49 large mammal taxa with 
replacement based on estimated first and last 
occurrences. For each time interval, we deter-
mined confidence intervals of origination rate, 
extinction rate, and diversification rate as two 
standard deviations of the mean of the bootstrap 
distribution. Values of each metric are consid-
ered to be statistically significant (nonzero at 
∼95% confidence) when the confidence inter-
vals on the bootstrap distribution do not include 
zero (Foote, 2000).

To determine how much variable sampling 
influenced richness patterns, we conducted 
shareholder quorum subsampling (SQS) based 
on the method of Alroy (2010, 2020). This 
method estimates the number of species that 
would be found in a subsample of an assemblage 
with a fixed “coverage,” or level of completeness, 
based on the proportion of individuals in the 
population. Each taxon is considered “covered” 
when it is represented by at least one specimen 
in a dataset. SQS allows for less biased compari-
son of species richness from time intervals with 
varying sample sizes. We used PAST: Paleon-
tological Statistics version 4.13 (Hammer et al., 
2001) to calculate the mean number of species 
in each time interval based on 1000 iterations 
of the observed fossil record for each of three 
target coverage levels or proportions (0.4, 0.6, 
and 0.8) and compared our results to observed 
species richness. If sampling were the primary 
driver of species richness, we would expect the 
SQS species richness curve to be relatively flat 
through all time intervals. However, if variability 
in the SQS species richness curve corresponds to 
the observed species richness pattern, it would 
indicate that the observed richness patterns actu-
ally occurred. Our calculations use an assump-
tion of convenience that every fossil specimen 
represents an individual. Taphonomic data and 
bone-element analysis would be necessary to 
further refine these estimates but are beyond the 
scope of this study.

RESULTS

In this section, we first present the strati-
graphic and geochronologic framework of the 
Dove Spring Formation. We then describe the 
biochronology of large mammals and patterns 
of change in faunal composition. Finally, we 
compare the patterns of origination and extinc-
tion based on estimated residence times to the 
tectonic history of the El Paso Basin. To mitigate 
the influence of edge effects on the fossil record, 

we excluded the first and last two 200-kyr inter-
vals from our analyses.

Stratigraphic and Geochronologic 
Framework

Our new stratigraphic sections provide con-
text for the spatial distribution of fossil locali-
ties and their stratigraphic placement within the 
updated chronology of the Dove Spring Forma-
tion, with a stratigraphic resolution of ∼25–50 m 
and a temporal resolution of 200 k.y. (Fig. 2). 
The chronostratigraphy for most of the study 
interval is well resolved based on radiometric 
ash dates using current decay constants and cor-
relation with the geomagnetic time scale. Based 
on a new tephrochronologic correlation to the 
marine Monterey Formation from Knott et al. 
(2022; Table 2), we revised the age of the top 
of the study interval to 8.5 Ma and adjusted spe-
cies’ temporal ranges accordingly. The major-
ity of revised ash dates fall within their original 
uncertainty estimates (±0.03 m.y.; Table 2).

We recorded lithological variation in the lower 
600 m of the formation, adding information to a 
sparsely documented section of the study interval 
(Fig. 2). We also correlated dated ash layers to 
additional outcrops throughout the basin based 
on stratigraphically adjacent and laterally con-
tinuous units observed in the field. The lithologi-
cal and geochronological changes that are most 
relevant to our study occur in the upper half of the 
Dove Spring Formation due to their association 
with boundaries between tectonic episodes. Sedi-
ments in the upper half of the formation begin at 
900 m in the W92B section (Fig. 2), with a thick 
interval of fine- to medium-grained sandstones 
interbedded with mudstones extending upward 
to 1400 m (ca. 10.5–9.0 Ma; Fig. 2). Sandstones 
then coarsen significantly and include an increas-
ing proportion of granitic clasts above 1400 m 
(9.0 Ma), which signifies a change in source area 
from the El Paso Mountains to the Sierra Nevada 
Range (Loomis and Burbank, 1988).

The average sediment accumulation rate for the 
entire Dove Spring Formation is 383 m/m.y. The 
rate varies between 100 m/m.y. and 650 m/m.y. 
over time spans of 0.3 m.y. to 0.5 m.y. for the first 
2 m.y. of deposition, when a series of sandstones 
and silty sandstones sourced from the El Paso 
Mountains was deposited in the basin (Fig. 4A). A 
moderate peak of 650 m/m.y. occurs at 11.8 Ma, 
driven in part by the deposition of tuff breccia 
associated with regional volcanism, and conglom-
erates and sandstones from the El Paso Moun-
tains. A moderate peak of 893 m/m.y. occurs at 
10.3 Ma following at least 1 m.y. of very slow 
accumulation of similar sediments. Basin rotation 
and translation began concurrently with this peak 
and preceded another long period of slow sedi-
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ment accumulation. Basin extension resumed no 
later than 9.3 Ma, shortly before coarse, granitic 
clasts from the Sierra Nevada were deposited dur-
ing a final peak of 1300 m/m.y. at 8.9 Ma.

Biochronology and Faunal Composition

Fossils recovered from the Dove Spring For-
mation are the basis for initial interpretations of 

changes in species richness and the quality of the 
fossil record (Figs. 3 and 4). The number of large-
mammal specimens per interval closely follows 
the number of localities per interval (r = 0.90, 
p < 0.05). Two exceptions occur prior to 11.0 Ma 
(Fig. 4B). At 12.0 Ma and 11.1 Ma, the number 
of specimens increases sharply despite decreas-
ing locality frequency. The interval between 
10.5 Ma and 9.5 Ma contains the greatest number 
of localities and specimens, peaking at 9.5 Ma. A 
significant dip in both localities and specimens 
occurs at 9.3 Ma, before rising again at 8.9 Ma. 
The observed species richness of large mammals 
per time interval generally follows the same 
pattern as the number of localities (r = 0.88, 
p < 0.05) and specimens (r = 0.89, p < 0.05). 
A steady increase from nine species at the base 
of the formation reaches 33 species by 10.1 Ma. 
Species richness is highest between 10.5 Ma 
and 9.5 Ma, which is consistent with the highest 
numbers of localities and specimens and suggests 
that species richness reflects sampling intensity. 
Estimates of standing richness follow a pattern 
similar to that of the observed standing richness 
(Fig. 5). Preservation rate is moderate throughout 
most of the formation, although spikes occur at 
11.1 Ma, 9.7 Ma, and 8.9 Ma (Fig. 4A).

Seventeen species occur within the first 200 
k.y. of deposition in the Dove Spring Formation 
(Figs. 3 and 5). Merycoidodontids and antilo-
caprids are present at the base of the formation 
and maintain their species richness through-
out the study interval, with the exception of a 
dip in antilocaprid species richness at 10.7 Ma 
(Fig. 6A). Camelids exhibit a similar pattern but 
gain additional species between 10.5 Ma and 
9.5 Ma. Equids are present at the base of the for-
mation and steadily gain species until reaching 
peak richness (seven species) at 11.1 Ma, after 
which they maintain high richness until 9.5 Ma. 
Tayassuids appear at 11.1 Ma and persist until 
9.9 Ma. Gomphotheriids appear at the base of 
the formation and persist until 8.7 Ma, while 
amebelodontids appear at 11.1 Ma and disappear 
from the formation after 8.9 Ma.

B

A

Figure 4. (A) Sediment accumulation rate (SAR) and preservation rate for the El Paso Basin. 
We removed a pair of basalt flows from our calculations to more accurately represent the ba-
sin’s mode of sediment accumulation. As a result, SAR was lower near 11.0 Ma, and a moder-
ate peak is no longer present. (B) Large mammal (>1 kg) fossil specimens recovered from the 
Dove Spring Formation, number of localities, and species richness are based on raw observed 
occurrence data, excluding range-through taxa. Specimens recovered from the base of the 
formation are represented by points at 12.5 Ma. Tectonic episodes that began during the study 
interval are marked with gray zones to indicate uncertainty in the timing of their initiation.

Figure 5. Standing richness of 
the Dove Spring Formation, ex-
cluding singletons due to their 
high dependence on preserva-
tion, resulting in a maximum 
species richness of 40, which is 
lower than the raw count (45). 
These plots incorporate range-
through taxa and provide a bet-
ter estimate of actual richness 
than the raw occurrence counts 
in Figure 4B. Both the observed 
and estimated fossil records fol-
low a unimodal pattern.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37082.1/6006656/b37082.pdf
by University of Michigan user
on 25 March 2024



Hardy and Badgley

10	 Geological Society of America Bulletin, v. 130, no. XX/XX

As in most assemblages, carnivores are con-
siderably rarer than herbivorous taxa. Felids are 
present at the base of the formation, but remain 
rare until 10.3 Ma, after which they maintain 
higher richness until 8.7 Ma. Barbourofelids 
are rare and only found during the most well-
sampled interval, between 10.5 Ma and 9.5 Ma. 
Canids are consistently the most species-rich 
family of carnivores after their first appearance 
at 12.1 Ma, and steadily gain species at 11.1 Ma, 
reaching their maximum richness at 9.7 Ma. Pro-
cyonids are represented by a single species that 
is present from 10.1 Ma until 8.7 Ma. Smaller 
carnivores are not found prior to 10.5 Ma, when 
two species of mustelids appear and persist 
through the top of the formation.

Statistically significant (nonzero at ∼95% 
confidence) changes in faunal composition 
occurred in two intervals of time, according 
to the change in log likelihoods (delta LnL; 
Fig. 6B). Change at 10.5 Ma was driven by the 

largest influx of new species, including the first 
appearances of Barbourofelidae and Mustelidae, 
as well as additional species of Antilocapridae, 
Camelidae, and Canidae. Change at 8.5 Ma was 
the result of species loss in the Canidae, Equidae, 
Gomphotheriidae, and Mustelidae. Following 
10.5 Ma, the only additional species to appear 
were a canid (Metalopex macconnelli), a felid 
(Pseudaelurus sp.), and four singletons (Barbou-
rofelis whitfordi, Carpocyon webbi, cf. Illingoc-
eros sp., and an unidentified member of the Vul-
pinae). An additional moderate peak of change 
in faunal composition occurred at 12.1 Ma and 
was driven by the first appearance of species of 
Amphicyonidae, Canidae, and Rhinocerotidae, 
as well as an additional species of Equidae. 
While this peak does not reach the threshold of 
statistical significance, it is notable for coincid-
ing with a low preservation rate and is unlikely to 
be the result of an edge effect due to its temporal 
placement 400 k.y. into the formation.

Diversification

Our analyses of the species richness and 
diversification of large mammals are based on 
estimated residence times (Figs. 3 and 5). Per 
capita origination and extinction rates depict the 
proportion of species appearing or disappearing 
from the study interval, standardized by range-
through taxa (Fig.  7). Per capita origination 
rates were moderate and reached two statisti-
cally significant peaks at 11.7 Ma and 11.1 Ma, 
after which a steady decline began (Fig. 7B). 
Per capita extinction rates exhibit a gradual 
increase between 9.9 Ma and 9.3 Ma, before a 
sharp decrease at 9.1 Ma. Statistically significant 
per capita extinction rates are present between 
9.7 Ma and 9.3 Ma.

We found weak correlations (p < 0.05) 
between preservation rate and per capita orig-
ination rate (r = −0.18), per capita extinc-
tion rate (r = 0.17), and species richness 
(r = 0.55). Peaks in preservation rate that 
coincide with peaks in per capita origination 
rate indicate that new species are the result of 
increased preservation. However, peaks in per 
capita origination rate that occur regardless of 
preservation rate indicate faunal changes that 
are not driven by preservation. The 11.7 Ma 
and 11.1 Ma peaks in per capita origination 
coincide with peaks in preservation, although 
the higher preservation rate at 11.1 Ma does 
not result in a greater per capita origination 
rate. The earliest peak in per capita extinction 
rate at 9.7 Ma coincides with a peak in preser-
vation rate, while the following two extinction 
rate peaks coincide with much lower preser-
vation rates. A sharp decrease in per capita 
extinction rate coincides with a final peak in 
preservation rate at 8.9 Ma.

The per capita diversification rate is positive 
until 9.7 Ma and follows the same patterns as 
per capita origination and extinction rates, with 
two positive peaks at 11.7 Ma and 11.1 Ma 
and a series of three negative values between 
9.7 Ma and 9.3 Ma (Fig.  7C). Two extended 
time intervals exhibit diversification rates that 
coincide with episodes of tectonic extension: 
the internal peaks of per capita origination 
at 11.7 Ma and 11.1 Ma represent a trend of 
origination in the lower half of the formation 
(12.5–10.5 Ma) and occur during a tectonic 
episode of extension that began in the middle 
Miocene and continued during the deposition 
of the Dove Spring Formation. The upper half 
of the formation exhibits increasing extinction 
rates following the onset of basin rotation and 
translation. The sharp decrease in extinction 
rate near the top of the formation coincides with 
peaks in preservation and sediment accumula-
tion rates at 8.9 Ma.

B

A

Figure 6. Taxonomic composition of large mammals in the Dove Spring Formation through 
time, including singletons. (A) Stacked richness of family-level species richness. (B) Change 
in log-likelihood ratios (delta LnL) of large-mammal assemblage composition. Values of 2.0 
or greater indicate statistically significant change in faunal composition for a given time 
interval compared to the previous interval. The 10.5 Ma peak is driven by the first appear-
ances of Barbourofelidae and Mustelidae, as well as additional species of Antilocapridae, 
Camelidae, and Canidae. The 8.5 Ma peak is the result of species loss in the Canidae, Equi-
dae, Gomphotheriidae, and Mustelidae. An additional peak at 12.1 Ma was driven by the 
first appearances of Amphicyonidae, Canidae, and Rhinocerotidae, but the delta LnL values 
of this peak do not reach the threshold of statistical significance.
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DISCUSSION

We used estimated residence times to deter-
mine the number and per capita rates of origina-
tion and extinction to test whether changes in 
species richness and faunal composition could 
have been influenced by changes in tectonic his-
tory. The three tectonic episodes recorded in the 
Dove Spring Formation each correspond with 
a different phase of faunal change, which we 
describe below.

North-south extension that began in the mid-
dle Miocene was the dominant tectonic process 
early in the formation’s history (12.5–10.5 Ma). 
During this phase of extension, the basin grew 
in area and subsidence increased (Loomis and 
Burbank, 1988; Gawthorpe and Leeder, 2000). 

The deposition of fine-grained fluvial and lacus-
trine sediments suggests that drainage channels 
had relatively gentle slopes and for a time fed a 
lake in the northern part of the basin (Gawthorpe 
and Leeder, 2000). The lowest sediment accu-
mulation rates occur at 11.0 Ma and indicate 
slow changes in subsidence rates or continued 
basin growth. Peaks in per capita origination 
occurred at 11.7 Ma and 11.1 Ma, suggesting 
that extension opened corridors for an influx of 
species from outside the basin. Positive origina-
tion and diversification rates are often correlated 
with area (Kisel et al., 2011). A greater area sup-
ports larger population sizes and also promotes 
increased habitat diversity, with the potential to 
generate environmental gradients that allow for 
a higher number of species to coexist. Here, the 

gradual accumulation of species prior to 10.0 Ma 
is driven, in part, by the long-term generation of 
additional habitat space as the basin grew in area. 
High delta LnL values at 12.1 Ma and 11.9 Ma 
indicate measurable changes in faunal composi-
tion that are driven by an additional equid spe-
cies and the first appearances of amphicyonids, 
canids, and rhinocerotids. With the exception of 
amphicyonids, these taxa persist to the top of the 
formation.

Rotation and translation of the El Paso Basin 
along the Garlock fault began at 10.5 Ma, inter-
rupting the long episode of basin growth. The 
basin’s geometry and relationships to its sediment 
sources in the El Paso Mountains were altered, 
triggering changes to drainage patterns and likely 
the availability of water and vegetation. A peak 
in subsidence coincided with the onset of shear 
movement and then gradually decreased until 
ca. 9.0 Ma. While environmental conditions dur-
ing this episode were conducive to preservation, 
consistently yielding the highest species richness 
within the formation, extinction became the domi-
nant pattern of faunal change (Figs. 4A and 7B). 
The highest preservation rate occurred at 9.7 Ma, 
coinciding with a low peak of change in faunal 
composition due to apparent species loss across 
multiple families, but species richness remained 
elevated until the start of the next tectonic interval.

East-west extension beginning near 9.5 Ma 
increased the distance between the depositional 
center of the basin and its original sediment-
source area. This episode represents a new stage 
of basin extension that generated the coarser 
sediments with a source in the Sierra Nevada. 
The resulting depositional environments were 
more likely to preserve fossils early in this epi-
sode, as indicated by an increasing preservation 
rate, but localities, specimens, and species rich-
ness reached their lowest frequencies during 
the early stages of this extension (Fig. 4A). Per 
capita extinction rates were constant through 
the end of the study interval (Fig. 7B). Negative 
diversification rates coincide with the apparent 
disappearance of six species from the basin’s 
fossil record, and singletons are the only new 
species that occurred after the onset of extension.

While a positive correlation exists between 
species richness and the number of localities 
(Fig. 4), there is also evidence for changes in 
richness and faunal composition that cannot be 
solely attributed to sampling. High per capita 
origination rates in the lower half of the forma-
tion (11.7 Ma and 11.1 Ma) are coupled with 
low numbers of localities compared to the well-
sampled middle portion and high preservation 
rates. The correlation among these three patterns 
suggests that preservation during the early exten-
sional episode had a strong influence on species 
richness. However, several taxa made their first 

B

C

A

Figure 7. Diversification of large mammals based on estimated residence times. (A) Origina-
tions (first appearances) and extinctions (last appearances) based on bottom- and top-bound-
ary crossing taxa. (B) Per capita origination and extinction rates. (C) Per capita diversification 
rate. Tectonic episodes of basin rotation followed by extension are marked with gray zones to 
indicate uncertainty in the timing of their initiation. Confidence intervals are based on 1000 
bootstrap replicates of the dataset and are considered statistically significant (nonzero with 
∼95% confidence) when they do not intersect with zero (marked with thin horizontal lines).
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appearances between 11.7 Ma and 11.1 Ma and 
persisted throughout the rest of the formation 
despite variable preservation (Figs. 4 and 6).

The pattern of rare taxa with long residence 
times occurs again in the upper half of the forma-
tion, which is dominated by high rates of extinc-
tion and exhibits a greater magnitude of faunal 
change. The greatest change in faunal composi-
tion occurred at 10.5 Ma and was driven by addi-
tional species of Antilocapridae, Camelidae, and 
several carnivores (Fig. 6). The majority of car-
nivore species that appeared during this interval 
persisted through the top of the formation, which 
indicates that their presence was not entirely tied 
to sampling. The highest species richness (40) 
occurred at 9.9 Ma, during an interval when 
preservation rate was decreasing (Figs. 4A, 5, 
and 7B). Despite thorough sampling efforts and 
a spike in preservation rate at 9.7 Ma, few addi-
tional species are recovered high in the forma-
tion (Figs. 4 and 6).

An important point to consider is whether the 
patterns of faunal change in the formation repre-
sent real processes or result from fluctuations in 
sampling. If fossil productivity were the primary 
control on the record of faunal change, we would 
expect strong correlations among preservation, 
sampling, and processes of faunal change. How-
ever, throughout the formation, we calculated 
weak relationships between preservation and all 
other variables. The number of range-through 
taxa that persist through multiple time intervals 
is consistently high, and the average residence 
time for large-mammal species was 2.1 m.y. The 

appearance of rare taxa in intervals with low 
preservation potential and only few localities is 
contrary to the expectations of poor sampling 
(we would expect the common species to per-
sist). While preservation is always a factor when 
examining the fossil record, our results indicate 
that the patterns of faunal change within the 
Dove Spring Formation are not entirely tied to 
the quality of the fossil record.

SQS analyses demonstrate that patterns of fau-
nal change and species richness are detectable in 
the Dove Spring Formation even at low rates of 
sampling (Fig. 8). Despite the presence of several 
highly dominant taxa (notably Antilocapridae, 
Equidae, and Camelidae) and variable preserva-
tion rates, SQS species richness exhibits vari-
ability similar to that of observed species rich-
ness throughout the formation. The relationship 
between SQS and observed richness indicates 
that while sampling played a role in the observed 
fossil record, our analyses captured real patterns 
of faunal change and species richness.

Additional data about the history of deposi-
tional environments are needed to evaluate the 
influence of preservation on species richness 
and the composition of large-mammal assem-
blages. Changes in the dominant lithologies 
from coarse-grained breccia and sandstones 
in the lower part of the formation, to fine- to 
medium-grained silty sandstones in the middle, 
to coarse conglomerates in the upper part track 
changes in the preservation potential of the basin 
(Fig. 2). Facies analysis of depositional environ-
ments provides the data necessary to investigate 

tectonic and sedimentological controls on fossil 
preservation. Environmental data from isotopes 
of mammalian tooth enamel are indicators of 
potential ecological causes for faunal change, 
such as changes in vegetation resources, pre-
cipitation amount, and paleotemperature.

The additional environmental information, 
in combination with this analysis of taxonomic 
richness and the timing of tectonic episodes, will 
enable us to test two hypotheses regarding the 
correlations among the physical environment and 
changes in the mammalian faunas of the basin. 
One hypothesis is that the tectonic episodes 
altered the preservation potential of sediments 
and depositional environments. In this scenario, 
changes in fossil productivity would occur in the 
absence of significant ecological change; mam-
malian species would not exhibit marked changes 
in feeding ecology or body size, and the commu-
nity composition would change little throughout 
the section, regardless of depositional environ-
ment. Changes in depositional environments 
can be identified through facies analysis and 
correlated with the timing of tectonic activity to 
evaluate whether changes in preservation affect 
the fossil record of the Dove Spring Formation.

An alternative hypothesis is that tectonic influ-
ences on basin topography contributed to signifi-
cant change in the environments present within 
the Dove Spring Formation. An independent 
record of change in climate or vegetation would 
provide evidence for testing this hypothesis. 
Under this scenario, we would expect to observe 
significant variation in ecological diversity within 
the mammalian fauna that coincides with the tim-
ing of tectonically driven changes in depositional 
setting and climate. Mammalian body size is 
correlated with ecological characteristics such as 
diet, population density and growth rate, home 
range size, and behavioral adaptations (Damuth 
and MacFadden, 1990; Eisenberg, 1990; Janis 
et al., 2002). Changes in the range of ungulate 
body sizes that coincide with the basin’s tec-
tonic history would support the hypothesis that 
changes in habitat affected ecological variables. 
The stable isotopic ratios of carbon in herbivore 
teeth also document the composition of vegeta-
tion (Quade et al., 1992; Koch et al., 1994; Cer-
ling et al., 1997). Significant change in isotopic 
values that correlate with tectonic episodes would 
support this second hypothesis.

CONCLUSION

Study sites like the El Paso Basin are part of 
a growing record of basins that are providing 
insight into the interactions between changing 
topography and mammalian evolution (Badgley 
and Finarelli, 2013; Badgley et al., 2017; Lough-
ney and Badgley, 2017; Smiley et al., 2018). The 

Figure 8. Shareholder quorum subsampling (SQS) estimates of species richness (lower lines) 
compared to observed species richness (upper dashed line). Each SQS richness curve repre-
sents the mean value of 1000 iterations for three coverage levels (0.4, 0.6, and 0.8). The cor-
relation between the two measures indicates that changes in species richness are detectable 
even with low sampling effort.
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Dove Spring Formation is a record of mamma-
lian faunas preserved in the sediments of a basin 
that developed during the end of the Middle 
Miocene Climatic Transition. We reviewed its 
geochronology using updated decay constants 
and newly measured stratigraphic sections to 
place fossil localities within a temporal and 
stratigraphic framework for analysis and to sup-
port additional paleoecological research.

We identified two phases of change in taxo-
nomic richness: high species accumulation and 
long residence times low in the formation, and 
steady species loss in the upper portion. These 
patterns are primarily influenced by fossil produc-
tivity, but the presence of rare taxa that persisted 
throughout the formation provides evidence that 
some faunal changes cannot be explained by 
sampling alone. The study interval includes three 
major tectonic episodes that altered the basin’s 
geometry and topography. Basin extension in the 
lower part of the section was associated with an 
increase in basin area, high per capita origina-
tion rates, and minor changes in faunal composi-
tion. At 10.5 Ma, the basin underwent a period 
of rotation and translation away from the El Paso 
Mountains, disrupting existing drainages and 
likely affecting connectivity to the surrounding 
region. High numbers of specimens, localities, 
and species accompanied the highest magnitude 
of change in faunal composition at 10.5 Ma. 
Preservation rates peaked twice in the upper half 
of the formation, but the per capita extinction 
rate became the dominant expression of faunal 
change. Extinction rates continued to increase 
until 9.3 Ma, as basin extension resumed and 
coarse sediments from the Sierra Nevada became 
prevalent. New drainage networks began to form 
and changed the preservation potential of sedi-
ments or generated new environmental settings, 
either way leading to the apparent or actual dis-
appearance of most species from the El Paso 
Basin’s fossil record.

Distinct episodes of tectonic history coincided 
with the timing of changes in faunal patterns, 
which suggests a link between tectonic pro-
cesses and the basin’s mammalian community. 
The timeline of tectonic and faunal changes in 
this study provides the framework for further 
testing of the nature of this link through studies 
of preservation potential, depositional environ-
ments, and vegetation history.
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