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Biostratigraphy and biochronology 
of late Cenozoic North American rodent assemblages 

Robert A. Martin and Thomas S. Kelly

ABSTRACT

Late Cenozoic rodent assemblages from western North America were added to a
previous database limited to the central and eastern United States to develop a conti-
nental correlational system for the past 5 million years. Three hundred and twelve spe-
cies representing 124 rodent assemblages were included, from which 12 Cenozoic
Mammal Zones (CMZs) were constructed. Replacement chronologies for rodent
assemblages based upon superposition, radiometric dates, paleomagnetic profiles,
and evolutionary stages of dentitions from various depositional basins formed the skel-
eton for the chronological ordering of assemblages, and those lacking one or more
information sources were sequenced based upon greatest concordance with available
data. Arvicoline cricetids provided the most useful information for sequencing assem-
blages, followed by neotomine and sigmodontine cricetids and geomyids. The appear-
ance of modern-sized cotton rats in CMZ 4, followed by the immigration of
Allophaiomys across Beringia in CMZ 3, heralds the shift to the dominance of cotton
rats and arhizodont voles in North American grassland ecosystems. No rapid bouts of
significant turnover are associated with the beginning of the Pleistocene at 2.58 Ma
(million years ago), but a pronounced turnover event was observed in the Meade Basin
of southwestern Kansas immediately following the Huckleberry Ridge ash-fall at 2.07
Ma. Preliminary observations suggest two categories of rodent turnover; low-level
background rotation determined by stochastic short-term regional and long-term global
environmental change, and short-term turnover spikes mediated by catastrophic
events such as volcanic eruptions. 
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INTRODUCTION

This study extends an earlier treatment of
North American Late Neogene and Quaternary (~
last 5.0 My) fossil rodent assemblages from the
eastern and central United States (Martin, 2019),
adding regions of the continental United States,
Canada and Mexico west of a line drawn roughly
from western Texas north to western North Dakota
(black line in Figure 1).

We recognize that in the future, paleontolo-
gists might choose to include other small or large
mammal groups, and for that reason on the conti-
nental scale we have designated our categories as
Cenozoic Mammal Zones (CMZs). Replacement
chronologies for rodent assemblages based upon
superposition, radiometric dates, paleomagnetic
profiles, and evolutionary stages of dentitions from
various depositional basins formed the skeleton for
the chronological ordering of assemblages (Figure
2), and those lacking one or more information
sources were sequenced based upon greatest
concordance with available data. The use of many
independently determined data sources minimized
the amount of diachronism commonly associated
with correlational unit boundaries (e.g., Ezquerro et
al., 2022; Dam et al., 2023). Figure 1 provides
locations of select pre-Rancholabrean rodent
assemblages from the Supplementary Material
table (color coding explained below). The primary
purpose in developing a continental species-level
rodent correlational scheme is to introduce into
North American mammalian paleontology a system
for the past five million years with at least the same
refinement and utility as the MN/MQ Zones of
Europe (Mein, 1975, 1976). A detailed chronology
will provide a system within which mammalian
assemblages without radiometric or paleomagnetic
data may be tentatively sequenced and will conse-
quently allow more accurate evaluation of mammal
dispersal and evolutionary patterns. 

Martin (2019) reviewed the history, benefits,
and limitations of previous mammalian biochrono-
logic/biostratigraphic systems in North America,
including North American Land Mammal Ages
(NALMAs) and various regional and taxonomic
systems (Schultz et al., 1977, 1978; Lundelius et
al., 1987; Martin, 1979, 2003; Repenning, 1987;
Bell, 2000; Woodburne, 2004a, b; Bell et al., 2004),
and these studies can be consulted for compari-
son. The most complete depositional sequence in

North America for the later Cenozoic is the Meade
Basin system of southwestern Kansas (Figure 2),
and that sequence is used as a primary base refer-
ence for North American continental correlations.
While the stratigraphic positions of the Meade
Basin fossil localities have been resolved, because
of a lack of radiometric dates beneath the Huckle-
berry Ridge ash at 2.07 Ma (Singer, 2014) and
minimal paleomagnetic refinement beneath the
Blancan Bender site, ages of assemblages from
older Pliocene sites have been determined primar-
ily by biostratigraphic correlation. A particularly dif-
ficult issue has been the placement of a series of
sites on the north bank of the Cimarron River,
including Wiens, Vasquez/Newt, XIT1B, Raptor IC,
and Ripley. The stratigraphic relationships of these
localities are clear (Honey et al., 2005), but their
placement in time is uncertain because all the sites
and associated sediments display reversed paleo-
magnetic signatures. An argument based on bio-
stratigraphy and field mapping suggested that the
sites noted above could be allocated to C3n.2r of
the Gilbert chron, between 4.48-4.30 Ma (Marcolini
et al., 2008; Martin and Peláez-Campomanes,
2014). Recently, Lukens et al. (2019) plotted this
set of sites at a younger date, in C2ar, between
4.30-3.60 Ma. Consequently, it is imperative to also
consult other systems noted in Supplementary
Material and Figure 2 that may have older levels of
the Meade Basin better constrained. 

Despite the relatively complete Meade Basin
and other Central Great Plains records, evidence is
accumulating for a more complicated set of rodent
dispersals with northern origins that may not be
completely represented in the Meade Basin system
and may be better represented in northwestern
localities (e.g., Barnosky and Bell, 2004; Withnell
et al., 2021). Also, because dispersal was gener-
ally from west to east, species appearances and
durations in the western states differed from those
in the Meade Basin. As in the case of Florida Pleis-
tocene localities, there may have also been consid-
erable regional endemism. Consequently, it will
continue to be helpful to construct replacement
chronologies from the depositional basin scale
through continental geographic scales. An exam-
ple application of a North American regional depo-
sitional system was a rodent replacement
chronology developed for Florida (Martin, 2005)
based in part on the work of Morgan and Hulbert
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(1995) and Morgan and White (1995). The recently
published rodent chronology for the late Neogene
of Spain (Dam et al., 2023) provides a blueprint for
the application of many data sources to establish-
ment of a regional biochronologic system. 

MATERIALS AND METHODS

General Considerations

The difficulties associated with identifying
CMZ boundaries primarily include problems with
determining accurate depositional times for locali-
ties without radiometric dates and separated by
considerable distance, sampling bias, taxonomic
inaccuracies, and diachronic evolution (mosaic
evolution) and dispersal. Attempts have been

made to mitigate error by first establishing species
replacement patterns in depositional sequences
with radiometric dates and/or extensive paleomag-
netic profiles (Figure 2). Dated immigration events
provided further refinement, such as the Promimo-
mys immigration event between 5.8-5.3 Ma (Mar-
tin, 2010; J. Martin et al., 2018) and the
Allophaiomys immigration event at about 2.0 Ma
(Martin et al., 2008). Entire species communities
were consulted rather than relying on single spe-
cies for correlational purposes; consequently, each
CMZ is characterized by more than one taxon. 

Following Tedford (1970), Woodburne (2004a,
p. xiii) defines a “local fauna” as “An aggregate of
fossil vertebrate species from a limited distribution
in time from a number of closely grouped localities

FIGURE 1. Distribution of select pre-Rancholabrean Cenozoic rodent assemblages used to construct the database in
Supplementary Material. 1 = Rancho el Ocote, MX; 2 = Concha, MX; 3 = Yepómera, MX; 4 = El Golfo, CA; 5 = Val-
lecito-Fish Creek sequence (e.g., Layer Cake, Arroyo Seco, Vallecito Creek), CA; 6 = San Pedro Valley sequence
(e.g., Benson, Curtis Ranch, Duncan), AZ; 7 = Verde, AZ; 8 = McKay Reservoir, OR; 9 = Warren, CA; 10 = Panaca,
NV; 11 = White Bluffs, WA; 12  = Kennewick, WA; 13  = Buckeye Creek, NV; 14  = Fish Springs Flat, NV; 15 = Grand
View-Hagerman sequence (e.g., Grand View, Sand Point, Hagerman, Birch Creek, Froman Ferry), ID; 16 = Donnelly
Ranch, CO; 17 = San Timoteo Badlands, CA; 18 = Wellington Hills, NV; 19 =  Mesa del Sol, NM; 20 = Boyle Ditch, WY;
21 =  Virden, NM;  22 = Ft. Selkirk, YT; 23 = El Casco, CA; 24 = SAM Cave , NM; 25 = Little Dell Dam, UT; 26 = Porcu-
pine Cave, CO; 27 = Hansen Bluff, NM; 28 = Meade Basin reference section (see Figure 2 for all assemblages;
includes Arlene’s Ledge/Robin’s Roost in OK), KS/NM; 29 = Little Sioux and Wright (new), IA; 30 = Cape Deceit, AL;
31 = Santee, NE; 32 = Mailbox, NE; 33 = Sand Draw area (Sand Draw, Zwiebel Channel), NE; 34 = Pipe Creek Sink-
hole, IN; 35 = Hudspeth/Red Light, TX; 36  = Bull Draw/Deadman’s Crk, TX; 37 = Red Corral, TX; 38 = Cita Canyon,
TX; 39 = Blanco, TX; 40 = Vera, TX; 41 = Beck Ranch, TX; 42 = Fyllan Cave, TX; 43 = Conard Fissure, AK; 44 = Port
Kennedy Cave, PA; 45 = Hanover Quarry, PA; 46 = Cumberland Cave, MD; 47 = Haile 15A, Haile 16A, FL; 48 = Inglis
1A/1C, FL; 49 = Hamilton Cave, WV; 50 = White Rock, KS; 51 = Dixon, KS, 52 = Leisey Shell Pit, FL, 53 = Hoye Can-
yon, NV.
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FIGURE 2. Depositional basin framework on which chronological ordering of assemblages (= localities) in Supple-
mentary Material is mostly based. See Supplementary Material and text for full rodent communities, locality data, and
information sources. LSD = lowest stratigraphic datum, HSD = highest stratigraphic datum. LSDs and HSDs are
regional basin limits, but may also represent global limits (highest or lowest records anywhere in North America). Esr
= estimated age based on sedimentation rate from Hart and Brueseke, 1999), ft = fission track date from Walkup et
al., 2016), CMZ = Cenozoic Mammal Zone, xxx... = dated volcanic ash beds. 
Continued on next page.

in a limited geographic area … A local fauna could
be based on taxa from a single locality.” Wood-
burne (2004a) also indicates that a “fauna” is often
composed of a number of local faunas. We provide
these definitions because there is considerable
variation in the stratigraphic occurrence of species
in Supplementary Material depending on collecting
approaches. In the Meade Basin record, each
named level represents a single quarry, generally
no more than 1 m in depth, from which all identified
species were collected. On the other hand, species
in Supplementary Material from the Glenns Ferry
Formation were collected from hundreds of locali-
ties along the Snake River in Idaho. We assume
the resulting faunal associations can be roughly
considered as communities extant during their
respective intervals, and thus useful for biochrono-
logic and biological comparisons because they are
relatively consistent in composition, but some
ambiguity must remain because of vertical disper-
sion of collecting localities and specimens col-
lected as float. For reviews of paleontological work
on the Glenns Ferry Formation, see Zakrzewski

(1969), Neville et al. (1979), Conrad (1980),
Repenning et al. (1995), Hart and Brueseke
(1999), Sankey (1996), Hearst (1999), Ruez (2007,
2009), Walkup et al. (2016, 2021), and Prassack et
al. (2021). In this paper the term “assemblage” is
considered synonymous with both local fauna and
locality, as the names of the assemblages are the
same as the locality designations. 

Species in Supplementary Material were
taken from the literature, updated to modern taxo-
nomic usage. In some cases, we used our per-
sonal experience to modify or question species
determinations. We are preparing a study describ-
ing the Microtodon sp. noted in the Supplementary
Material table for Hoye Canyon, Nevada. Supple-
mentary Material includes full rodent assemblage
records for select localities from North America,
and the assemblage axis (columns) is color coded
as follows: light green = west U.S., yellow = east
U.S. NALMA boundaries, dated ashes and paleo-
magnetic events are identified in clear boxes, and
significant faunal changes are identified by light tan
boxes. Taxa from each assemblage are provided
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on the row axis, color-coded as follows: light green
= west U.S., yellow = east U.S., and clear =
recorded from both or unidentified to species. The
column axis in Supplementary Material for the west
U.S. begins with McKay Reservoir of Oregon and
Hoye Canyon of Nevada, localities in the western
group recording the Promimomys and Microtodon
immigration events (Shotwell, 1956; Martin, 2010;
J. Martin et al., 2018). Supplementary Material is
meant to include enough assemblages to delimit
broad CMZs to be used for correlational purposes,
not to be exhaustive in locality or species cover-
age. We have not included the majority of late
Pleistocene (Rancholabrean) assemblages, some
of which undoubtedly include extant and possibly
extinct species unrecorded in Supplementary
Material (e.g., Wilson, 1967; Domning, 1969;
Saunders, 1977; Graham et al., 1987; Jefferson,
1991; Jefferson et al., 1994, 2004; Gillette et al.,
1999; Smith and Cifelli, 2000; Hill, 2001; Harington,
2009, 2011; Ferrusquía-Villafranca et al., 2010;
Harris, 2014; Morgan and Harris, 2015). Many late
Pleistocene cavern and sinkhole localities have
produced rich rodent assemblages (e.g., Reddick
[Gut and Ray, 1963] and other sites from Florida),
but without radiometric dates, paleomagnetic pro-
files, or superpositional relationships with other
sites it is unclear where they fit in the Late Pleisto-
cene, and consequently they were omitted from

Supplementary Material. Counting archeological
sites, more than 100 late Pleistocene mammalian
assemblages with extinct species are known from
the Great Basin alone (Grayson, 2006). This trea-
sure of data should be developed into an indepen-
dent chronologically refined late Pleistocene
database. 

The Supplementary Material table also
includes the Little Sioux/Wright assemblages asso-
ciated with the Lava Creek B (LCB) ash in Iowa.
The latter was not covered in Martin (2019) and is
included because it provides a rare glimpse of
rodent diversity both above and beneath the same
ash. The rodent records from Leisey Shell Pit, Flor-
ida (Morgan and White, 1995) and the Gilliland
assemblage of Texas (Dalquest and Carpenter,
1988) were also added. Thomomys orientalis was
added to the Coleman 2A, Florida, assemblage fol-
lowing Wilkins (1985). 

Most of the rodent assemblages included in
Supplementary Material are not bracketed by
radiometric dates, although a few are found in
proximity to a dated volcanic level. The majority of
the assemblages are sequenced based on a few
radiometric anchoring points, paleomagnetic pro-
files, evolutionary stages represented by rodent
dentitions, and, where present, stratigraphic super-
position. Paleomagnetic data are absent or limited
for some sites, and the latter are sequenced exclu-

FIGURE 2 (continued).
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sively on the rodent species represented in the
larger context of continental data. Consequently,
the order of assemblages listed in Supplementary
Material within a given CMZ, unless including two
or more assemblages with stratigraphic data (e.g.,
111 Ranch [lower]; 111 Ranch [upper] or any of the
Meade Basin sites) should not be considered as a
confirmed chronological sequence. The LSDs (low-
est stratigraphic datums) and HSDs (highest strati-
graphic datums) in Figure 2 represent depositional
basin records, not North American limits, although
that may be the case as well. Unless determined
from a radiometric date or coinciding with a paleo-
magnetic boundary, CMZ and boundary dates are
approximations. 

Many of the late Pleistocene assemblages
derive from isolated sites, predominantly caves,
sinkholes, and rock shelters. If open for long time
periods and structurally complex, depositional pat-
terns can be difficult to decipher. For example, only
recently has it been determined that deposition at
Natural Trap Cave, Wyoming, was discontinuous,
with an almost 50 Ky (thousand year) hiatus
between depositional regimes (Lovelace et al.,
2022). Thus, Williams’ (2009) mammal species
lists for levels 1-3 in Supplementary Material are
now considered together as late Wisconsinan (< 25
Ka [thousand years ago]), and level 6 is considered
pre – Wisconsinan and > 132 Ka. The species lists
for levels 4 and 5 were lumped by Williams (2009)
and omitted from Supplementary Material because
they consist of a mixture of depositional periods.
Additionally, radiocarbon dates may be limited in
number and, if done many years ago, less accurate
than more recent dating based on bone collagen.
Consequently, the dates provided in Supplemen-
tary Material, taken from the literature, must be
accepted with some caution. They have also been
rounded to the nearest Ka or 0.1 Ka in Supplemen-
tary Material depending on precision of the original
report. Likewise, the rodent species list compiled
for San Josecito Cave from Nuevo Leon, Mexico,
by Jakway (1958), has been refined based on new
excavations revealing multiple temporal levels
(Arroyo-Cabrales et al., 2021). 

Index taxa are provided for each CMZ, but the
list for a given zone may not be inclusive of all spe-
cies in Supplementary Material limited to that zone.
The taxonomy of certain clades, such as the sciu-
rids and heteromyids, has not been revised lately,
and we do not feel comfortable using many of
these species to define rodent zones; likewise with
some species of better-studied clades, such as
Peromyscus within the cricetids. CMZ index taxa

represent the most taxonomically stable and phylo-
genetically determined taxa in Supplementary
Material with chronological value. Index taxa fall
into one of two categories: 1) species limited to an
CMZ (no parenthetical abbreviations) and 2) either
LSD or HSD species for that zone. The combina-
tion must be unique to that CMZ. Due to the vaga-
ries of sampling and chronological range, some
CMZs may include more index taxa than others
and, as noted above, not all LSD or HSD species in
Supplementary Material are listed as index spe-
cies.

The data in Table 1 were generated from Sup-
plementary Material within the following guidelines:
1) generic records not identified to species (genus
sp.) were counted in species tallies only if the
record was the sole representative of its genus,
and 2) species with chronomorphs (representing
phyletic evolution) were identified by their species
taxonomy when determining presence or absence
in a given geographic region (e.g., Sigmodon bak-
eri /libitinus and S. bakeri /bakeri were counted
once in the eastern USA). 

Taxonomic Considerations

The effectiveness of a biostratigraphic/bio-
chronologic system is dependent to a great extent
on the taxonomic accuracy of the species identifi-
cations in its constituent database. The authors of
this study have personally studied much of the
material that forms the basis for the database, but
we have not made comprehensive continental-
wide comparisons among all rodent groups. In
most cases, we relied on published regional analy-
ses, our personal observations, and opinions of
experts in certain rodent clades to construct Sup-
plementary Material. Because arvicoline rodents
figure prominently in late Neogene biochronology,
it is important to explain our taxonomic approach
and philosophy regarding this group to some
extent. 

The database includes the use of Martin’s
(1993) chronomorphs, roughly equivalent to the lin-
eage segments of Krishtalka and Stucky (1985), to
identify intermediates in presumed phyletic
sequences. The philosophy behind this usage and
its comparison with the subspecies concept can be
found in Martin (1993, 1995, 2019). Unlike lineage
segments, chronomorphs may overlap in time, rep-
resenting intraspecific mosaic evolution, as is com-
monly encountered in arvicolines, both fossil and
Recent (Barnosky, 1993; Gordon, 1999; Marcolini
and Martin, 2008). We treat phyletic change as
evolution, and no matter how much morphological
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or size change is recorded, we recognize only a
single species lineage. Speciation is considered a
branching process, and in order for speciation to
be identified both an ancestral and descendant
species must be recognized as sympatric or at
least synchronic. Nevertheless, in some cases,
related allochronic species are maintained
because the evidence is not sufficient to conclude
they represent a phyletic series or there is consid-
erable time between them. Species recognition,
always dependent ultimately on expert recognition
of synapomorphies, is based on published knowl-
edge of dental morphology showing there is con-
siderable local as well as geographic shape and
size variation, especially in first lower molars (e.g.,
Guthrie, 1965; Guilday, 1982; Davis, 1987; Nad-
achowski, 1990; Martin, 1993; Rekovets and Nad-
achowski, 1995; Martin and O’Bryan, 2014). We
base species recognition on the presence of syn-
apomorphies, not percentages of molar morpho-
types. For example, the dominant m1 morphotype
in the Trout Cave No. 2 population of Pedomys is
similar to the advanced m1 morphotype of the Java
species, but more than 25% of the Trout Cave No.
2 m1s display the advanced morphotype charac-
teristic of P. ochrogaster (Pfaff, 1990). Conse-
quently, we view the Trout Cave population as an
archaic population of P. ochrogaster recognized as
P. o. /llanensis.

In a series of papers ending with his review of
Mimomys (Repenning, 2003), the late Charles
Repenning developed a taxonomic framework for
North American arvicolines that allocated all extinct
arvicolines with rhizodont molars and an occlusal
pattern similar to that of Old World Mimomys to the

latter genus. Repenning’s concept of Mimomys
included taxa previously named as distinct genera,
such as Cosomys, Ophiomys, and Ogmodonto-
mys, plus two early Pleistocene species consid-
ered today to be correctly allocated to Mimomys,
M. virginianus, and M. dakotaensis. Repenning
(2003) reviewed the publication history of these
taxa, and that will not be repeated here. We accept
Repenning’s argument that generic identity should
not be determined on continental allopatry alone.
We also agree with Repenning (2003) that the
occlusal molar morphology of the above North
American taxa bear similarity to that of Old World
Mimomys. If one were to place inordinate weight
on the generality of that pattern, it is not difficult to
see why Repenning considered them to be
congeneric. However, detailed analyses of the
microscopic enamel banding pattern of North
American archaic arvicoline molars, the
schmelzmuster of von Koenigswald (1980),
demonstrate differences between the North Ameri-
can taxa and Old World Mimomys (Mou, 1998; von
Koenigswald and Martin, 1984; Martin et al., 2006).
Cosomys has three layers on both leading and
trailing triangle edges of lower molars (opposite on
uppers), with a lamellar enamel layer on the entire
leading edge, showing that it developed the lamel-
lar layer independently of Old World Mimomys that
have only two layers on the leading edges when
lamellar enamel is present (von Koenigswald,
1980). Ophiomys and Ogmodontomys never
developed the full lamellar layer on the leading tri-
angle edges, expressing only occasional lamellar
patches (Mou, 1998; Martin et al., 2009). In addi-
tion to a well-developed lamellar layer on the lead-

TABLE 1. Geographic representation of number of species in select rodent Families. Based on fossil occurrence data
in Supplementary Material.

West US % East US % Both % Total

Mylagaulidae 1 50 1 50 0 0 2

Castoridae 4 44 2 22 3 33 9

Hydrochoeridae 1 50 1 50 0 0 2

Erethizontidae 3 60 1 20 1 20 5

Aplodontidae 1 100 0 0 0 0 1

Sciuridae 32 51 19 30 12 19 63

Geomyidae 12 44 11 41 4 15 27

Heteromyidae 22 59 5 14 10 27 37

Cricetidae 46 52 21 24 21 24 88

Arvicolidae 25 35 28 39 18 25 71

Dipodidae 0 0 6 86 1 14 7

Totals 147 47 95 30 70 22 312
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ing edges of lower triangles and a tangential layer
on the trailing edges, almost all Mimomys molars
express negative enamel differentiation, with the
trailing edges on the lowers (and leading edges on
the uppers), thicker than their leading edges and,
with the exception only of the most primitive recog-
nized Mimomys, M. davakosi (= M. vandermeuleni;
Hordijk and de Bruijn, 2009), added cementum in
the reentrant folds. Cosomys, Ogmodontomys, and
Ophiomys only have undifferentiated enamel and
never express cementum. Additionally, in all
Ophiomys, Cosomys, and Ogmodontomys atolls
on M3 are rare or disappear with early wear,
whereas in the Old World Mimomys that resemble
North American archaic genera, such as Mimomys
davakosi, one or often two atolls remain in all wear
stages except the most senile specimens (van de
Weerd, 1979; Hordijk and de Bruijn, 2009). Mimo-
mys davakosi is the only Mimomys without cemen-
tum in the reentrant folds, and it is so similar in all
dental features to Promimomys cor that Hordijk
and de Bruijn (2009) noted that separating some
specimens of each species found in the Ptolemais
lignitic sequence of Greece was difficult. Despite
the general resemblance in occlusal morphology of
archaic North American arvicoline molars to those
of Mimomys, we conclude there is compelling evi-
dence that Ophiomys, Cosomys, and Ogmodonto-
mys represent a separate New World clade of
arvicolines, originating from one or two ancestral
species such as Ophiomys mcknighti (Gustafson,
1978) or O. panacaensis (= Mimomys pana-
caensis, Mou, 1997). There remain legitimate dif-
ferent interpretations of the taxonomy of North
American archaic arvicoline populations (e.g., how
many Ophiomys species are present in North
America; what is the correct assignment of the
archaic arvicoline from the Upper Alturas locality of
California [Repenning, 2003], etc.), but resolution
of these problems will require further study. 

Although only one species, Microtus deceiten-
sis, is recorded from the Ft. Selkirk locality in Sup-
plementary Material, specimens were recovered
from beneath a dated ash, and thus provide evi-
dence for an early appearance of a vole with arhi-
zodont molars and a Microtus-like dental pattern.
Microtus deceitensis and a sample of molars from
Hamilton Cave in West Virginia were referred by
Repenning and Grady (1988) and Repenning
(1992) to Lasiopodomys deceitensis because of a
similarity of m1 patterns, but this taxonomic
assessment has been challenged by Storer (2003)
and Alexeeva et al. (2015). We accept the position
of extant arvicolines as a subfamily of the Criceti-

dae following Steppan and Schenk (2017) and
Galewski et al. (2021).

In their review of fossil woodrats and relatives,
Martin and Zakrzewski (2019) suggested that an
extinct woodrat (Tribe Neotomini, Subtribe Neoto-
mina) from the Hemphillian Rancho el Ocote
assemblage of Mexico referred by Carranza-
Castañeda and Walton (1992) to Neotoma (Para-
neotoma) sp. might represent an early species of
the extant Xenomys. As noted by Carranza-
Castañeda and Walton (1992), the m1s available
were from juveniles, and the m3 of this woodrat
was not preserved. After further examination, with-
out going into detail, we now consider the Xeno-
mys attribution uncertain, and in Supplementary
Material we refer to this taxon as Neotomina sp.

RESULTS

CMZ 12 (5.8 - 5.3 Ma) 

Index taxa. Promimomys mimus, Microtodon n.
sp., Protorepomys mckayi, Marmota korthi, Perog-
nathus sargenti, Prodipodomys griggsorum, P. ida-
hoensis (LSD), Onychomys (LSD), mylagaulids
(HSD), Parapliosaccomys oregonensis (HSD),
Repomys (LSD).
Characteristic assemblages. McKay Reservoir,
Hoye Canyon, Mailbox, Zwiebel Channel. 
Remarks. Arvicoline rodents first entered North
America between 5.8-5.3 Ma (J. Martin et al.,
2018) as Promimomys mimus (= Prosomys
mimus) and dispersed from the west coast to the
northern Great Plains in Nebraska (Voorhies,
1990). An arvicoline-like cricetid, Microtodon, also
appears at this time. Both were quickly supplanted
by the arvicoline tribe Pliophenacomyini, including
Protopliophenacomys, Pliophenacomys, Guildayo-
mys, and Pliolemmus (L. Martin, 1979; Zakrzewski,
1984; Martin, 2008). J. Martin et al. (2018) recently
resurrected Shotwell’s (1956) Prosomys, and the
taxonomic status of the McKay arvicoline needs to
be reconsidered if, as Martin (2008) proposed, it is
ancestral to the Pliophenacomyini. This radiation
primarily took place on the Great Plains, as these
genera are rare in the western states (Supplemen-
tary Material). No extant cricetid genera are recog-
nized from this zone.

CMZ 11 (5.3 - 5.0 Ma)

Index taxa. Protopliophenacomys parkeri, Paene-
marmota mexicana (LSD), Parapliosaccomys
(HSD), Postcopemys (LSD); Pliogeomys carranzai
, Prosigmodon oroscoi (LSD), P. chihuahuensis
(LSD), Bensonomys elachys (LSD), B. baskini
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(LSD), Baiomys kolbi (LSD), Neotoma cf sawrock-
ensis (LSD). 
Characteristic assemblages. Santee, Yepómera.
Remarks. CMZ 11 is characterized by the first
appearance of hypsodont, rhizodont geomyids
(Pliogeomys), Protopliophenacomys parkeri, and a
southwestern radiation of the extinct neotomine
Bensonomys (Lindsay and Jacobs, 1985;
Voorhies, 1990; Carranza-Casteñeda and Walton,
1992). The giant ground squirrel Paenemarmota
mexicana first appears during this interval (McDon-
ald et al., 2022).

 Although Yepómera and Concha have a num-
ber of species in common, their respective locali-
ties are chronologically separated. Localities at
Yepómera span most all the Thvera subchron (=
C3n.4n) of the Gilbert chron with one locality (Y39)
extending into an overlying reversed interval (=
C3n.3r), just above the boundary between C3n.4n/
C3n.3r, a total range of about 5.2–4.95 Ma (Lind-
say et al 2006). Localities at Concha span the
Sidufjall subchron (= C3n.3n) of the Gilbert chron
from just below its boundary with C3n.3r to just
above its boundary with C3n.3r, a total range of
about 4.9 – 4.8 Ma (Lindsay et al. 2006). Notably,
arvicolines are absent from Yepómera, which can
in part be explained by its southern position, but
also by the likelihood that the Pliophenacomyini
had not extensively radiated by this time. 

CMZ 10 (5.0 - 4.75 Ma)

Index taxa. Ophiomys panacaensis, O. mcknighti,
Pliophenacomys wilsoni, Prosigmodon ferrusquiai,
P. tecolotum, P. oroscoi (HSD), P. chihuahuaensis
(HSD), Repomys gustelyi, Bensonomys winklero-
rum, Ammospermophilus hanfordi, Paenemar-
mota mexicana (HSD), Prothomomys warrensis,
Baiomys kolbi (HSD), Jacobsomys dailyi (LSD),
Geomys minor (LSD), Peromyscus (LSD). 
Characteristic assemblages. Panaca, White
Bluffs, Rancho el Ocote, Concha, Warren. 
Remarks. CMZ 10 spans the Hemphillian – Blan-
can boundary at about 4.9 Ma (Lindsay et al.,
2002) and is best characterized north of Mexico by
the LSD for Ophiomys panacaensis from the
Panaca Formation of Nevada (Mou, 2011) and O.
mcknighti from the Ringold Formation of Washing-
ton state (Gustafson, 1978). These records, the
first for Ophiomys in North America, are likely near
the time of the Ophiomys immigration event from
the Old World, and thus provide data points for our
understanding of arvicoline evolution and disper-
sal. As observed by Repenning (2003), the first
lower molar of Mimomys antiquus (Zazhigin, 1980)

from Peshniovo 3, western Siberia, bears a strong
resemblance to that of early Ophiomys, and
according to Vasilyn et al. (2017) is assigned a
date of about 4.9 Ma.

CMZ 10 is constrained in the Mexican sec-
tions that produced the Concha and Rancho el
Ocote assemblages. Based on radiometric dates
and paleomagnetic profiles, both the latter sections
span almost the entirety of the Sidufjall subchron of
the Gilbert chron (Lindsay et al., 2006) and extend
to reversely magnetized sediments above. An
advanced Pliophenacomys, P. wilsoni, is found at
Concha, associated with many of the rodent spe-
cies from the nearby, earlier Yepómera section. At
Concha we see the last association of a Pliogeo-
mys with early Geomys. 

A new species of Prosigmodon, P. tecolotum,
was recently described from the upper level of sed-
iments in the Jalteco 26 section from the Tecolotlán
Basin of Jalisco, central Mexico (Pacheco-Castro
et al., 2019; Ronez et al., 2021). Very similar to
other Prosigmodon species, it differs primarily in
retaining a mesoloph on M1-M2, a plesiomorphic
condition. This species was recovered from a lens
in the section directly above an ash that was dated
at 4.89 + 0.16 Ma.

CMZ 9 (4.75 - 4.5 Ma)

Index taxa. Paenemarmota barbouri (LSD),
Ogmodontomys sawrockensis, O. pipecreekensis,
O. poaphagus (LSD), Pliophenacomys koenig-
swaldi, Bensonomys hershkovitzi, B. stirtoni, B.
elachys (HSD), Symmetrodontomys daamsi, ?Icti-
domys pipecreekensis, Otospermophilus rexroad-
ensis (LSD).
Characteristic assemblages. Saw Rock Canyon,
Pipe Creek Sinkhole, Fox Canyon.
Remarks. Ophiomys, Ogmodontomys, and
Cosomys comprise the Ogmodontomyini (Martin,
2008; Marcolini et al., 2008), and both Ogmodonto-
mys and Cosomys likely originated from Ophiomys
as the latter genus spread eastward, eventually
reaching the Central Great Plains. CMZ 9 rep-
resents the initial appearance of Ogmodontomys in
Kansas and Indiana and further eastward dispersal
and dental development in Pliophenacomys,
expressed by P. koenigswaldi. In the Meade Basin,
CMZ 9 also includes Fallen Angel B and Argonaut,
both with Ogmodontomys sawrockensis, that lie
above Saw Rock Canyon and beneath Fox Can-
yon (Martin and Peláez-Campomanes, 2014).
Fallen Angel B and Argonaut have produced mea-
ger remains of a primitive sigmodontine that
Peláez-Campomanes and Martin (2005) referred
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to Sigmodon sp., and Martin et al. (2021) referred
to S. minor, but could also represent Prosigmodon.
The earliest confirmed record of S. minor is in CMZ
8. Fox Canyon includes the first appearances of
some common Pliocene rodents in the Meade
Basin plus a dentally derived Ogmodontomys
referable to O. poaphagus. Fox Canyon, like Saw
Rock Canyon, lacks cotton rats. 

CMZ 8 (4.5 - 3.9 Ma)

Index taxa. Sigmodon minor (LSD), S. holocuspis,
Jacobsomys verdensis, Geomys anzensis, Perog-
nathus strigipes, Postcopemys repenningi, Neo-
toma vaughani, Ellesmereomys haringtoni. 
Characteristic assemblages. Ripley B, Verde
(House Mountain Loc. 318), Raptor 1C, Wiens/
Vasquez-Newt, Layer Cake, Strathcona.
Remarks. This zone includes the earliest North
American appearances of Sigmodon minor, a char-
acteristic Pliocene rodent, and a modern-sized cot-
ton rat, Sigmodon holocuspis. Sigmodon cf minor
is first encountered in the Meade Basin at Ripley B,
lying above Fox Canyon and just above the Bishop
Gravel, a characteristic early Pliocene marker bed.
Sigmodon holocuspis was described from House
Mountain Loc. 318 in the Verde Formation of Ari-
zona, in magnetically reversed sediments referred
to the Gilbert chron, between 4.48–4.29 Ma
(Czaplewski, 1990). For reasons noted in Marcolini
and Martin (2008), we tentatively conclude that
House Mountain Loc. 318 and Raptor 1C were
deposited towards the end of this reversal. S. holo-
cuspis has only been recovered in the Meade
Basin from Raptor 1C and a contemporaneous
locality, Keefe Canyon (Peláez-Campomanes and
Martin, 2005), and the evidence appears to indi-
cate S. holocuspis had a brief geological lifespan in
North America, providing a useful chronological
anchor for part of the early Blancan. 

Ruez and Gensler (2008) reported an unex-
pected discovery of Mictomys vetus, an extinct
lemming, from a level in the Glenns Ferry Forma-
tion dated to about 3.93 Ma. Tesakov and Bond-
arev (2021) pointed out how unlikely this record
was to be valid when compared to the evolutionary
history of lemming dental features. Consequently,
we do not include this record as an LSD for CMZ 8,
awaiting further collections for corroboration. 

The presence of Ellesmereomys haringtoni at
Strathcona, on Ellesmere Island in the Canadian
Arctic, documents the second North American
record of a primitive arvicoline-like cricetid,
bounded above by a cosmogenic nuclide date of

3.9 + 1.5/ - 0.5 Ma (Fletcher et al., 2019; Martin
and Zakrzewski, 2022). 

CMZ 7 (3.9 - 3.1 Ma)

Index taxa. Ophiomys taylori (LSD), Ondatra
zibethicus /minor, Procastoroides intermedius, P.
idahoensis, P. sweeti (LSD), Oregonomys magnus.
Characteristic assemblages. Hagerman, Sand
Point, Taunton, Beck Ranch, Benson.
Remarks. Hagerman and Sand Point represent
lower outcrops of a long Pliocene-Pleistocene
rodent record in the Glenns Ferry Formation of
Idaho (Figure 2) running from about 3.93 Ma to
about 1.6 Ma. These sections crop out along the
Snake River at various points (Zakrzewski, 1967;
Repenning et al., 1995). Ophiomys taylori and
Cosomys primus evolved from the earlier O. pana-
caensis/O. mcknighti evolutionary grade, and the
earliest muskrats (Ondatra) and giant beavers
(Procastoroides) appear during this interval. The
last continental record of a geomyid with rooted
molars (Pliogeomys) occurs at Hagerman. The
LSD for Cosomys is in the Hagerman section,
occurring beneath an ash bed of ca. 3.84 Ma (Fig-
ure 2; Hart and Brueseke, 1999; Ruez, 2009).

CMZ 6 (3.1 - 2.8 Ma)

Index taxa. Paenemarmota barbouri (HSD), Onda-
tra zibethicus /meadensis, Procastoroides sweeti
(HSD), Ophiomys taylori (HSD), O. parvus (LSD),
Nebraskomys rexroadensis, Pliophenacomys pri-
maevus, Pliolemmus antiquus (LSD), Hibbardomys
skinneri, Geomys quinni (LSD).
Characteristic assemblages. Rexroad Loc. 3,
Sand Draw, Deer Park, Birch Creek, Boyle Ditch,
Mesa del Sol, Blanco.
Remarks. Nebraskomys (ancestral to the Pleisto-
cene Atopomys), Pliolemmus, and Hibbardomys
appear during CMZ 6. The relationships of are
obscure, but there is some resemblance of the
dentition to that of Phenacomys, and Martin (2008)
included both in the arvicoline tribe Phenacomyini.
Symmetrodontomys, Pliolemmus, and Ogmodon-
tomys become extinct before CMZ 5. Ondatra
zibethicus /meadensis is the characteristic muskrat
chronomorph of CMZ 6. Ophiomys parvus origi-
nates from O. taylori in CMZ 6. 

In their description of the new Zwiebel Chan-
nel Hemphillian locality from the Sand Draw area of
Nebraska, Martin et al. (2017) suggested that
localities with Ophiomys (e.g., O. magilli from UM
Loc. 3-67) occurred higher in the stratigraphic sec-
tion of the Sand Draw area than sites with Ogmo-
dontomys poaphagus. Although there may be
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some stratigraphic differences in species occur-
rences, we now consider O. magilli a slightly
advanced form of O. taylori, and the rodents from
all localities listed by Hibbard (1972) from the Sand
Draw region of Nebraska to be roughly equivalent
in age to other localities with Pliolemmus, Nebras-
komys, and Ogmodontomys poaphagus, such as
Deer Park, Kansas. 

CMZ 5 (2.8 - 2.2 Ma)

Index taxa. Thomomys carsonensis, Ondatra zibe-
thicus /idahoensis, Ophiomys parvus (LSD), O.
meadensis (LSD), Pliophenacomys osborni (LSD),
Repomys arizonensis, Geomys floralindae (LSD). 
Characteristic assemblages. Flatiron Butte,
Grand View, 111 Ranch, Arroyo Seco, Sanders.
Remarks. This interval is characterized by the first
appearance of Ondatra zibethicus /idahoensis, a
chronomorph of the North American muskrat larger
in size than O. z. /meadensis and with the first evi-
dence of cementum in reentrant folds. There is
also an increase in dental complexity in Ophiomys,
leading from the last record of O. taylori at Flatiron
Butte, ID to O. parvus at the Grand View/Ninefoot
Rapids level (Conrad, 1980). A slightly more
advanced Ophiomys currently recognized as O.
meadensis appears during CMZ 5 on the Great
Plains in Texas and Kansas.

CMZ 5 also includes the cold period that
begins the Pleistocene epoch at 2.58 Ma. Although
rodent species turnover and some evolutionary
changes are observed, this does not seem to be a
particularly dramatic period of flux as compared
with, for example, change seen on the Central
Great Plains in the Meade Basin following the
Huckleberry Ridge ash-fall at 2.07 Ma (see Discus-
sion). 

CMZ 4 (2.2 - 2.0 Ma)

Index taxa. Geomys floralindae (HSD), Sigmodon
hudspethensis, S. curtisi (LSD), Ophiomys mead-
ensis (HSD), Plioctomys rinkeri, Hibbardomys
fayae, H. voorhiesi, Reynoldsomys timoteoensis,
Plioctomys rinkeri, Pliolemmus antiquus (HSD),
Zapus sandersi (HSD). 
Characteristic assemblages. Hudspeth, Cita
Canyon, San Timoteo, Curtis Ranch, Borchers,
Froman Ferry, Inglis 1A. 
Remarks. CMZ 4 is characterized by the appear-
ance of modern-sized cotton rats with advanced
occlusal patterns, S. hudspethensis and S. curtisi
(Strain, 1966; Akersten, 1970). Almost all the hold-
over “Pliocene fauna” of Great Plains rodents
becomes extinct during this interval, mostly near its

end, following the Huckleberry Ridge ash-fall at
2.07 Ma. With the exception of the immigration of
Mimomys in CMZ 3, this interval represents the
end of dominance in North America of arvicoline
rodents with rooted molars. Myodes and Ondatra
are the only extant rhizodont arvicolines, the for-
mer restricted to forest ecosystems and the latter
to aquatic habitats. 

CMZ 3 (2.0 - 1.29 Ma)

Index taxa. Ondatra zibethicus /annectens (LSD),
Allophaiomys sp., Pedomys n. sp., Tyrranomys
harkseni, Javazapus weeksi, Mimomys virginianus,
M. dakotaensis, Atopomys texensis, Microtus
(LSD).
Characteristic assemblages. Java, Short Haul,
Aries A, Hamilton Cave, SAM Cave, Fyllan Cave,
Sappa.
Remarks. This interval is well represented and
constrained in the Meade Basin by several locali-
ties, radiometric dates, paleomagnetism, and bio-
stratigraphy. The Allophaiomys immigration event
across Beringia is considered to have occurred
around 2.0 Ma, and defines the base of the Irving-
tonian NALMA (Martin et al., 2008). This event rep-
resents the first wave of dispersal from Asia of
arhizodont arvicoline rodents destined to become
the dominant small grassland herbivores, later rep-
resented by various species of Microtus, Pedomys
and Pitymys. A single m3 of an arhizodont arvico-
line was recovered from a geologic core just above
the Huckleberry Ridge ash (2.07 Ma) at Hansen
Bluff, Colorado (Rogers et al. 1992). The age was
estimated at about 1.89 Ma. While at this period of
time the most likely arhizodont arvicoline with the
m3 morphology illustrated by Rogers et al. (1992;
fig. 9) would be Allophaiomys, identification cannot
be made solely on the morphology of m3. Until
records of Allophaiomys from Little Dell Dam, Utah
(Gillette et al., 1999) and SAM Cave, Colorado
(Rogers et al., 2000) can be confirmed with addi-
tional specimens or illustrations, Allophaiomys is
otherwise absent from western sites prior to its
appearance at Porcupine Cave in CMZ 2. This
absence could be considered sampling bias,
except that Allophaiomys has not been recovered
from the San Timoteo, Glenns Ferry, Vallecito-Fish
Creek, or San Pedro Valley lengthy sequences,
and thus appears have first dispersed eastward
through North America by a northern route,
bypassing both the Rocky Mountain chain and arid
western ecosystems. Later, perhaps during glacial
advances, Allophaiomys moved briefly into some
western states, mostly at high elevation. Atopomys
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texensis, an arvicoline descended from Nebrasko-
mys, appears during this interval, associated with
Allophaiomys at Fyllan Cave, Texas (Winkler and
Grady, 1990; Winkler and Gose, 2003). The new
species of Pedomys from Java listed in Supple-
mentary Material includes many m1s with simple
Allophaiomys morphotypes and thus likely rep-
resents a common ancestor for later North Ameri-
can Pedomys species.

An interesting combination of arvicolines is
found at Hamilton Cave, West Virginia (Repenning
and Grady, 1988; Repenning, 1992). The arhizo-
dont component may include two or three species,
one of which may be an early Pitymys retaining
some Allophaiomys m1 morphotypes. If this identi-
fication is confirmed, the Hamilton Cave Pitymys
could represent an ancestral grade for both later
extinct and extant Pitymys.

The North American muskrat increases in size
and becomes recognized as Ondatra zibethicus /
annectens, extending through CMZ 2. The earliest
record of the modern Great Plains Pocket Gopher,
Geomys bursarius, is from this interval in the
Meade Basin of Kansas (Martin et al., 2011; Martin,
2016). CMZ 3 is bounded on the young side by the
Mesa Falls ash-fall from the Yellowstone caldera
(Lanphere et al., 2002), correlative with the
Coleridge ash of Nebraska (Boellstorff, 1978),
directly overlying the Sappa local fauna of Kansas. 

CMZ 2 (1.29 - 0.30 Ma)

Index taxa. Ondatra zibethicus /annectens (HSD),
Microtus meadensis (HSD), M. paroperarius
(HSD), M. morlani, Pedomys guildayi, P. australis,
P. ochrogaster /llanensis (HSD), P. o. /ochrogaster
(LSD), Pitymys aratai, P. cumberlandensis. 
Characteristic assemblages. Hansen Bluff, Haile
16A, Cumberland Cave, Thistle Creek, Cudahy,
Vera, Conard Fissure, Port Kennedy, Coleman 2A.
Remarks. This interval is characterized by an
almost bewildering array of small arhizodont arvi-
colines, representing a combination of autochtho-
nous radiations and continued dispersals across
Beringia. Allophaiomys splits into the Pedomys
complex, beginning with P. guildayi, P. australis,
and P. ochrogaster, and the characteristic middle
Pleistocene species Microtus paroperarius and M.
meadensis first appear (Hibbard, 1944; Paulson,
1961; Martin, 1995). Microtus deceitensis and
those earliest Microtus m1 specimens reported in
the literature as displaying either the paroperarius
or Lasiopodomys m1 morphotype (as at Hamilton
Cave; Repenning and Grady [1988]), are variants
of the pattern seen in the extant Alexandromys

oeconomus, in which the anteroconid complex is
asymmetrical, T 4-5 are alternate, LRA 4 is well-
developed, BRA 3 is often shallow, and BRA 4
ranges from absent to modestly developed but
usually without cementum when it is present (Fig-
ure 3). A. oeconomus (= Microtus operarius; hence
M. paroperarius for the extinct species) is a tundra-
steppe species, and fossil Microtus-like m1s with
the paroperarius m1 morphotype tend to be found
in the far north (Fort Selkirk, Yukon; Cape Deceit,
Alaska), in mountain chain cavern localities (Hamil-
ton Cave, WV; Porcupine Cave, CO), or on the
Central Great Plains (Cudahy, KS; Vera, TX, etc.)
only during glacial intervals, suggesting these spe-
cies represent a distinct clade with northern ori-
gins, perhaps Alexandromys, separate from other
Microtus (such as M. pennsylvanicus) that may
also have had a northern origin, but at a later time,
and are more temperate-adapted. It is instructive
that cotton rats, genus Sigmodon, are absent from
fossil localities with the M. paroperarius-like m1
morphotype throughout the continent, further sup-
porting the hypothesis that species with an M.
paroperarius-like dental morphology represent a
clade with northern environmental preferences. 

In North America the earliest record of a
Microtus species not referable to either the parop-
erarius group or M. meadensis is from Porcupine
Cave, Colorado. Illustrations of this taxon, identi-
fied as Microtus sp., were provided by Bell and
Barnosky (2000), and are similar to Microtus penn-
sylvanicus m1s with five triangles. Numerous
molars from this species were recovered. The vast
majority of Microtus sp. specimens (104/128 =
81%) were recovered from levels 1-2 in the Pit con-
trolled excavations. Microtus meadensis speci-
mens were also excavated from the same levels. A
few M. paroperarius m1s were scattered relatively
evenly through the first two levels. Allophaiomys
pliocaenicus molars were found only in levels 4-6.
Barnosky (2004) recognized this difference in rela-
tive abundance, and identified two depositional
zones. He estimated the age of the Microtus sp.
zone to at >0.60 – < 0.85 Ma and the Allophaiomys
zone >0.78 – 1.0 Ma. Other records of this associa-
tion, such as at Little Dell Dam locality in Utah (Gil-
lette et al., 1999), SAM Cave, Colorado (Rogers et
al., 2000), Hamilton Cave in West Virginia (Repen-
ning and Grady, 1988) or Cathedral Cave, Nevada
(Jass and Bell, 2011) cannot be confirmed based
on published information. 

The oldest association of Microtus paroperar-
ius and M. meadensis may be from Hansen Bluff in
Colorado, from sediments directly above the
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Bishop ash at 0.76 Ma (Rogers et al., 1985, 1992;
Sarna-Wojcicki et. al., 2000). However, M. mead-
ensis was recovered lower in the sections than M.
paroperarius, and there could be as much as 50
thousand years between the levels. On the Central
Great Plains these species are found together in a
number of localities directly underneath the Lava
Creek B ash at 0.64 Ma (Lanphere et al., 2002;
Schultz, 2010). In none has a more advanced
Microtus been securely documented; thus it
appears Microtus pennsylvanicus, the dominant
extant Microtus on the Great Plains, had not
reached that region by 0.64 Ma, further suggesting
that fossil Microtus morphologically referable to
modern species from Porcupine Cave and else-
where in the western United States are not likely
much older than 0.64 Ma. The youngest records of
Microtus paroperarius and M. meadensis may be
from Salamander Cave in the Black Hills of South

Dakota (Mead et al., 1993). Uranium series dates
suggest a range from 0.15–0.45 Ma, and three of
the four authors concluded they preferred a depo-
sitional date for the majority of the fossils at 0.25
Ma based on a Th/Pa ratio from an Equus phalanx
from the main bone bed, while one of the authors
(C.A. Repenning) preferred a date closer to 0.60
Ma based on previously known biochronology of
the Salamander Cave arvicolines. 

Continuing with the arvicolines, the earliest
Pitymys, P. cumberlandensis, appears at Cumber-
land Cave, Maryland (van der Meulen, 1978). New
U-series Electron Spin resonance dates from Cum-
berland Cave provided dates of 722 and 790 Ka for
the deposits (Withnell et al., 2020). A middle Pleis-
tocene Pitymys radiation apparently followed, cul-
minating with the late Pleistocene P. aratai (Martin,
1974) and modern P. pinetorum and Mexican spe-
cies such as P. quasiater (Martin, 1995). It is not

FIGURE 3. Examples of Microtus m1 morphology. A-C, Microtus pennsylvanicus (from Martin, 1990), D-F, Microtus
paroperarius (from van der Meulen, 1978). ACC = anteroconid complex, BRA = buccal reentrant angle, LRA = lingual
reentrant angle. Numbers in illustration D refer to triangle numbers. 
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likely P. cumberlandensis was ancestral to later
pine vole species (Martin, 2014), but the Hamilton
Cave populations mentioned in CMZ 3 could repre-
sent that evolutionary grade.

CMZ 1 (0.30 - 0.001 Ma)

Index taxa. Microtus pennsylvanicus (LSD), Pedo-
mys parmaleei, dominance of modern species. 
Characteristic assemblages. Kennewick, San
Josecito Cave, Papago Springs Cave, Jinglebob,
Cragin Quarry, Dry Cave, Natural Trap Cave,
Jones. 
Remarks. Microtus referable to modern species do
not appear until the late Pleistocene, and because
the timing of the modern Microtus radiation appar-
ently began between the Lava Creek B ash-fall and
the first radiocarbon-dated assemblages about 50
Ka, we have no trustworthy dates for this interval.
A search for species of Pleistocene Microtus in the
Neotoma (FAUNMAP) database reveals no pub-
lished records prior to a flurry of specimens from
extant species reported from localities younger
than the 0.64 Ma Lava Creek B ash. Microtus,
Pedomys, and Pitymys species become common
components of North American late Pleistocene
faunas, particularly during the Rancholabrean
NALMA, and in the central and eastern states the
most common species are the extant Microtus
pennsylvanicus, Pedomys ochrogaster, and Pity-
mys pinetorum and the extinct Pedomys par-
maleei. As noted by Murray et al. (2011) in the
western states there are a number of Microtus spe-
cies with overlapping dental morphology, and thus
identification to species is often difficult. Neverthe-
less, extant species dominate Rancholabrean
sites. From these observations we can generalize
that the radiation of continental North American
Microtus (not including Pitymys and Pedomys) into
extant species likely began no earlier than the mid-
dle Pleistocene about 0.70 Ma, but the details of
this radiation remain unknown.

DISCUSSION

General Patterns 

On the Central Great Plains a regional rodent
zone can be distinguished at 0.64 Ma, coincident
with Lava Creek B ash deposition, because a num-
ber of rodent assemblages in Kansas and Texas
with comparable rodent communities have been
recovered from directly beneath this ash (Martin,
2019). None contain Allophaiomys, and it seems
clear Allophaiomys had evolved into early Pedo-
mys by this time, as the assemblages include

Pedomys ochrogaster/llanensis (Supplementary
Material). Extant populations and late Pleistocene
samples of Pedomys ochrogaster occasionally dis-
play Allophaiomys m1 morphotypes (Harris, 1988;
Martin, 1991). As noted above, Allophaiomys is
rare in western North America, and its chronology
there is not well constrained. Although deposits of
Lava Creek B ash are found commonly in the west-
ern states, no rodent assemblages have been
reported associated with them, and there is no
record of extant or extinct Pedomys in western
states prior to the late Pleistocene. These observa-
tions demonstrate the value of both regional and
continental rodent databases in determining distri-
butional and evolutionary patterns. 

Table 1 provides a rough geographic break-
down of the 312 species in Supplementary Mate-
rial. The list does not include many late Pleistocene
sites and therefore many extant species. Neverthe-
less, the “pull of the Recent” probably produces a
certain degree of bias. The totals, therefore, repre-
sent only a crude estimate of regional species rich-
ness over the last 5 million years, and should be
examined chronologically to illuminate both
regional and continental diversity dynamics. West-
ern states appear to have had a greater richness of
cricetids and heteromyids, and the absence of het-
eromyids from eastern states even during periods
of aridity in which there was likely at least a patchy,
arid corridor connecting Texas with the Gulf states
(e.g., the late Irvingtonian Coleman 2A assem-
blage from Florida with Thomomys, Lepus, Cone-
patus, Felis onca, and Hydrochoerus; Martin, 1974;
Wilkins, 1985), suggests heteromyids were limited
throughout the late Cenozoic to the Great Plains
and points west. Neotominin cricetid diversity (e.g.,
Neotoma, Repomys) has been consistently higher
in western than central or eastern North America. 

As noted above under CMZ 5, this interval
spans the currently recognized beginning of the
Pleistocene epoch at 2.58 Ma, also the base of the
Matuyama chron. A logical question is to what
extent the beginning of the Pleistocene affected
rodent biogeography and evolution. The answer is
probably best addressed through regional deposi-
tional basins where the base of the Matuyama
paleomagnetic chron is recognized or assumed to
be present because this boundary is roughly con-
temporaneous with the beginning of the Pleisto-
cene. In North America basins spanning that time
with superposed rodent assemblages are limited,
but those available do not demonstrate enhanced
rates of rodent species turnover at the advent of
the Pleistocene, though changes in other mammal
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groups may provide additional information. In the
extensive Vallecito-Fish Creek (VFC) sequence of
southern California (Cassiliano, 1999), change in
the rodent contingent above the onset of the Pleis-
tocene is limited only to the appearance of a large
cotton rat, Sigmodon lindsayi and, at the top of the
sequence, a Microtus near M. deceitensis (with a
likely northern origin). In the VFC sequence there
are some notable early Pleistocene shifts in other
mammal groups, including extinction of ancient
lagomorphs such as Hypolagus and Nekrolagus
and the appearance of Sylvilagus. The sloths,
Megalonyx, Nothrotheriops, and Glossotherium
first appear almost coeval with the base of the
Matuyama. However, these are not new South
American immigrants, as Megalonyx is likely a
descendant of the much earlier immigrant Pliomet-
anastes (Morgan, 2005), and Glossotherium was
present in Mexico 4.6–4.8 Ma (Carranza-
Casteñeda and Miller, 2004). Nothrotheriops is an
Irvingtonian immigrant, appearing in North America
about 1.3 Ma at Leisey 1A in Florida (McDonald,
1995).

In the western and Great Plains states, many
characteristic Pliocene species, such as Sigmodon
minor, Bensonomys arizonae, Prodipodomys ida-
hoensis, and Pliophenacomys osborni, continue
through CMZ 5 into CMZ 4. Unfortunately, only the
Sanders assemblage in the Meade Basin of Kan-
sas lies at the approximate base of the Matuyama/
earliest Pleistocene boundary and its rodent con-
tingent is sparse. Notably present is the advanced
arvicoline Ophiomys meadensis, replacing the ear-
lier Ogmodontomys poaphagus, but there is an
absence of fossil localities between Sanders and
Margaret, the latter lying beneath Borchers and the
Huckleberry Ridge ash (older than 2.07 Ma). In the
Duncan Basin of Arizona, the 111 Ranch rodent
sequence extends from the end of the Gauss
through the early Matuyama chrons. Tomida (1987)
conveniently broke the faunal list into lower (pre-
sumably prior to the Gauss-Matuyama boundary)
and upper units. Other than the disappearance of
Repomys arizonae and Pliophenacomys primae-
vus from the lower level, both representing global
extinctions, there is little difference between the
two assemblages. The lemming Mictomys vetus is
limited to the lower beds, but it is a common ele-
ment of younger continental deposits elsewhere,
so it is difficult to ascribe any particular significance
to its absence in the upper quarries. 

Circumstantial evidence suggests there are at
least two categories of rodent species turnover in
North America. The first, which we can label back-

ground turnover, is a relatively low, constant rate
driven primarily by Milankovich cycles and stochas-
tic regional climate changes (Martin and Peláez-
Campomanes, 2014). Second category events are
short-term catastrophic environmental changes on
either a global or regional scale, including massive
floods and volcanic eruptions. In the Meade Basin
rodent record over the past five million years, back-
ground turnover averages < 2 E/ or I/MSY (extinc-
tions or immigrations/million species years; Martin
and Peláez-Campomanes, 2016). Category 2 is
represented by the Huckleberry Ridge and Lava
Creek B ash-falls at 2.07 and 0.64 Ma. Between
Borchers at 2.07 Ma and Aries A at ~2.0 Ma, 40%
of the Meade Basin rodent community turned over.
A small part of the change appears to represent
cladogenesis, as both the modern Ictidomys tride-
cemlineatus and Geomys bursarius appear soon
after the Huckleberry Ridge deposition (Martin et
al., 2021). There is a depositional hiatus between
about 1.35–0.64 Ma and a lack of dates for locali-
ties from 0.64 Ma to the first radiocarbon-dated
sites in the Meade Basin, so we cannot precisely
determine turnover rates during these periods, but
it is clear the modern rodent community of the
Meade Basin area was mostly established by the
middle late Pleistocene (e.g., Kanopolis, Berends,
Doby Springs; Supplementary Material), in perhaps
a period of ~100 – 200 Ka following the Lava Creek
B ash-fall. A research program designed to sample
for rodent communities above and beneath dated
ashes could test the ash-fall hypothesis and, con-
comitantly, provide better chronological control to
the continental system. 

Arvicoline Diversity 

The database of Supplementary Material can
be used to examine a number of evolutionary and
distributional questions. We provide an example
with a preliminary evaluation of North American
arvicoline diversity from Supplementary Material
over the past five million years. Figure 4 presents a
graph of this diversity. Numbers of species on the
ordinate were plotted against midpoints of CMZs in
Ma on the abcissa. Because species numbers in
CMZ 1-2 are affected so greatly by the number of
Rancholabrean assemblages tallied, we omitted
the total for CMZ 1; the tally for CMZ 2 should be
considered only as a rough approximation, but an
indication of a significant rise over CMZ 3. The
data were best fit by an exponential function.
Increase in numbers was modest through most of
the Pliocene and early Pleistocene, comprised
mostly of rhizodont extinct taxa such as Ophiomys,
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Ogmodontomys, Cosomys, Pliophenaomys, Hib-
bardomys, Nevadomys, Nebraskomys, and Plioc-
tomys. As observed above, no elevated arvicoline
turnover events characterize the advent of the
Pleistocene at 2.58 Ma. All the archaic, mostly rhi-
zodont arvicolines became extinct by the end of
CMZ 4. CMZ 3, a brief interval between 2.2–2.0
Ma, includes the Huckleberry Ridge (HR) ash-fall
at 2.07 Ma and the subsequent Allophaiomys
immigration event documented in the Meade Basin
of Kansas. Elsewhere in North America, roughly at
the same time, the LSDs for Phenacomys and
Mimomys are encountered. These observations
are consistent with a glacial scenario bringing new
arvicolines into North America via a northern route
at a time when much of the central and western
USA had been devastated by the HR ash-fall.
However, only cotton rats have been recovered in
the Meade Basin prior to and just following the HR
event (Margaret/beneath, Borchers/immediately
above; Martin et al., 2021), and it is therefore likely
that the archaic arvicolines such as Hibbardomys,
Pliophenacomys and Ophiomys, were extinct by
that time. That is, although no punctuational turn-
over was observed at the beginning of the Pleisto-
cene, early Pleistocene environmental change may
have gradually hastened the demise of archaic
arvicolines prior to the HR ash-fall. 

Although North American Allophaiomys may
be ancestral to both Pedomys and Pitymys, arvico-
line diversity increased little in CMZ 3. By CMZ 2,
one or more dispersal events across Beringia intro-
duced a number of new Microtus clades, including
M. meadensis and a group of species related to M.
paroperarius, the latter with northern affinities. New

Pedomys and Pitymys species and modern lem-
ming genera appeared. Extant species of Microtus
are recorded from many North American sites in
CMZ 1, probably representing a combination of
late Pleistocene Beringian immigrants and phylo-
genetic radiation from CMZ 2 ancestors. Concomi-
tantly, large cotton rats, genus Sigmodon,
diversified and spread into austroriparian prairie
habitats in southern North America and northern
South America. From that time onward, arhizodont
voles and cotton rats become the dominant small
pastoral herbivores in global Holarctic ecosystems.

CONCLUSIONS

A database of rodent species communities for
the past five million years is extended from the
eastern and central United States (Martin, 2019) to
include all of North America. This new correlational
scheme, including 312 species from 124 communi-
ties, allows recognition of 12 Cenozoic Mammal
Zones (CMZs), each defined on the basis of a
series of index taxa. Turnover in the arvicoline
cricetids, followed by neotomine and sigmodontine
cricetids and geomyids, provided the most useful
information. Further taxonomic study, particularly
with the sciurids, heteromyids, and cricetids, will
continue to refine the database and its conclu-
sions. Preliminary examination of the data indicate
no rapid bouts of rodent turnover at the Pliocene-
Pleistocene boundary about 2.6 Ma, but a pro-
nounced turnover event is recorded in the Meade
Basin of Kansas following the Huckleberry Ridge
ash-fall at 2.07 Ma. Arvicoline diversity is best
modeled by an exponential curve, identifying a late
Pleistocene surge in species diversity. 
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SUPPLEMENTARY MATERIAL

Table of Late Cenozoic North American Rodent species assemblages. NALMA = North American Land 
Mammal Age, CMZ = Cenozoic Mammal Zone, cf = compares favorably with, ? = Questionable allocation. 
Horizontal cell colors: Light green = western assemblages, yellow= eastern assemblages,tan = biologic 
events, white = NALMA boundaries and radiometric dates.
Vertical cell colors: yellow = species from eastern assemblages, tan = species from western assemblages, 
white = species from both eastern and western assemblages.
Esr = estimated from sedimentation rate.

This material is available for download in zipped file
https://palaeo-electronica.org/content/2023/3903-cenozoic-rodent-assemblages.
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