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La portada

El género de murciélagos Gardnerycteris incluye a tres especies neotropicales: G. keenani que habita desde el sureste de
México hasta el norte de Suramérica, asi como G. koepckeae y G. crenulatum, que se distribuyen en la vertiente oriental
andina y las tierras bajas al este de los Andes, respectivamente. Son especies raras y poco conocidas, pero se ha reportado
que perchan sobre troncos y arboles huecos, en pequeinos grupos cerca de cuerpos de agua. Principalmente se alimentan
de insectos como escarabajos, polillas, moscas y hemipteros, pero también de araias, uropigidos, pequefos vertebrados,
néctar, polen y frutos. La etimologia Gardnerycteris fue propuesta para reconocer las importantes contribuciones al
conocimiento de los murciélagos y otros mamiferos neotropicales realizadas por el Dr. Alfred L. Gardner, a quién también
dedicamos este numero especial de Therya (foto tomada por Marco Tschapka).

Nuestro logo “Ozomatli”

El nombre de “Ozomatli” proviene del nahuatl se refiere al simbolo astrolégico del mono en el calendario azteca, asi como
al dios de la danza y del fuego. Se relaciona con la alegria, la danza, el canto, las habilidades. Al signo decimoprimero en la
cosmogonia mexica. “Ozomatli” es una representacion pictérica de los mono araias (Ateles geoffroyi). La especie de primate
de mas amplia distribucién en México. “ Es habitante de los bosques, sobre todo de los que estan por donde sale el sol en
Andhuac. Tiene el dorso pequeio, es barrigudo y su cola, que a veces se enrosca, es larga. Sus manos y sus pies parecen de
hombre; también sus ufas. Los Ozomatin gritan y silban y hacen visajes a la gente. Arrojan piedras y palos. Su cara es casi
como la de una persona, pero tienen mucho pelo.”
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Editorial

Special Issue in Honor of Dr. Alfred L. Gardner

It is a great pleasure to introduce this special feature honoring Dr. Alfred Lunt Gardner. Al's many contributions to mam-
malogy span seven decades, two continents, and practically the entire tree of mammals. It is impossible to imagine what
mammalogy in the Americas would look like without him. His academic contributions are as significant as his imposing
stature.

Al was born in Salem, Massachusetts in 1937 and spent his early childhood there. His first interests in natural history
were sparked by his 3-grade teacher, an amateur ornithologist who kept a cabinet of specimens in her classroom (Gard-
ner 2005). In 1947, the Gardner family relocated to a farm in North Andover, Massachusetts, where, according to Al, he
“practically lived in the woods fishing, hunting, and trapping” (pg. 277, Gardner 2005). In his adolescent years, Al would
spend considerable time in the outdoors, honing his trapping and skinning skills. By his freshman year of high school, he
was selling furs and evading game wardens (Gardner 2005). In 1953, his family moved to Tucson, Arizona, where Al found
a trove of new habitats and wildlife to explore. By 1955, Al graduated high school, signed up for the Army Reserves, and
enrolled at the University of Arizona, where his mammalogical interests would be further stimulated by E. Lendell Cockrum
and his graduate students.

Al'sundergraduate path was a bit circuitous. He dropped
out for a while, working as a welder and sheet metal man.
His expertise in this area would later prove valuable as they
enabled him to fashion traps from scraps, as needed. The
capacity to jury rig is invaluable in remote field sites, and
one that would serve Al well in many later field excursions.
By 1962, Al received his B.S in Wildlife Management and, in
1965, his M.S. in Zoology, both from the University of Ari-
zona. Upon completion of his M.S., Al worked as a profes-
sional collector and as a Fellow in Tropical Medicine associ-
ated with Louisiana State University (LSU) and based at the
International Center for Medical Research and Training in
Costa Rica. In 1967, he enrolled at LSU as a PhD student
and by 1970 completed his degree in Zoology with a minor
in Paleontology. Al's dissertation is an impressive study of
the systematics of Didelphis, completed under the mentor-
ship of George Lowery. It is remarkable that Al finished
his terminal degree so quickly given the amount of time
he spent in the field. LSU collecting trips that involved Al
always resulted in more specimens, and legend has it that
Dr. Lowery always wanted more, so Al was in the field a lot
(Figures 1, 2, 3). Today, the LSU collection contains 2498
mammal specimens with ALG field numbers, most of them
collected between 1966 and 1971 in the United States
(U.S.), México, Costa Rica, Panama, and Peru. Fifty years
later, the ALGs from Peru are LSU’s most-studied mammal
specimens.

During the early 1970s Al worked alternately as an Assis-
tant Professor at LSU and Tulane University. In 1973, he
began what would be his long-term position as Curator of
North American Mammals at the U.S. National Museum of

Figure 1. Al Gardner skinning a bat in 1968 in Per. Photo credit: John O'Neill. Natural HiStOI’y. At various times, his pOSitiOﬂ was affiliated
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Figure 2. Al Gardner holding a Red-throated Caracara in 1968 in Peru. Photo credit:
John O'Neill.

with the U.S. Fish and Wildlife Service (1973-1993), National
Biological Survey (1993-1996), and the U.S. Geological Sur-
vey (1996-2018). Al retired in 2018, but has remained an
active member of the mammal research community.

Al's many significant contributions to mammalogy
include at least 162 publications. His first paper appeared
in 1960, while he was an undergraduate, providing novel
natural history information on a rare mastiff bat in Arizona
(Cockrum and Gardner 1960). In 1962, Al would describe
his first new species, Glossophaga commissarisi Gardner,
1962, named in honor of a fellow student who had died
the year before. From this point on, Al's research would use
morphology, karyotypes, and a keen sense of natural his-
tory to solve taxonomic issues in mammals from North and
South America, with much of his attention devoted to bats,
but also significant work on marsupials, rodents, and oth-
ers. In total, he would describe two new genera and 20 new
species, while revising countless others (Mammal Diversity
Database 2022). Through much of his career, Al also served
as a reviewer, editor, and member of the International
Commission on Zoological Nomenclature. Al cares deeply
about nomenclatural practice, having long recognized its
importance to the stability and progress we make in tax-
onomic research and the many other disciplines that rest
upon this foundation. With his nomenclatural expertise, Al
has helped countless others by clarifying sometimes com-
plex rules and processes (e. g., Gardner and Hayssen 2004).

Al's work refining taxonomic resolution would culmi-
nate in the 2008 publication of Volume 1 of The Mammals of
South America. Al edited the volume and authored many of
its chapters. This beautiful, comprehensive book contains
species accounts with synonymys, identification keys, distri-
bution maps, and natural history details of nearly 400 spe-
cies of bats, xenarthrans, shrews, and marsupials. This mas-
sive summation of centuries of investigation has no doubt
fostered a wealth of subsequent research and inspired
many youngsters to take up mammalogy as a career.

Al's influence on our field of research goes well beyond
simple counts of publications, specimens, and the like.

2 THERYA Vol.14(1):1-4

While it is impossible to similarly tally a person’s influence
on the work of subsequent generations of scientists, it
is clear that Al's influence on younger mammalogists has
been profound. When Al was just a young graduate student
at the University Arizona, he was already inspiring people
who would become some of the most significant mammal-
ogists of their generation. Don Wilson counts Al as the sin-
gle most influential mentor during his early career (Wilson
2005) and Jim Patton credits Al with inspiring a disciplinary
shift from Anthropology to Zoology after just one night of
trapping kangaroo rats. Al's influence would not end there.
Paul Velazco informs us that, during the late 1990s, as an up
and coming young mammologist in Pery, he considered Al
a near mythical mammalogical legend, known as ‘gigante
con manos grandes’ Al's influence in Latin America contin-
ues to the present day, where his publications are required
reading for new and experienced mammologists alike (e.
g., Gardner and Hayssen 2004; Ramirez-Pulido et al. 2014;
Gardner and Ramirez-Pulido 2020) and the specimens
he collected, which changed our understanding of Latin
American mammal diversity, remain essential material for
new generations of researchers. Proof of community-wide
respect and admiration is reflected in awards received (e. g.,
Ticul Alvarez-Solérzano Award; Figure 4) and the patro-
nyms bestowed on Al, including one genus, seven species,
and one subspecies named in his honor.

The respect Al garners is due both to the rigor of his
scientific contributions and his personality. Jose Ramirez-
Pulido describes Al as a serious, formal, persistent, and wise
scientist. As a critic, he is direct and objective. As a col-
league, he is noble, humble, and magnanimous, all traits
that inspire others to be rigorous in their own research
while also generously supporting others. We hope that
this special feature of Therya adequately honors Al’s prodi-
gious, careful, and charitable efforts to advance the science
of mammalian diversity.

In this special issue, we have assembled a set of papers
on the mammals of the Americas. Each builds upon the
foundational knowledge established directly and indirectly
by Al through his research, fieldwork, and mentorship.

Figure 3. Al Gardner thinking deeply about neotropical mammals in Balta, Peru.
Photo credit: Jim Patton.
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Figure 4. Al Gardner (center), receiving the Ticul Alvarez-Solérzano Award from the Asociacién Mexicana de Mastozoologia A. C. in 2018. To Al's left are Javier Sosa Escalante and
Rodrigo Medellin; to his right are Cistina Mac Swiney Gonzélez and Enrique Martinez Meyer. Photo credit: AMMAC archive.

Papers in this volume include work on natural history, func-
tional morphology, ecology, biogeography, conservation,
and systematics. These papers stand, both figuratively and
literally, on the shoulders of a giant.
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Roosting habits of disk-winged bats, especially Thyroptera
discifera

RonALD H. PINE'!, GIANFRANCO GOMEZ ZaMORAZ, FIONA A. ReiD?, AND RoOBERT M. Timm**

"Natural History Museum, University of Kansas, Lawrence, Kansas 66045, United States of America. Email: ronpine@mac.com
(RHP).

2800 meters south of La Paloma Lodge, Drake Bay, Costa Rica. Email: gianfranco.gomez@gmail.com (GG).

3 Center for Biodiversity and Conservation Biology, Royal Ontario Museum, Toronto, Ontario, Canada. M5S 2C6. Email: fiona.
reid7243@gmail.com (FAR).

4 Natural History Museum and Department of Ecology and Evolutionary Biology, University of Kansas, Lawrence, Kansas 66045.
United States of America. Email: btimm@ku.edu (RMT).

*Corresponding author: https://orcid.org/0000-0001-6203-3316.

Roosting habits of disk-winged bats of the genus Thyroptera (Chiroptera: Thyropteridae) have been unknown to very poorly known except
for those of the commonly encountered T. tricolor. Many secondary literature publications state that roosting habits of Thyroptera in general
are those of tricolor, known to roost almost exclusively in vertical, unfurling large leaves, especially of native Heliconia and introduced banana
(genus Musa). However, so far as known, no other species of Thyroptera chooses such roosts. Until 1993, the only species of Thyroptera known
were tricolor and discifera—they had been the only two known for 139 years. During this long period, the unique roosting habits of tricolor
often were attributed to the genus as a whole, as sometimes still happens today. Now there are three more known species—I/avali, devivoi, and
wynneade. In this paper, we correct misconceptions concerning roosting habits in Thyroptera, summarize what is known for all five species, and
provide the first detailed observations on roosting in discifera. Thyroptera discifera has been found roosting attached to the underside of a palm
leaflet or leaflets in Brazil and in conically curled portions of dead banana leaves in Costa Rica.

Los hébitos de seleccion de refugios de los murciélagos de ventosas del género Thyroptera (Chiroptera: Thyropteridae) han sido desconoci-
dos o muy poco conocidos, con excepcion a los habitos de T. tricolor, que es la especie que se encuentra cominmente. Muchas publicaciones
de literatura secundaria afirman que los habitos de seleccién de refugio de los Thyroptera en general son los mismos que los de tricolor, que son
conocidos por descansar casi exclusivamente en hojas grandes verticales y parcialmente enrolladas, especialmente hojas de Heliconia nativa y
banano introducido (género Musa). Sin embargo, por el momento no se conoce ninguna otra especie de Thyroptera que elija este tipo de refu-
gio. Hasta 1993, las Unicas especies de Thyroptera conocidas eran tricolory discifera y habian sido las Gnicas dos especies conocidas durante 139
afos. Durante este largo periodo, los habitos particulares de seleccion de refugios de tricolor frecuentemente se atribuyeron a todo género,
como a veces todavia sucede hoy en dia. Actualmente se conocen tres especies mas en este género: lavali, devivoi y wynneae. En este articulo,
corregimos los conceptos erréneos sobre seleccion de refugios en Thyroptera, resumimos lo que se conoce de las cinco especies y brindamos
las primeras observaciones detalladas sobre la selecciéon de refugios de discifera. Thyroptera discifera se ha encontrado descansando adherido
a la parte inferior de un foliolo o foliolos de palma en Brasil y en porciones de hojas muertas de platano enrolladas conicamente en Costa Rica.

Keywords: Banana leaves; Brazil; Costa Rica; Mauritia; Musa; Neotropics; palm fronds.
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(2017) and additional Brazilian localities by Semedo et al.
(2020). Thyroptera wynneae Velazco et al., 2014 is known
from a locality in eastern Pert and three in southeastern
Brazil (Hoppe etal. 2014).

Thyropterids are seldom captured in the standard mist

Introduction

The Neotropical disk-winged bat genus Thyroptera (Chi-
roptera: Thyropteridae) contains five known living species
occurring from within southern México into southern Brazil
and northern Bolivia. The genus is characterized by a num-

ber of synapomorphies, the most distinctive being the cir-
cular or oval, moist, adhesive disks on the wrists and ankles
that are used in attachment to and movement along the
roost leaves. Historically, the genus was believed to consist
of two species—Thyroptera tricolor and T. discifera. A third
species, T. lavali was described based on specimens from a
single locality in Perd and is now known from several locali-
ties across northern South America (Garcia et al. 2018; Lee
2019; Morales-Martinez et al. 2021). Thyroptera devivoi Gre-
gorin et al. 2006 was described from two localities in eastern
Brazil, one in Guyana, and has subsequently been reported
from northeastern Colombia by Rodriguez-Posada et al.

nets used to sample bats, undoubtedly contributing to our
lack of understanding of distributions and ecology. Most
observations and specimens of thyropterids are based on
individuals found at the roost sites. Tschapka et al. (2000)
described the echolocation calls of T. discifera as very low
intensity and consisting of several frequency-modulated
harmonics, which perhaps allow the flying bats to detect
mist nets and avoid capture. Thyroptera tricolor is the most
widely distributed and most frequently encountered spe-
cies and summaries of the natural history of the genus
are primarily based on what is known about that species.
Much of what has been written about roosting in the



mailto:ronpine@mac.com
mailto:gianfranco.gomez@gmail.com
mailto:fiona.reid7243@gmail.com
mailto:fiona.reid7243@gmail.com
https://orcid.org/0000-0001-6203-3316

ROOSTING IN DISK-WINGED BATS

genus, especially in discifera, is in secondary sources and
those derived from other secondary sources, and assumes
thatitis as in tricolor. Herein, we review what has been writ-
ten on roosting in discifera and provide new data on roost
sites, documenting that this disk-winged bat roosts in the
cones formed by dead banana leaves and attached to the
underside of palm fronds.

Thyroptera tricolor, the best known and most widely
distributed of the species, has frequently been reported as
roosting, head up, inside live, still partially rolled Heliconia
leaves, sometimes of Musa (banana) and, occasionally of
other genera. As noted above, this roosting predilection
of T. tricolor has often been assumed to characterize T. dis-
cifera also, especially in the secondary literature. However,
as outlined here, discifera has different roosting habits and
perhaps never has been found in rolled new leaves.

Findley and Wilson (1974) stated “disk-winged bats are
known to roost only inside the rolled new leaves in mem-
bers of the banana family (Musaceae) or related plants” (p.
562) and that Heliconia and Calathea are “two genera that
provided most bat roosts” (p. 563). Additionally (p. 569),
they stated “Thyroptera may roost on other types of foliage
than musaceous leaves, but none has ever been found in
such situations” (but Calathea is not musaceous), and “This
species is limited to rolled leaves of musaceous plants as
roosting sites” (p. 570). In Wilson and Findley (1977:2), we
read that tricoloris found“occasionally in Calathea (Maranta-
ceae)” and that “Morphological specializations of the bats
[tricolor] probably limit them to rolled leaves as roosting
sites” (p. 3). Wilson (1978:2) wrote tricolor, unlike discifera,
“roosts in rolled Heliconia leaves and is never found in the
open.” Kunz (1982:2) stated, “the ... disks ... of Thyroptera tri-
color restricts [sic] this bat to roosting on the smooth inner
surfaces of unfurled [sic] leaves ..”

Brosset and Charles-Dominigue (1990:543) wrote con-
cerning tricolor,"Observed in small groups, harems or bach-
elor @3, not only in the classical roost of the species: the
terminal buds [sic] of Heliconia and banana-trees, but also
in such ... places as between tails of shirts drying on a wire,
or between plastic sheets stocked in the station-houses.
This species ... adopts artificial [roosts] ... in human settle-
ments ... which suggests that Thyroptera may sometimes be
short of natural roosts.” In this regard, an adult male tricolor
(USNM 541439), taken in Chiriqui at Escopeta Camp, ca. 23
km NNE San Félix (= San Félixat 8°17°N,-81° 52" W), ca. 900
m, was found alive and adhering to the front of an automo-
bile on 1 July 1980 (R. Izor, pers. comm.). The surrounding
area is mostly heavily grazed grassland with brush and/or
scrubby forest along watercourses. Possibly the bat had
been transported there on the vehicle.

Simmons and Voss (1998:133-134) found tricolor in the
usual semi-furled live Heliconia leaves and also in scrolled,
dead, hanging leaves of Phenakospermum guyannense
(Strelitziaceae) along with semi-furled live leaves of the
same species. Velazco et al. (2014:18) also mention Phen-
akospermum as providing roosts for tricolor. Velazco et al.

(2021:128, 130), writing about tricolor in northeastern Peru,
found six roosts “at the same locality ... all of them in the
rolled new leaves of large Heliconia sp. ... about 3.5-4.5 m
above the ground in young secondary growth .."” Group
size ranged from 4 to “about 12"

Pine (1993:218), because of the great rarity of lavali,
hypothesized that it might roost in the forest canopy.
Morales-Martinez et al. (2021:476) stated, incorrectly,
that Pine had specifically mentioned palms. Solari et al.
(1999:155) wrote concerning lavali “caught from a palm
more than 5 m high, where we suppose it was roosting,’
and Solari et al. (2004:293) wrote “probably roosts in palms.”
Reid et al. (2000:44-45) collected three lavali, each on a dif-
ferent occasion, in or adjacent to a Mauritia palm swamp.
Garcia et al. (2019:3) reported a specimen of lavali captured
in a “morichal, junto a el tapén.” Franger J. Garcia (in litt.)
informs us that in Venezuelan Spanish this means in a stand
of the palm, Mauritia flexuosa, next to the dam.

Pérez et al. (2012:1107) reported Guatemalan national
park personnel’s having found a tricolor “inside a dry
unfurled banana leaf” but surmised that it was “probably
Heliconia!" By “dry leaf” they presumably meant dead leaf.
This is the only account that we know of that reports such
a roost for tricolor.

Rosa et al. (2020:1) state that they “observed a T. devivoi
colony of 15 living under a dead palm leaf” But (page 4)
an estimated 10-15 individuals “dwelling inside the sheath
of a dead palm leaf that was hanging in the forest canopy.”
Judging from their two figures (p. 3) and the “2.5 m height
roost entrance facing downwards” (p. 5), the roost was not
“hanging in the forest canopy.” The roost, as figured, shows
a cone-shaped configuration like that of the banana leaf
cones described in later accounts here for discifera. The spe-
cies of palm was not indicated. The bats were in the roost for
at least four days (p. 1) and the locality was in Chapada das
Mesas National Park, Carolina Municipality, Maranhao, Bra-
zil (p. 2). Morales-Martinez et al. (2021:476) state that Rosa
etal.incorrectly described “shelters” (plural) of devivoi (Rosa
et al. also wrote that Thyroptera roost in “still furled” leaves).
Morales-Martinez et al. (2021:476), however, thought that
the bat captured from the colony reported by Rosa et al.
might be a lavali, rather than devivoi, based on the figure
showing no frosting on the venter. They also identified the
skull figured by Rosa et al. as of a Myotis, rather than of a
Thyroptera. They themselves (p. 473) reported a lavali mist-
netted in an “open Mauritia flexuosa palm swamp” that had
been cleared at La Chorrera, Amazonas, Colombia. They
conclude (p. 476) “lavali is associated with swamp-forest
habitats with high Mauritia flexuosa palms.”’

Gregorin et al. (2006:239) reported two specimens of
devivoi as having been caught“under an eaté palm leaf” but
didn't state if more had been present. Voss et al. (2016:12)
indicate that Gregorin et al. reported lavali as roosting in
vegetation, but this is not the case.

Two Thyroptera wynneae were recorded by Velazco et al.
(2014:15, 18) as roosting in the dark interior of a lobe of a
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partially rolled dead Cecropia (Urticaceae) leaf hanging by
its petiole, about 2 m above the ground. This roosting site
resembles those of discifera, as described later in this arti-
cle, in dead leaves of the non-native banana plant.

Uncritical treatments of roosting in Thyroptera

Various authors have treated the genus as a whole, as
then known, and including discifera, as roosting in partially
rolled, live Heliconia and/or banana leaves: Dalquest and
Walton (1970:174), Tello (1979), Hill and Smith (1984:212),
Patterson (1992:18) citing Taddei (1988), and Rosa et al.
(2020:2). Other somewhat more complicated uncritical
comments follow:

Perhaps the first to write concerning Thyroptera's roost-
ing was Dobson (1878:347) who wrote “.. is ... peculiar ...
in possessing such highly specialized climbing organs as
the adhesive disks” G. M. Allen (1939), wrote (confusingly)
that Thyroptera are “at times found in the rolled fronds of
bananas or in curled large leaves” and “one of their favorite
roosting places is inside the long narrow tube formed by an
unrolled banana frond.” Cockrum (1962:250) cited Allen as
stating that Thyroptera“usually roost individually” but there
is no such statement in Allen’s book. Krumbiegel (1955)
published redrawn illustrations (of tricolor) from Carvalho
(1940), and inexplicably, in Krumbiegel’s renditions, most
of the figured bats were inverted so that they are shown
head-down. Matthews (1971), concerning both species
of Thyroptera then known, stated “These bats roost singly
or in groups of up to about half a dozen head upwards in
the large curled, faded [?] leaves of heliconias, bananas and
other plants,” but gave no sources.

Eisentraut (1975:143), writing of the family as then
known, stated that suction disks enable “these bats to
maintain a firm hold on smooth branches and leaves and to
crawl on them,” but provided no sources. Eisentraut wrote
further, “These bats prefer rolled-up leaves, for example, of
bananas, for their sleeping site during the day; several ...
can usually be seen sitting one behind the other, with their
heads up” (p. 143-144).

Yalden and Morris (1975:220) wrote “Thyropterids ... rest
in a head-upwards position, usually beside [sic] a curled leaf
..." Concerning discifera, Ascorra et al. (1993:547) wrote “This
species is usually encountered in rolled leaves of Heliconia
spp. or Calathea spp. but we found no individuals in our
searches of these leaves [at a specific site in Perd]” They
gave no sources and cited no observations to substantiate
their comment.

Nowak and Paradiso (1983) and Nowak (1991, 1999)
made no mention of differing habits in the species then
known, and seemed to imply that all might be found in
rolled leaves, and stated, incorrectly, that all might gener-
ally be found only one or two per shelter.

Bezerra et al. (2005:169) wrote “Thyropterids roost inside
the rolled leaves of some species of Heliconiaceae ... Roosts
inside curled leaves of ... (Musa sp.) have also been reported
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for T. discifera” and cited Wilson (1978), Torres et al. (1988),
and Nowak (1999) for the latter comment.

de Lima and Gregorin (2007:141) write that discifera uses
rolled banana and Heliconia leaves for shelters citing Ken-
nedy (2002). Pérez et al. (2012:1107) incorrectly stated that
Medellin et al. (1986) had recorded tricolor from an unfurled
Heliconia leaf.

Lee’s (2019:418) accounts of Thyroptera sometimes attri-
bute habits of tricolor to the genus in general, etc. He wrote
“.. [tricolor] roost attached to the undersides [presumably
meaning inner sides] of waxy furled leaves ... Musa ... Helico-
nia, Calathea ... and Phenokospermum (Streliziaceae), dead
leaves of Cecropia ... and palm fronds ... Thyropterids must
change roosts almost daily ... diameter of the furl becomes
too great after a day or two. Disk-winged bats ... roost in a
head-up position ... approximately 4 m aboveground.”

Various authors have written that Thyroptera are
restricted to the lowlands. The latest of these is Morales-
Martinez et al. (2021:471) who wrote “Thyroptera species
inhabit lowland, moist, Neotropical forests” However,
authors have recorded tricolor from as high as 1,650 m, and
Pine has observed disturbed Thyroptera exiting from a Heli-
conia leaf at 1,550 to 1,600 m in the Monteverde Reserve,
Puntarenas, Costa Rica. Timm and LaVal (2018) reported
that tricolor was common in the Lower Montane Rain Forest
at 1,650 and higher at Monteverde, as well as in the Lower
Montane Wet Forest (1,500 to 1,650 m), Premontane Wet
Forest (1,300 to 1,500 m), Premontane Moist Forest (700
to1,300 m), and the Tropical Wet Forest (500 to 700 m) there
along the Caribbean slopes of northeastern Costa Rica.

Helpful publications on the roosting habits of Thyroptera
discifera

Of specimens captured by Robinson and Lyon (1901),
fifteen were cataloged as USNM 102923-102928, 105419-
105423, 143782-143784. The captures date from 17 and 21
July 1900 at San Julian, Distrito Federal, Venezuela, a settle-
ment at about 10° 37’ N, -66° 50’ W, at sea level according
to Paynter (1982) and located near Caraballeda, ca. 11 km
E La Guiara on the Caribbean coast. Most of their labels
we've seen state “in plantain” but the field catalog states
at least some were caught “under dead leaves of plaintan
[sic]" Eleven of these specimens form the basis of the name
Thyroptera discifera major Miller, 1931. Robinson and Lyon
(1901:156) wrote that one individual, “was placed under an
inverted tumbler, to the vertical surface of which it adhered
with ease, the vacuum spots under its disks glistening like
globules of quicksilver” Concerning the bats caught on 21
July,“The young, although still nursing and clinging to their
mothers, were able to fly with ease ... The surface of these
disks appears to be constantly moist, so as to insure perfect
contact with smooth surfaces ... Young nursing bats cling
to their mother’s neck or breast with claws and teeth and
are carried about as she flies, even when they almost equal
her in size and when their weight makes her flight labored
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and slow ... the claws are so small and weak as to be almost
useless; nevertheless, the young manage to hold on with
no risk of falling. The mammae of the female are strap-like,
broad and flat, 3 mm wide by 2 mm long. Seizing one in
his teeth, the young holds on like a bulldog, dangling by
the strength of his jaws alone. One of the young that was
brought in hung in this way for twenty minutes, and in all

”

that time made no effort to grasp its mother with its claws.

Thomas (1928:257) reported four males and seven
females of discifera collected by Hendee at Cumeria [prob-
ably = Cumaria and Cumaria according to Tuttle 1970], Peru
(-9° 51'S, -74° 01" W)—for more on this locality see Pine
(1993). These bats were “caught roosting in banana leaf”
John Edwards Hill of the British Natural History Museum
informed Pine “The majority of [these] specimens ... are ...
here and are BM(NH) 28:5:2:96-104. Collector’s numbers
1290 and 1297 are not in this registration ... all are labelled
‘Caught roosting in banana leaf’ in accordance with Hen-
dee’s collector’s notes which are also here, in the archive ...
number 1290 has not been registered but is in the collection
... labelled ‘Caught with 12 others roosting in banana leaf”
Hendee’s no. 1297 is now cataloged as FMNH 46160 in the
Field Museum, its tag bearing the note “Caught with 12 oth-
ers in banana leaf” This may mean that the specimen was
one of thirteen bats captured of a group numbering more
than thirteen or that there were thirteen bats roosting in
the leaf but not all were captured. Only eleven specimens
have been accounted for—the same number originally
listed by Thomas as having been captured. Unfortunately,
the phrase “roosting in banana leaf”is vague. It could refer
to something other than a rolled, young banana leaf.

Hill noted “The collection contains a further series
28.7.21.18-25 (4 343, 4 2%9) from lIquitos [-3° 51" S,
-71°13" W], Loreto, Peru, 400 ft., also collected by Hendee
..on 9 January 1928. These are marked ‘In dry banana leaf’
or (28.7.21.22) ‘Roosting in dry banana leaf!” These speci-
mens were reported by Thomas (1928) but no natural his-
tory information was provided.

Wilson (1978:2) wrote “The only natural history informa-
tion recorded for this species is that of Robinson and Lyon
(1901) ... One group of 10 was caught by a native with a
single sweep of his hand [= “with one grasp of his hand”
according to Robinson and Lyon] as they roosted under
[and hanging from] a dead banana leaf ... A second group
of seven was subsequently captured in the same manner.
Both groups contained [adult] males, [adult] females, and
flying young. The month of capture for both groups was
July” According to Robinson and Lyon, however, the native
who caught the seven reported that two or three of the sec-
ond group had escaped. Earlier, Wilson stated, “Both tightly
clustered groups were found by natives who captured them
by hand as the bats clung to the under surfaces of dead
banana leaves. This roosting habit is quite different from
that of T. tricolor, which roosts in rolled Heliconia leaves” (Wil-
son 1976:308, 310). Robinson and Lyon (1901:155), how-
ever, specified a “closely grouped” arrangement as having
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been observed by the native only for the first group taken—
nothing being said about the roosting arrangement of the
second group. It seems that the first group at least must not
have been roosting single-file as T. tricolor does.

Wilson (1978:2) wrote, concerning both discifera and tri-
color, “the colony structure seems similar, with various com-
binations of sexes and ages represented in a single group.”’
Kunz (1982:14, 16) stated “Virtually nothing is known of the
roosting habits of T. discifera, but, judging from the similar-
ity of its foot and wrist disks, its roosting habits are probably
similar to those of T. tricolor!

Hall (1981:181) wrote, “T. discifera so far has been found
clinging to the under surface of banana leaves. T. bicolor
roosts in rolled leaves of Heliconia! Hall mistakenly used
the word bicolor here instead of tricolor.

Czaplewski (1987:25) wrote that “Thyroptera discifera ...
unlike T. tricolor, roosts in more open situations beneath
leaves ..

Torres etal. (1988:434) were apparently the first to clearly
describe discifera as roosting in a hanging dead banana leaf.
They found a group of 15 discifera on 25 January 1985 “in
a banana plantation at La Cayoba, ca. 30 km N Magdalena
[presumably = Magdalena at -13° 20’ S, -64° 08’ W at 233
m, as given by Paynter (1992)] on the E bank of the Itona-
mas River,” Prov. Itenez, Depto. Beni, Bolivia. “The bats were
inside a dry, furled banana leaf suspended 1.6 m above the
ground. The sex ratio of 14 individuals was four males and
10 females. Of 10 specimens studied in detail, three were
young with cartilaginous, evenly tapered metacarpo—pha-
langeal joints and seven were adults with knobby joints.”
These authors’ observations are in keeping with the ones
reported in this paper concerning discifera in Costa Rica.

Emmons (1990:83, 1997:92) wrote that “T. discifera is
poorly known, but it has been found roosting beneath
open, dead banana leaves.”

Patterson (1992:18) reported two specimens of T. dis-
cifera “secured the same day from the leaves of banana
trees” at Aveiros (“= Aveiro; -3° 15'S, -55° 10'W; right bank of
lower river [Tapajos] opposite Boim”; p. 6).

Velazco et al. (2014:19) wrote that possibly thyropter-
ids roosting in downward opening roosts may hang head
down. They also noted that tricolor was the only Thyroptera
known to roost in partially rolled up Heliconia and other
green leaves.

Turcios-Casco et al. (2020:422) provided a photo of a
dead, shredded, hanging “Musa x acuminata” leaf in Costa
Rica and which had a colony of discifera in it, and a photo
of individuals inside. The situation seems to have been in
every way similar to some observations given below.

Previously unpublished and new observations on roosting
behavior inT. discifera

On 3 November 1983, Toby V. Barrett (pers. comm.) cap-
tured five discifera at Balbina (ca. -1° 50'S, -59° 30'W), Ama-



zonas, Brazil (Field numbers for the bats, an adult female,
an immature female, and three immature males, all in fluid,
were “morcegos 4-8." These specimens are currently uncat-
aloged in the Field Museum). The five were part of a group
of no more than 12 attached to the underside of a green
leaf of a palm, Mauritia carana. The bats were about 12 m
above ground and were exposed, visible from the ground,
and were collected by cutting down the palm. A frond
of Mauritia carana consists of radiating strap-like leaflets.
The bats were hanging underneath one leaflet along a
mid-portion of its length, but some may also have been
attached to a corresponding section of an adjacent leaflet
(there is some ambiguity in notes and diagrams developed
in the course of Pine’s communication with Barrett when
the latter's memory was fresh). Although Barrett wasn't
sure, he thought that each bat was separated from its fel-
lows rather than being in contact with any of them. The
collecting locality was characterized by “campina” veg-
etation and was low-lying but not flooded. The substrate
was a wet white sandy soil, possibly a low-humic gley or
a quartz sand. The vegetation did not exceed 20 m in
height and included many palms (Mauritia carana, Euterpe
sp., and Desmoncus sp.) along with numerous Glycoxylon
(Sapotaceae).

On 30 November 2019, a group of 5 to 7 discifera was
found in a dry, semi-furled banana leaf at Sylvan Camp
and Falls (8.66° N, -83.14° W) in Puntarenas Province, in
southwestern Costa Rica by Reid and Jon Hall. Reid had
previously observed a bat flying low in this banana plan-
tation and decided to search for bats, focusing on semi-
furled, in-a-cone-shape, leaves (as observed by Reid in the
painted woolly bat, Kerivoula picta, in Thailand). The roost
was a cone with the apex at the top closed, and with the
lower opening about 1.7 m above ground. The bats were
huddled together and roosting in a roughly horizontal
manner such that only the backs were visible. One bat, a
male, was captured for photos. Unlike most roosting bats,
these bats can be removed from the roost without the
other bats exiting.

On 20 December 2019, a second observation was made
in the same banana patch at Sylvan Camp and Falls, during
a bat bioblitz (short duration census of species). Nils Bouil-
lard and Loren Ammerman were present, along with eight
students. The banana field was searched by all participants
and one roost was found (by Rhianna Connie Dix) at a local-
ity about 100 m from the first roost. All the roost members
were caught. There were 7 bats, 6 males and 1 female, and
the identification confirmed as discifera. This would seem
to be an unusual combination sex-wise, and the individuals
were not aged. The roost was similar in appearance to the
first roost, and at about the same height above ground.

At Cocalito Beach, Drake Bay, near La Paloma Lodge (8°
41'46" N, -83° 40" 42.8" W), Puntarenas Province, in south-
western Costa Rica, in late November 2020, Gébmez and
Tracie Stice observed a colony of discifera roosting in a
dead, brown, vertically hanging portion of a banana leaf,
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dangling from the main stalk, and that was partially rolled
to form a bugle-like structure with the big open end at the
bottom. This roost site was similar to the roosts reported
above as at Sylvan Camp and Falls. The cone was lopsided
with length 53 cm on one side and 41 cm on the other. The
entrance had a diameter of 20 cm and a height of 240 cm
from the ground. Stice reports that (in litt.) “As we gazed
up, into a shadowy fold, we could see more than a half-
dozen fluffy rear-ends packed into the leaf” Thus, their
heads were upward, unlike the usual situation in bats but
as in tricolor. The bats were observed for only one day. On
returning a few days later, it was discovered that the leaf
had fallen off. Upon searching several other dead leaves
in the banana grove on the occasion of the observations
made on that single day and on later occasions, no other
roost was found.

Figure 1. An adult male disk-winged bat, Thyroptera discifera, that was observed
as part of a roosting colony in a portion of a shredded dead banana leaf and formed a
cone-shaped refuge. Note the similar dorsal and ventral coloration and the circular, ad-
hesive disk (seen here at an angle) on the wrist just below the thumb. Photograph taken
at Sylvan Camp and Falls, Puntarenas Province, southwestern Costa Rica on 13 January
2020; courtesy of Twan Leenders.
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At Sylvan Camp 13 January 2020, a group of students
and biologists, led by Reid and Twan Leenders, located
discifera in the same roost as on 20 December. One bat, a
male, was taken out for photos (Figure 1). Since 13 Janu-
ary, the bats have not been located at Sylvan Camp, despite
numerous attempts by groups of students and bat enthu-
siasts. However, on 23 March 2022, Vino de Backer and one
other person observed a bat leaving one of the leaf cones in
the same banana patch, presumably discifera.

Roosting discifera were discovered by Gémez at a sec-
ond site near La Paloma Lodge (8° 41’ 40.8" N, -83° 40’
40.5" W) starting on 20 February 2021 and observed for
over a month (Figure 2). The bats stayed in the same roost
cone except that one individual was observed on 7 March
2021 in a lower cone formed from the same dead leaf and
was assumed to have moved there from the colony above.

Figure 2. A “morado” banana (red banana in English, Musa acuminata) in a patch
that also includes plantains near La Paloma Lodge at Drake Bay, Puntarenas Province,
Costa Rica. Portions of shredded dead leaves hanging from the trunk roll back on them-
selves to create dark, cone-shaped, roosting sites for bats. The top arrow points to where
the colony of perhaps nine disk-winged bats, Thyroptera discifera, was observed roosting
for more than a month during February—March 2021. The lower arrow shows where a
single individual was found roosting for a single day. Photograph taken on 7 March 2021
by Gomez.
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Figure 3. Two Thyroptera discifera roosting in a portion of a dead banana leaf. There
had been additional bats in that cone earlier in the evening, but they had already exited.
Photograph taken near La Paloma Lodge Drake Bay, Costa Rica on 20 February 2021 by
Gomez.

It stayed there for one day. The main conical roost was lop-
sided with length 50 cm on one side and 40 cm on the other
(Figure 3). Height from ground to entrance was 169 cm
with roost opening 20 cm wide. The cone that was occu-
pied for one day by a single bat and that was beneath the
other cone was of about the same dimensions. Although
the bats were not handled, the number occupying the
roost varied from only 2 to 5 some days to perhaps 10 or
more on others.

Measurements of a roost cone discovered 4 November
2021 at Drake Bay included height 51 cm on longest side, 40
cm on shortest side, and roost opening 20 cm wide; height
to entrance from ground 121 cm. The bats did not attempt
to fly off when disturbed. A roosting group containing per-
haps nine individuals was observed (Figure 4).

The observations of discifera using banana leaves as
roosts is of interest in that it represents the incorporation of
a non-native species for roost sites. The banana plant, also
used by tricolor, was introduced into the New World tropics
within the last 450 years.

Timm has observed Artibeus jamaicensis and Carollia
also roosting in hanging cones of dead banana leaves.

It is clear that, aside from the situation with tricolor,
there’s a good deal that’s still unknown concerning the
favored roosting sites of the species of Thyroptera, and in
spite of the new information presented here, that includes
discifera. There are indications, however, that, in addition
to discifera, lavali and devivoi may, at the least, roost occa-
sionally in palms, especially palms of the genus Mauritia.
The only records of discifera’s roosting or possibly roost-
ing in association with native Neotropical plants are with
their roosting under dead “plantain” leaves, which could
mean either Heliconia or “cooking banana,” and under a
leaf of the palm Mauritia carana as recorded here. Oth-
erwise, all certain records are of animals roosting under-



Figure 4. A colony of perhaps 9 Thyroptera discifera roosting in a portion of a dead
banana leaf. This is the same plant identified in Figure 2 above and the bats were roost-
ing in the top cone shown by the white arrow. Photograph taken near La Paloma Lodge,
Drake Bay, Costa Rica on 4 November 2021 by Gomez.

neath dead banana leaves or inside shelters formed from
such leaves. In areas where bananas are grown, it may be
especially difficult to find discifera roosting in association
with native plants. The finding of a wynneae inside a dead
Cecropia leaf shelter similar to the dead banana leaf cones
described here may indicate one sort of situation that dis-
cifera may be found in.

Voss et al. (2016:16) noted that no Thyroptera had ever
been found in any natural roost other than in/on leaves,
and that is in keeping with our findings.

Specimens examined of Thyroptera discifera

These include 33 specimens listed by Pine (1993:222)
and the 9 listed below. The latter are all in the (U.S.)
National Museum of Natural History, Washington, D.C.
[USNM]. All skins with skulls unless otherwise indicated:
NICARAGUA. Regién Auténoma de la Costa Caribe Sur
[formerly Zelaya]: Escondido River, 50 mi from Bluefields
[See Genoways and Timm (2019:484) concerning this
locality], 1 M, 2 F (USNM 51538-51540—in fluid but skull
of 51538 removed). PANAMA. Chiriqui: 14.5 km NW El
Volcan, Finca Santa Clara, 1200-1500 m [El Volcan = “El
Hato delVolcan and Lava Flow”at 8°47’N, -82° 38’ W (Fair-
child and Handley 1966)], 1 F (USNM 537583—in fluid);
Panama Oeste (formerly Canal Zone): Barro Colorado Is.
(PC 21) [= Barro Colorado Island at 9° 09" N, -79° 51" W,
Fairchild and Handley 19661, 1 F (USNM 14799). VENEZU-
ELA. Distrito Federal: San Julian [= San Julidn at sea level
and at 10° 37’ N, -66° 50’ W (Paynter 1982)], 1 F [USNM
105419—fluid specimens USNM 102923-102925 from
this locality and with sexual composition unrecorded by

Pine (1993) are 2 M, 1 F].

Pine etal.

Dedication

We dedicate this paper to mammalogist and natural his-
torian par excellence, Dr. Alfred L. Gardner—field biologist
first and foremost.
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The Soricidae (Mammalia: Eulypotyphla) comprises more than 450 species inhabiting a variety of habitats on five continents. As a family,
shrews employ a variety of locomotor modes that incorporate ambulatory, fossorial, aquatic, and scansorial behaviors, illustrating an ability
to exploit a variety of natural substrates and their associated resources. In this study, the association of skeletal morphology and three of the
dominant locomotor modes in the family—ambulatory, semi-fossorial, and semi-aquatic behaviors—was investigated in up to 52 species of 12
genera representing all three subfamilies of Soricidae. From skeletal measures, 34 morphological indices were calculated, most of which have
been used previously to characterize substrate use among shrews, rodents, and other mammals, and analyzed for their individual effectiveness
for discriminating the three locomotory modes. To assess their effectiveness in combination, subsets of locomotor indices were analyzed using
1) mean percentile ranks, 2) the first principal component from principal components analysis, and 3) plots and classifications from discrimi-
nant function analyses. In general, the three methods effectively identified and grouped the three locomotor modes and identified smaller
subsets. Additional analyses were then used to classify the locomotor behaviors of five species whose locomotor modes were unknown or
ambiguous. The analyses reinforce and broaden the scope of a previously identified observation of the wide range of grades of morphological
variation that may permit an equally diverse range of locomotor abilities among the Soricidae.

La familia Soricidae (Mammalia: Eulypotyphla) comprende mas de 450 especies que habitan varios habitats en los cinco continentes. Como
familia, las musarafas emplean una variedad de modos de locomocién que incorporan comportamientos ambulatorios, fosoriales, acuaticos y
escansoriales (arboricolas), lo que ilustra su capacidad de explotar diferentes variedades de sustratos y sus recursos asociados. En este estudio,
se investigo la asociaciéon de la morfologia esquelética y tres de los modos locomotores dominantes en la familia (ambulatorios, semifoso-
riales y semiacuaticos) en 52 especies de 12 géneros que representan las tres subfamilias de Soricidae. A partir de medidas esqueléticas, se
calcularon 34 indices morfoldgicos, la mayoria de los cuales se han utilizado previamente para caracterizar el uso de sustrato entre musarafas,
roedores y otros mamiferos. Se analizaron en cuanto a su eficacia individual para discriminar entre los tres modos de locomocién. Para eva-
luar su eficacia en combinacidn, se analizaron subconjuntos de indices locomotores usando 1) intervalos de percentiles medios, 2) el primer
componente principal del analisis de componentes principales y 3) graficas y clasificaciones del analisis de funcidn discriminante. En general,
los tres métodos identificaron y agruparon de manera efectiva los tres modos locomotores e identificaron subconjuntos mas pequeiios. Se
usaron analisis adicionales para clasificar los comportamientos locomotores de cinco especies cuyos modos locomotores eran desconocidos
0 ambiguos. Los analisis refuerzan y amplian el alcance de una observacién previamente identificada del intervalo en el grado de variacién
morfolégica que pueden permitir una gama igualmente diversa de habilidades locomotoras entre los Soricidae.

Keywords: Ambulatory; anatomy; aquatic; ecomorphology; fossorial; functional morphology; Soricomorpha; substrate use; terrestrial.
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Introduction In contrast, the relatively short dense fur, small pinnae, and

The locomotor behaviors of small, cryptic species of mam-
mals have been studied directly for only a relatively few
species. Instead, external and internal morphological char-
acters are typically interpreted to provide insight into how
individual species use available substrates, particularly
while foraging (Shimer 1903; Reed 1951; Hildebrand 1985a,
1985b; Hutterer 1985; Price 1993; Samuels and Van Valken-
burgh 2008; Hopkins and Davis 2009; Nations et al. 2019).

The typical external morphology of shrews (Mammalia:
Eulypotyphla: Soricidae) can be generalized as a long cylin-
drical body, short legs, and simple feet with five digits used
in a plantigrade-to-digitigrade posture, a body plan that is
typical of ambulatory small mammals that make use of the
ground surface as their primary locomotor substrate (Hut-
terer 1985; Churchfield 1990; Woodman and Morgan 2005).

small eyes of soricids are common mammalian adaptations
for fossoriality (Shimer 1903; Eisenberg 1981). Although
ambulation and semi-fossoriality are the two dominant
locomotor modes among soricids, members of the family
exhibit a range of other locomotor behaviors that assist in
exploiting additional substrates. Based on alarge sample of
266 species in 20 genera (the recognized diversity of Soric-
idae at that time), Hutterer (1985) estimated that almost
77 % of soricid species are primarily ambulatory (terres-
trial), nearly 11 % are adapted for semi-fossoriality, about
5 % are scansorial, more than 4 % are semi-aquatic, 2 % are
anthrophilic, and one species is psammophilic. In a related
study based on a similar sample, Churchfield (1990:100)
estimated that 82 % of soricid species have a dominantly
epigeal foraging mode, 11 % are hypogeal, 5 % are aquatic,
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and 3 % are scansorial, illustrating the seemingly close cor-
respondence of primary locomotor mode and resource use.

Previous studies of soricid skeletal adaptations related to
locomotor behavior have focused primarily on understand-
ing morphological variation as it relates to ambulation and
semi-fossoriality. Ambulatory and semi-fossorial species
are distributed among all three subfamilies of the Soricidae
(Hutterer 1985; Churchfield 1990), and they exhibit consid-
erable intra-modal variation in morphological characteris-
tics related to substrate use (Woodman and Gaffney 2014;
Woodman and Stabile 2015b; Woodman and Wilken 2019).
Herein, | explore skeletal variation as it relates to three of the
four dominant locomotory modes identified for shrews by
testing the discriminatory power of 34 common locomotor
indices, mostly calculated from postcranial measurements.
Although ambulatory and semi-fossorial locomotor modes
occur in all three subfamilies of Soricidae, semi-aquatic-
modes are confined to a smaller number of species in four
genera representing two taxonomic tribes of the subfamily
Soricinae: Chimarrogale, Nectogale, Neomys, and Sorex (This
number increases to five genera if Crossogale is recognized
as distinct from Chimarrogale: Wahab et al. 2020).

Materials and methods

The primary goal of this paper is to better understand skel-
etal variation among soricids in relation to a traditional,
stereotyped classification of locomotor modes. This study
of the association between morphology and locomotor
behavior is admittedly incomplete, in part because locomo-
tor modes of many soricids are based on inference rather
than direct observation. Moreover, phylogeny is a potential
primary driver of morphological variation, behavioral varia-
tion, or both, but genetic relationships among clades in the
Soricidae remain poorly supported at nodes that appear
to be crucial to understanding the evolution of locomotor
morphology in the family (e. g., He et al. 2015, 2021) and
cannot yet be controlled for.

For the purposes of this paper, the word “ambulatory”
refers to terrestrial shrews that use the ground surface as
their primary locomotor substrate, and lack morphological
characters linked to aquatic, fossorial, or scansorial adapta-
tions or behaviors.

In this study, | used measurements and indices from
41 species and subspecies of soricids previously reported
by Woodman and Gaffney (2014), Woodman and Stabile
(20154, 2015b), Woodman and Stabile (2015a, 2015b), and
Woodman et al. (2019). To these, | added measurements
from 180 individuals representing 11 additional species
from the mammal collections of the Field Museum of
Natural History, Chicago, IL (FMNH), and the National
Museum of Natural History, Washington, DC (USNM;
Appendix 1). All 52 species were classified a prioriinto one
of five locomotor groupings based on reported behaviors
and suites of external characteristics: ambulatory (n = 16);
semi-aquatic (n = 7); semi-fossorial (n = 19); fossorial (n =
2); unknown (n =5). Semi-fossorial and fossorial taxa tend
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to have large body size, short tails, small pinnae hidden
by the fur, enlarged forefeet, and long, broad foreclaws
(Hildebrand 1985b; Hutterer 1985). Semi-aquatic shrews
tend to have large body size, long tails that may be laterally
flattened or have one or more keels of stiff bristles, long
hind feet, and digits and feet fringed with bristles; some
have webbed hind feet (Howell 1930; Hutterer 1985).
Ambulatory species exhibit the entire range of body size
and lack fossorial or aquatic characters. A complete list
of species and their a priori locomotor classifications is
provided in Appendix 2.

Skeletal measurements. To assess relative locomotor
adaptations, | followed procedures explained in detail
by Woodman and Gaffney (2014; see also Woodman and
Stabile 2015b; Woodman and Wilken 2019). Total length
and tail length are the standard external measurements
recorded from skin tags, and head-and-body length was
calculated by subtracting tail length from total length.
Forty measurements (Table 1) were obtained from the
manus, pes, and long bones of the appendicular skeletons.
The scapula, humerus, ulna, radius, femur, and tibiofibula
were digitally photographed, and the bones of the manus
and pes were digitally x-rayed using a Kevex X-Ray Source
4.1.3 (Kevex, Palo Alto, CA) with Varian Image Viewing and
Acquisition 2.0 software (VIVA, Waltham, MA) in the Divi-
sion of Fishes, National Museum of Natural History, Wash-
ington, DC. The resulting digital images from both sources
were imported into Adobe Photoshop CS3 Extended 10.0.1
(Adobe Systems, San Jose, CA) and variables (Supplemen-
tary Table S1) measured using the Custom Measuring Scale
in the Analysis menu following Woodman and Gaffney
(2014; see also Woodman and Morgan 2005; Woodman and
Stephens 2010; Sargis et al. 2013a, 2013b; Woodman and
Stabile 2015b; Woodman and Wilken 2019).

Locomotor indices. Skeletal measurements were used
to calculate 34 osteological indices previously employed
to characterize locomotor mode and identify potential
adaptations for substrate use among soricids (Woodman
and Gaffney 2014; Woodman and Stabile 2015a, b; Wood-
man and Wilken 2019; Woodman et al. 2019), rodents (Price
1993; Samuels and Van Valkenburgh 2008; Elissamburu and
De Santis 2011; Nations et al. 2019), and other mammals
(Sargis 2002; Hopkins and Davis 2009). To overcome the
problem of missing elements, and thereby, missing data,
indices (Table 2) were calculated from mean values of vari-
ables for each species (Supplementary material Table S1).
Abbreviations of measurements used to calculate indices
are explained in Table 1.

1. Intermembral index (IM = [HL+RL]/[FL+TL]) compares
the lengths of the forelimbs and hind limbs (Sargis 2002).

2. Humerofemoral index (HFI = HL/FL) represents the
length of the humerus as a proportion of the length of the
femur (Sargis 2002).

3. Metapodial index (FOOT = ML/hML) indicates the rela-
tive sizes of the forefeet and hind feet by comparing the
length of metacarpal Ill to that of metatarsal lll.
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Table 1. Measurements used for calculating locomotor indices (see Woodman and Morgan 2005; Woodman and Stephens 2010; Woodman and Gaffney 2014; Woodman and Stabile
2015a, 2015b; Woodman and Wilken 2019; Woodman et al. 2019). See Supplementary material Table S1 for mean measurements.

1. HAR: axis of rotation of the humerus.

2. HL: length of the humerus.

3. HDPC: length of deltopectoral crest of the humerus.

4. HDW: distal width (epicondylar breadth) of the humerus.
5. HLD: least mediolateral diameter of humerus.

. HTT: length from head of humerus to distal edge of teres tubercle.

. HTTR: breadth of teres tubercle, input lever for rotation of the humerus (measured at a right angle to HAR).

6
7
8. RDW: distal width of radius.
9. RL: length of radius.

10. FDW: distal width (epicondylar breadth) of the femur.

11. FL: length of the femur.

12. FLD: least mediolateral diameter of the femur.

13. SL: greatest length of scapula.

14.TDA: width of the distal articular surface of the tibiofibula.
15. TDW: distal width of the tibiofibula.

16.TL: length of the tibiofibula.

17. UFL: functional length (output lever arm) of the ulna.

18. UL: total length of the ulna.

19. ULD: least mediolateral diameter of the ulna.

20. UOP: length of olecranon process (input lever arm) of the ulna.

21. UPC: width of proximal crest of the ulna.

22. 3CL: length of claw of manus ray lll.

23. 3CW: width of claw of manus ray IIl.

24.3DPL: length of distal phalanx of manus ray IIl.
25. 3DPW: width of distal phalanx of manus ray Ill.
26. 3ML: length of metacarpal of manus ray lIl.
27.3MPL: length of middle phalanx of manus ray Ill.
28. 3MPW: width of middle phalanx of manus ray Il
29. 3PPL: length of proximal phalanx of manus ray Ill.
30. 3PPW: width of proximal phalanx of manus ray IIl.
31. 3hCL: length of claw of pes ray lll.

32. 3hCW: width of claw of pes ray lIl.

33.3hDPL: length of distal phalanx of pes ray lIl.

34. 3hDPW: width of distal phalanx of pes ray Ill.

35. 3hML: length of metatarsal of pes ray lIl.

36. 3hMW: width of metacarpal of pes ray IIl.
37.3hMPL: length of middle phalanx of pes ray Ill.
38. 3hMPW: width of middle phalanx of pes ray IIl.
39. 3hPPL: length of proximal phalanx of pes ray Ill.
40. 3hPPW: width of proximal phalanx of pes ray lIl.

4. Distal phalanx length index (CLAW = DPL/hDPL) com-
pares the relative size of distal phalanx Ill of the manus to
distal phalanx Il of the pes.

5. Claw length index (CLI = CL/hCL) gauges the relative
size of claw Il of the manus to claw Il of the pes.

6. Scapulohumeral index (SHI = SL/HL) indicates relative
lengths of the scapula and humerus.

7. Brachial index (Bl = RL/HL) shows the relative propor-
tions of the proximal (humerus) and distal (radius) elements
of the forelimb.

8. Shoulder moment index (SMI = HDPC/HL) is equiva-
lent to the delto-pectoral crest length index (Sargis 2002).
It measures the length of the deltopectoral crest of the
humerus relative to the length of the humerus, thereby
gauging the size and mechanical advantage of the deltoid
and pectoral muscle groups, which are important in the
movement, rotation, and counter-rotation of the humerus
(Reed 1951).

9. Humeral robustness index (HRI = HLD/HL) indicates
the robustness of the humerus and its ability to resist bend-
ing and shearing stresses.

10. Humeral rotation lever index (HTI = HTTR/HAR)
shows the relative length of the teres tubercle measured
at right angles to the longitudinal axis of rotation of the
humerus. The teres tubercle is an elongate process unique
to the humerus of talpids, soricids, tachyglossids, and a few
early mammals (Reed 1951; Hildebrand 1985b). It serves as
the insertion for the latissimus dorsi and teres major mus-
cles and as a lever for rotating the humerus (Reed 1951).

11. Teres tubercle position index (TTP = HTT/HAR)
represents the relative position of the teres tubercle
along the axis of rotation of the humerus (HAR). In more

robust, more fossorially adapted humeri with larger muscle
attachment surfaces, the teres tubercle is often more distally
positioned (Woodman and Gaffney 2014; Woodman and

Stabile 2015).

12. Humeral epicondylar index (HEB = HDW/HL) mea-
sures the width of the distal humerus relative to the length
of the humerus and represents the area available for the
origins of muscles involved in flexing, pronating, and supi-
nating the forearm.

13. Radial distal width index (RDW = RDW/RL) measures
the relative width of the proximal end of the radius, provid-
ing a gauge of its robustness and its resistance to stress.

14. Olecranon length index (OLI = UOP/UFL) is one of

several variations on the index of fossorial ability of Hil-
debrand (1985a). The ulna acts as a lever that pivots at the

trochlear notch, and OLI gauges the force exerted by the tri-
ceps brachii muscle on the olecranon process that is trans-
mitted to the functional arm of the ulna. Semi-fossorial
and fossorial mammals generally have a longer olecranon
process to accommodate a larger triceps brachii, resulting
in larger OLI (Reed 1951; Vizcaino and Milne 2002; Samuels
and Van Valkenburgh 2008; Woodman and Gaffney 2014).

15. Triceps metacarpal outforce index (TMO = UOP/
[UFL+ML]), a variant of Hildebrand’s (1985a) index of fosso-
rial ability (OLI), gives the length of the olecranon process as
a proportion of the functional arm provided by the ulna and
metacarpal lll together. This index measures the amount of
force input on the olecranon process that is transmitted to
the tip of the metacarpal of ray Il (Price 1993).

16. Triceps claw outforce index (TCO = UOP/
[UFL+ML+PPL+MPL+CL]) expresses the length of the olec-
ranon process relative to the combined functional lengths
of the ulna and the four bones comprising ray lll of the
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manus. An extension of Hildebrand's (1985b) index of fos-
sorial ability (OLI) and Price’s (1993) triceps metacarpal out-
force index (TMO), TCO represents the proportion of force
input on the olecranon process by the triceps muscle that
is transmitted to the tip of the claw of ray lll, which is the
initial point of contact with the soil.

17. Olecranon crest index (OCl = UPC/UFL) is a measure
of the relative length of the olecranon crest on the olecra-
non process. It serves as the insertion for much of the tri-
ceps brachii. OCl is an approximate gauge of muscle size,
and, therefore, another measure of the relative input force
on the ulna (Woodman and Gaffney 2014).

18. Ulnar robustness index (URI = ULD/UFL) measures
the robustness of the ulna and its ability to resist bending
and shearing stresses.

19. Manual distal phalanx index [%DPL = DPL/
(ML+PPL+MPL)] is the length of distal phalanx Il of the
manus relative to the combined length of the proximal
three bones of ray IIl.

20. Manual claw index [%CL = CL/(ML+PPL+MPL)] is the
length of claw Il of the manus relative to the combined
length of the proximal three bones of ray lIl.

21. Manual claw support index (%CLS = DPL/CL) repre-
sents the proportion of claw Il of the manus that is sup-
ported by the underlying distal phalanx IIl.

22. Metacarpal width index (MW3 = MW/ML) measures
the robustness of metacarpal lll of the manus in relation to
its length.

23. Phalangeal index (Pl = (PPL+MPL)/ML) shows the
lengths of the proximal and middle phalanges relative to
the metacarpal. This index reflects the degree to which
the hand is prehensile and used for grasping (higher index
value) versus walking on the ground (lower index value),
and it has been used mainly for distinguishing arboreal and
scansorial species from ambulatory species. Pl varies con-
siderably among rays of an individual, so ray Il is typically
used for comparisons among species (Lemelin 1999; Kirk et
al. 2008). No arboreal or scansorial shrews were included in
the present study.

24. Manus proportions index (MANUS = PPL/ML) mea-
sures the size of the proximal phalanx relative to the meta-
carpal of manual ray lll (Samuels and Van Valkenburgh
2008), and it is the same as Kirk et al.’s (2008) proximal pha-
langeal index. There appears to be a large phylogenetic
component to this index across mammalian orders (Kirk et
al. 2008), but not within rodent families (Nations et al. 2019),
and itis useful for distinguishing arboreally adapted species
(larger indices) from ambulatory species (smaller indices).

25. Crural index (Cl = TL/FL) measures the relative
lengths of proximal (femur) and distal (tibiofibula) long
bones of the hind limb.

26. Pes length index (PES = hML/FL) represents the
length of metatarsal lll relative to femur length and is used
to indicate the relative size of the hind foot.
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27. Femoral robustness index (FRI = FLD/FL) quantifies
the robustness of the femur and its ability to resist bending
and shearing stresses.

28. Femoral epicondylar index (FEB = FDW/FL) approxi-
mates the area available for the origins of the gastrocne-
mius and soleus muscles involved in extension of the knee
and plantar-flexion of the pes in rodents (Samuels and Van
Valkenburgh 2008). In shrews and talpids, this region is the
origin for the plantaris, which flexes the toes, the gastroc-
nemius, which extends the pes, and the extensor digitorum
longus, which extends and adducts the digits and dorso-
flexes the foot. It is also the insertion for the caudofemora-
lis, which retracts the femur, and the adductor longis, which
adducts the femur (Reed 1951).

29. Distal tibiofibular articulation index (DTA = TDA/
TDW) measures the width of the articular region for the
astragalus between the lateral and medial malleolus rela-
tive to the distal width of the tibia (Woodman and Gaffney
2014; Woodman and Stabile 2015).

30. Pedal distal phalanx index [%hDPL = hDPL/
(hML+hPPL+hMPL)] is the length of the distal phalanx of
ray lll of the pes relative to the combined length of the
proximal three bones of that ray.

31. Pedal claw index [%hCL = hCL/(hML+hPPL+hMPL)]
is the length of the claw of ray Ill of the pes relative to the
combined length of the proximal three bones of that ray.

32. Pedal claw support index (%hCLS = hDPL/hCL) is the
proportion of the claw of ray Il of the pes supported by the
distal phalanx.

33. Tail length index (%TAIL = tail length/head-and-
body length) measures the length of the tail relative to
head-and-body length. This index was effective for distin-
guishing between arboreal and terrestrial species of murid
rodents (Nations et al. 2019).

34. Relative robustness index (RR = HLD/FLD) mea-
sures the least breadth of the humerus relative to the least
breadth of the femur.

Analyses of locomotor indices. The effectiveness of
the 34 indices for distinguishing locomotor mode was
initially evaluated by calculating standard univariate
statistics (mean, SD, range) in Excel (Microsoft Corporation,
Redmond, Washington) for each locomotor group and
plotting as box-and-whisker plots (Supplementary material
Figure 1). To provide overviews of interspecific variation
and to determine relative grades of locomotor modes
among taxa, analyses of percentile ranks and multivariate
analyses were employed to combine multiple indices.
Percentile ranks were calculated for each taxon for each of
23 locomotor indices (IM, HFI, FOOT, CLAW, CLI, SMI, HRI,
HTI, TTP, HEB, TCO, OCI, URI, %DPL, %CL, MW3, Cl, PES,
FEB, %hDPL, %hCL, RR, %TAIL) using the percentile rank
calculator at Statisticshelper.com (https://statisticshelper.
com/percentile-rank-calculator/). A mean percentile rank
was then calculated for each taxon from all indices for
which it could be scored. Mean percentile ranks provide a
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Table 2. Locomotor indices. See Materials and methods for abbreviations.
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Cl PES FRI FEB DTA %hDPL %hCL %hCLS %TAIL RR N of

D Mode IM HFI FOOT CLAW CLI SHI Bl SMI HRI HTI TTP HEB RDW OLI TMO TCO OCI URI %DPL %CL %CLS MW3 Pl MANUS indices
Chimarrogale himalayaca SA 56 92 88 94 45 8 9 42 34 15 24 65 10 93 61 n 17 62 82 19
Nectogale elegans SA 68 92 50 89 85 108 109 42 12 13 37 48 5 24 17 26 5 64 8 48 182 88 12 35 51 10 16 61 51 93 30
Neomys fodiens SA 64 86 56 8 85 103 103 44 9 17 42 41 12 21 15 10 23 5 14 27 53 9 89 55 171 7 9 26 46 11 21 53 71 89 34
Sorex albibarbis SA 68 94 51 85 8 93 105 39 9 13 37 35 1m 19 14 10 26 5 14 27 54 9 89 56 184 75 10 28 42 10 19 53 89 86 34
Sorex bendirii SA 68 91 53 87 8 99 106 40 10 17 42 38 12 23 17 12 28 6 17 33 51 9 85 53 178 67 10 28 52 12 23 52 82 89 34
Sorex navigator SA 67 92 51 9 90 95 108 38 9 16 39 37 2 2 15 11 25 5 17 31 54 9 9N 57 185 77 10 29 49 n 21 54 9 80 34
Sorex palustris SA 68 93 55 88 90 96 102 39 8 13 37 34 12 22 15 11 26 5 15 30 50 9 84 52 177 71 10 29 52 n 21 51 79 55 34
Sorex cinereus Am 67 90 54 79 8 94 105 38 8 13 35 32 0 20 14 10 23 5 14 27 52 8 90 55 177 64 9 25 55 n 20 57 72 82 34
Sorex hoyi Am 67 90 62 89 102 91 102 40 8 15 38 33 1M1 20 15 10 25 5 15 30 49 8 94 55 169 57 7 26 53 1 20 56 57 94 34
Sorex sonomae Am 68 90 59 99 99 97 108 39 10 14 39 37 1M1 20 15 10 26 6 17 35 49 10 93 55 175 64 9 27 51 12 24 50 73 9% 34
Suncus hututsi Am 69 74 81 10 19 53 10 86 55 1 19 59 53 13
Cryptotis parvus Am 71 86 67 94 105 100 103 42 9 17 40 36 13 18 13 9 24 6 16 35 44 9 9 54 145 46 8 23 41 13 26 49 28 91 34
Cryptotis tropicalis Am 71 87 66 81 105 101 102 45 10 18 42 34 13 17 13 9 24 6 13 30 43 10 98 60 148 48 8 21 43 13 23 55 33 108 34
Cryptotis merriami Am 73 92 68 99 9 94 93 44 9 17 38 35 12 20 15 11 27 7 15 29 52 10 98 62 143 44 10 22 43 12 23 50 41 89 34
Cryptotis merus Am 88 71 93 98 94 46 9 12 37 36 13 30 45 10 92 57 139 45 9 22 4 12 25 48 39 84 26
Cryptotis nigrescens Am 73 92 73 89 9 94 87 43 9 18 39 35 13 20 14 10 29 7 16 31 51 12 94 59 136 43 9 22 46 14 26 55 43 88 34
Blarinella quadricaudata Am 74 92 71 106 108 100 108 43 10 21 46 39 13 22 16 11 24 6 20 39 51 11 103 60 159 50 10 25 48 15 29 52 52 94 34
Crocidura olivieri Am 85 2 50 9 8 37 27 10 21 58 85 n
Crocidura religiosa Am 91 89 52 7 6 36 28 9 21 64 72 n
Crocidura suaveolens Am 70 87 93 99 47 8 11 35 31 0 18 22 6 146 8 21 32 65 84 19
Myosorex cafer Am 88 71 100 114 92 46 10 15 36 32 19 36 51 1m 9 55 48 8 21 15 26 58 45 101 24
Myosorex geata Am 91 72 93 116 94 47 9 16 39 35 21 42 50 13 90 54 46 10 23 19 31 62 55 84 24
Myosorex kihaulei Am 920 70 97 117 94 46 9 16 40 35 23 46 49 12 88 53 47 10 23 19 32 59 47 87 24
Blarina brevicauda talpoides SF 72 88 74 114 130 106 92 45 12 23 45 43 17 32 23 16 35 8 23 43 53 14 89 54 136 41 10 26 52 17 28 60 28 105 34
B. brevicauda jerryrchoatei SF 73 88 73 108 125 110 92 45 13 24 46 44 17 29 21 14 36 7 23 41 55 14 88 56 133 45 10 25 56 17 27 63 27 110 34
Blarina carolinensis SF 71 86 65 112 126 109 95 48 12 21 45 45 14 28 21 15 30 7 24 45 53 13 98 61 137 41 9 25 34 16 27 59 26 109 34
Blarina hylophaga SF 24 45 53 14 93 58 17 29 58 27 10
Blarina peninsulae SF 70 117 136 107 94 49 12 19 45 44 15 29 21 14 32 8 23 44 51 13 92 57 44 15 26 60 27 27
Blarina shermani SF 67 106 121 21 44 48 13 99 59 16 28 55 27 13
B. brevicauda jknoxjonesi SF 23 46 50 13 89 55 15 25 61 26 10
Cryptotis mexicanus SF 110 44 11 25 49 46 26 48 55 15 89 57 39 13
Cryptotis phillipsii SF 42 11 23 42 42 46 6
Cryptotis eckerlini SF 85 61 140 144 113 104 50 12 29 49 55 16 42 29 17 48 11 34 63 55 19 105 61 45 10 28 19 33 56 38 107 31
Cryptotis matsoni SF 80 60 120 139 121 49 13 33 53 55 34 59 56 94 51 46 10 27 20 31 65 31 105 23
Cryptotis cavatorculus SF 69 134 153 97 50 12 32 48 52 15 28 21 14 34 7 37 60 61 19 93 60 22 31 69 24
Cryptotis celaque SF 88 68 123 142 112 107 45 13 31 49 51 14 26 20 13 33 8 33 58 57 17 84 55 44 9 28 20 31 66 36 119 31
Cryptotis mam SF 72 88 64 133 134 113 106 46 13 32 51 52 16 25 19 12 33 7 35 62 56 17 97 60 153 45 9 26 44 20 36 56 38 129 34
Cryptotis magnimanus SF 43 13 30 50 54 31 6
Cryptotis mccarthyi SF 64 117 124 43 13 30 46 51 35 62 57 19 91 59 22 37 60 30 18
Congosorex phillipsorum SF 20 76 113 107 104 50 11 20 39 42 23 39 59 13 87 55 46 10 24 18 32 56 58 103 24
Myosorex blarina SF 72 89 77 107 128 100 9 50 9 19 41 39 15 24 18 12 31 8 28 57 49 15 84 50 142 40 10 24 46 23 39 59 41 81 34
Myosorex varius SF 70 86 69 109 126 99 103 48 10 18 43 35 13 19 14 10 30 5 27 52 52 14 88 52 149 44 9 22 45 20 34 60 40 99 34
Myosorex zinki SF 82 75 120 152 108 47 13 18 42 47 29 61 48 16 86 51 42 11 25 21 34 60 39 9 24
Cryptotis lacertosus SF 75 92 67 125 131 123 102 44 15 33 51 58 17 28 21 14 40 9 36 63 58 20 97 58 147 41 10 28 48 23 38 60 34 140 34
Cryptotis oreoryctes SF 67 84 62 127 138 116 104 44 13 34 51 54 15 29 22 14 37 7 36 64 57 17 92 58 155 44 9 27 49 21 34 62 38 120 34
Surdisorex norae F 70 81 71 143 166 120 103 62 17 35 51 60 17 3 23 14 40 9 46 78 60 20 84 50 135 42 11 25 44 27 38 69 38 125 34
Surdisorex polulus F 84 79 162 174 113 62 17 39 55 58 45 76 59 20 83 49 42 10 24 25 39 64 40 135 24
Cryptotis gracilis UN 91 63 93 105 106 46 11 21 46 44 21 41 50 12 91 58 175 53 10 27 43 16 28 57 55 95 26
Cryptotis endersi UN 90 117 145 9% 42 9 20 41 42 45 48 9 27 12 21 56 52 87 18
Cryptotis meridensis UN 69 90 86 111 97 103 44 10 18 45 40 14 21 15 11 26 6 19 37 50 11 78 47 165 9 25 44 65 38 102 30
Cryptotis monteverdensis UN 43 10 18 46 43 58 6
Cryptotis thomasi UN 20 70 99 113 101 44 11 24 44 19 40 49 12 83 52 45 10 24 15 28 55 29 100 23
Number of species 27 42 43 45 45 45 31 50 50 50 50 49 31 31 30 29 31 31 46 46 48 46 46 47 29 38 42 42 30 46 46 47 53 42
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convenient means of comparing all 52 taxa on a possible
scale from 0 to 100. This permits broader taxonomic
coverage, but the lack of data for some taxa means that
morphological comparisons are not even across all taxa.

The largest complete dataset (i. e., no missing data) that
| could compile included 17 indices (CLI, CLAW, %CL, %DPL,
SHI, HEB, HTI, %hCL, FOOT, TTP, SMI, %hDPL, MW3, HRI, PI,
MANUS, %TAIL) from six semi-aquatic, 12 ambulatory, 13
semi-fossorial, and two fossorial species. To test the ability
of this dataset to discriminate locomotor modes, | carried
out both principal components analyses (PCAs) and dis-
criminant function analyses (DFAs) in Past4.03 (Hammer et
al. 2001).

To investigate the possible locomotory modes of four
species (Cryptotis gracilis, C. endersi, C. meridensis, C. thom-
asi) for which locomotory mode was uncertain, | carried out
PCA and DFA on a subset of 10 indices (CLAW, CLI, SHI, SMI,
HRI, HTI, TTP, %CLS, FEB, %TAIL) from these species and 33
species of known locomotory mode. All four unknown spe-
cies lacked sufficient data to be included in the 17-variable
model (Table S1).

Results

Effectiveness of individual indices. Most of the indices tested
individually show identifiable patterns of variation among
locomotor modes in soricids, most typically either ascend-
ing or descending in mean values from semi-aquatic to
ambulatory to semi-fossorial to fossorial. Only a few indi-
ces, however, exhibit ranges of variation that are sufficiently
constrained to be useful for clearly distinguishing one or
more modes.

Individual locomotor indices that appear to be the most
reliable for distinguishing semi-aquatic species are PES (n =

37 species), FOOT (n = 46), CLI (n =44), Cl (n=28), %TAIL (n=
52), and %hCL (n = 45). All but PES have ranges that overlap
in value with one or more ambulatory species (Figure 1). The
indices CLAW, OCl, MW3, %DPL, %CL, HTI, and CLI are useful
for differentiating semi-aquatic and semi-fossorial species.

The ranges of individual locomotor indices of ambula-
tory species most commonly group with those of semi-
aquatic species and often overlap the ranges of some
semi-fossorial species. The most reliable indices for distin-
guishing ambulatory species from semi-aquatic species are
PES, FOOT, CLI, FEB (n = 41), and %TAIL. The most efficient
indices for distinguishing ambulatory species from semi-
fossorial species are CLAW (n = 43), OCI (n = 30), and RDW
(n = 30), followed by MW3 (n = 45), %DPL (n = 44), %CL (n =
45), HRI (n = 49), HTI (n = 49), SHI (n = 44), CLI, HEB (n = 48),
TTP (n =49), OLI (n = 30), TMO (n = 29), and TCO (n = 28).

The combination of semi-fossorial and fossorial species
can be distinguished most effectively from the other two
locomotory modes by OCI and CLAW, followed by MWS3,
%DPL, CLI, TMO, TCO, HTI, HRI, TTP, RDW, and %CL. The
most useful indices for differentiating semi-fossorial from
fossorial shrews are %DPL, %CL, %hDPL (n = 45), CLI, SMI
(n = 49), HRI, and HTI, followed by CLAW, HEB, PI (n = 45),
MANUS (n = 46), and %hCL.

1. Intermembral index (IM), which compares the
lengths of the forelimbs and hind limbs, typically increases
in rodents from semi-aquatic species to ambulatory, to
semi-fossorial, and to fossorial species (Samuels and Van
Valkenburgh 2008). The index shows a similar pattern with
soricids (Supplementary material Figure 1a), indicating a
tendency for semi-aquatic species to have relatively longer
hind limbs (and/or shorter fore limbs) and for more fosso-
rial forms to have relatively shorter hind limbs. Overlap

Figure 1. Plot of the indices PES and %TAIL showing separation between semi-aquatic and ambulatory species. The three species of unknown locomotor mode (C. gracilis, C. endersi,

C. thomasi) plot with ambulatory and semi-fossorial taxa.
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among most locomotor groups, however, limits the useful-
ness of this index for determining locomotory mode for any
one species.

2. Humerofemoral index (HFI) represents the length of
the humerus as a proportion of the length of the femur.
Among soricids, this index decreases from semi-aquatic
species to ambulatory, to semi-fossorial, and to fossorial
species (Supplementary material Figure 1b), indicating
that semi-aquatic species have a longer humerus relative
to the femur, whereas more fossorial species have a shorter
humerus. This pattern seems counterintuitive in light of
the pattern displayed by the IM, but the longer hind limb
in semi-aquatic shrews is a result of their relatively longer
tibiofibula (see #25, crural index). Overlap among most
locomotor groups makes this index most useful for distin-
guishing semi-aquatic species from semi-fossorial and fos-
sorial species.

3. Metapodial index (FOOT) indicates the relative sizes
of the forefeet and hind feet by comparing the lengths of
metacarpal lll and metatarsal lll. Soricids exhibit an increase
in the index from semi-aquatic species to ambulatory to
semi-fossorial to fossorial species (Supplementary material
Figure 1c), indicating that semi-aquatic species have a rela-
tively longer hind foot (metatarsal lll) than other species,
particularly the most fossorial species. This index is useful
for distinguishing semi-aquatic (low values) and the most
fossorial species (high values) from most other species.

4. Distal phalanx length index (CLAW) compares the
relative lengths of manual distal phalanx lll and pedal dis-
tal phalanx Ill. It increases with increasing fossoriality in
rodents (Samuels and Van Valkenburgh 2008), indicating a
relatively longer foreclaw than hind claw in more fossorial
groups. Among soricids, CLAW clearly distinguishes most
semi-fossorial and fossorial species from each other and
from other locomotor modes (Supplementary material Fig-
ure 1d).

5. Claw length index (CLI) gauges the relative lengths of
manual claw Ill and pedal claw lll. CLI increases from semi-
aquatic species to ambulatory to semi-fossorial to fossorial
species with only minor overlap among locomotor modes
(Supplementary material Figure 1e). It clearly distinguishes
semi-fossorial and fossorial species from each other and
from other locomotor modes, and it also distinguishes
semi-aquatic species from most ambulatory species. In
this study, only ambulatory Suncus hututsi (CLI = 81) and
Sorex cinereus (86) overlapped with semi-aquatic species,
and only semi-fossorial Congosorex phillipsorum (107) over-
lapped with the ambulatory species.

6.Scapulohumeral index (SHI) shows the relative lengths
of the scapula and humerus (Supplementary material Fig-
ure 1f). This index is typically greater (relatively shorter
humerus) for more semi-fossorial and fossorial soricids and
lower for ambulatory and aquatic species (Woodman and
Gaffney 2014), but its ability to distinguish individual loco-
motor modes is limited.
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7. Brachial index (Bl) shows the relative lengths of the
humerus and radius. Mean values of this index decrease
(relatively shorter radius) among rodents from semi-aquatic
to ambulatory to semi-fossorial to fossorial species (Samu-
els and Van Valkenburgh 2008). The pattern is less appar-
ent among soricids, and ranges of the four modes overlap
too extensively for this to be a useful index (Supplementary
material Figure 1g).

8. Shoulder moment index (SMI) measures the length
of the deltopectoral crest relative to humerus length. In
rodents, the index increases from ambulatory to semi-
fossorial to semi-aquatic to fossorial species (Samuels and
Van Valkenburgh 2008). In contrast, in soricids there is a
tendency to increase from semi-aquatic to ambulatory to
semi-fossorial to fossorial species (Supplementary mate-
rial Figure 1h). Extensive overlap among groups makes the
index useful only for distinguishing some semi-aquatic and
some of the most fossorial species.

9. Humeral robustness index (HRI) indicates the rela-
tive thickness of the humerus, which increases (more
robust humerus) from ambulatory to semi-fossorial to
semi-aquatic to fossorial species among rodents (Samuels
and Van Valkenburgh 2008). Among soricids, mean values
increase from ambulatory to semi-aquatic to semi-fossorial
to fossorial species (Supplementary material Figure 1i).
Indices for ambulatory and semi-aquatic species overlap
extensively, but most semi-fossorial and fossorial species
are distinct. Two exceptions are semi-fossorial Myosorex
blarina (HRI = 9), which has a lower index than expected,
and Nectogale elegans (12), which has a higher index than is
typical for a semi-aquatic species.

10. Humeral rotation lever index (HTI) shows the relative
length of the teres tubercle of the humerus. HTI exhibits
little difference between semi-aquatic and ambulatory sori-
cids (Supplementary material Figure 1j), but increases sub-
stantially with increased semi-fossoriality and fossoriality
(Woodman and Gaffney 2014; Woodman and Stabile 2015).
Exceptions are Myosorex varius (HTI = 18) and M. zinki (18),
which have lower index values than is typical for semi-fos-
sorial soricids, and Blarinella quadricaudata (21), which has
a higher index than expected for an ambulatory species.

11. Teres tubercle position index (TTP) measures the
position of the teres tubercle along the humerus. TTP
exhibits little difference between semi-aquatic and ambu-
latory soricids, but increases substantially with increased
semi-fossoriality and fossoriality (Supplementary material
Figure 1k). Exceptions are include Congosorex phillipsorum
(TTP = 39) and Myosorex blarina (41), which have lower
index values than expected for semi-fossorial shrews, and
ambulatory Blarinella quadricaudata (46), with a higher
index than expected.

12. Humeral epicondylar index (HEB) is the width of the
distal humerus relative to its length. The index typically
increases (greater relative width) in mammals with increas-
ing fossoriality (Hildebrand 1985b), and among rodents

www.mastozoologiamexicana.org 21



LOCOMOTOR ADAPTATIONS IN SHREWS

HEB increases (broader distal humerus) from ambulatory to
semi-fossorial to semi-aquatic to fossorial species (Samuels
and Van Valkenburgh 2008). Among soricids, mean values
increase from ambulatory to semi-aquatic to semi-fossorial to
fossorial species (Supplementary material Figure 11). There is
extensive overlap in index values among ambulatory, semi-
aquatic, and semi-fossorial groups, making this index useful
for distinguishing only the more fossorial species.

13. Radial distal width index (RDW) measures the rela-
tive width of the proximal end of the radius. Ambulatory
and semiaquatic soricids tend to have lower RDW (nar-
rower proximal radius), whereas semi-fossorial and fossorial
species tend to have larger RDW (Supplementary material
Figure Tm). There is extensive overlap, however, between
terrestrial and semiaquatic species and between semi-fos-
sorial and fossorial species.

14. Olecranon length index (OLI) represents the relative
length of the olecranon process of the ulna. Semi-fossorial
and fossorial mammals generally have a longer olecranon
process to accommodate a larger triceps brachii, resulting
in larger OLI (Reed 1951; Vizcaino and Milne 2002; Samuels
and Van Valkenburgh 2008; Woodman and Gaffney 2014).
Among rodents, OLI increases from ambulatory to semi-
fossorial to semi-aquatic to fossorial species (Samuels and
Van Valkenburgh 2008). Among soricids, mean values for
this index increase from ambulatory to semi-aquatic to
semi-fossorial to fossorial species (Supplementary material
Figure 1n). Overlap among groups, however, limits the use-
fulness of this index for identifying locomotor modes for
individual species.

15. Triceps metacarpal outforce index (TMO), like OLI,
measures the relative length of the olecranon process. As
for OLI, mean values among soricids increase from ambu-
latory to semi-aquatic to semi-fossorial to fossorial species
(Supplementary material Figure 10), but there is greater
separation between semi-aquatic and semi-fossorial spe-
cies. The one outlier causing overlap between these two
groups is semi-fossorial Myosorex varius (TMO = 14), which
has a lower index than is typical.

16. Triceps claw outforce index (TCO), like OLI and
TMO, expresses the relative length of the olecranon pro-
cess, and it exhibits a pattern similar to those shown by
these two indices. Mean values increase from ambula-
tory to semi-aquatic to semi-fossorial to fossorial species
(Supplementary material Figure 1p). Overlap between
semi-aquatic and semi-fossorial species is again a result of
a lower-than-expected index for semi-fossorial Myosorex
varius (TMO = 10).

17. Olecranon crest index (OCI) measure of the relative
length of the olecranon crest on the olecranon process.
Among soricids, there is little difference in TCO between
ambulatory and semi-aquatic species, but semi-fossorial
and fossorial species exhibit a noticeable increase in the
length of the olecranon crest and, therefore, in the index
(Supplementary material Figure 1q).
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18. Ulnar robustness index (URI) measures the robust-
ness of the ulna. Among rodents, URI increases from
ambulatory to semi-fossorial to semi-aquatic to fossorial
species (Samuels and Van Valkenburgh 2008). In soricids,
this index exhibits a clear pattern of increasing mean val-
ues from semi-aquatic to ambulatory to semi-fossorial
to fossorial species (Supplementary material Figure 1r).
Overlap among groups, however, limits the usefulness of
this index for identifying locomotor modes for most indi-
vidual species. The semi-fossorial Myosorex varius (URI
= 5), in particular, has a much lower URI than would be
predicted.

19. Manual distal phalanx index (%DPL) gauges the
length of the manual distal phalanx lll. There is little differ-
ence in this index between ambulatory and semi-aquatic
species, but there are clear distinctions among those two
locomotor groups combined, and the semi-fossorial and
fossorial species (Supplementary material Figure 1s). The
overlap in ranges between ambulatory and semi-fossorial
groups results from a lower-than-expected %DPL (and
shorter distal phalanx) of semi-fossorial Blarina shermani
(%DPL = 21) and greater-than-expected index of ambula-
tory Myosorex kihaulei (23).

20.Manual claw index (%CL) is the relative length of man-
ual claw lll. Among soricids, %CL shows increases in mean
length from semi-aquatic to ambulatory to semi-fossorial to
fossorial species (Supplementary material Figure 1t). Over-
lap between the ranges for semi-aquatic and ambulatory
species precludes its use for distinguishing individual spe-
cies having those locomotor modes. In contrast, the ranges
for semi-fossorial and fossorial species are distinct from each
other and mostly from the other two modes. Exceptions
are greater indices than expected for ambulatory Myosorex
geata (%CL = 42) and M. kihaulei (46) and lower indices than
expected for semi-fossorial Congosorex phillipsorum (39)
and Blarina brevicauda jerryrchoatei (41).

21. Manual claw support index (%CLS) represents the
proportion of manual claw Il supported by underlying
distal phalanx lll. Mean values of this index increase from
ambulatory to semifossorial to semi-aquatic to fossorial
species (Supplementary material Figure 1u), but the great
range of variation among semi-aquatic species and the con-
sequent overlap with other locomotor groups prevents this
index from being useful for identifying locomotor modes
for individual species.

22. Metacarpal width index (MW3) represents the rela-
tive robustness of manual metacarpal Ill. There is a clear
pattern of increase in this index, indicating relatively more
robust bones of the manus, from semi-aquatic to ambula-
tory to semi-fossorial to fossorial species (Supplementary
material Figure 1v). Overlaps in values between semi-
aquatic and ambulatory species and between semi-fosso-
rial and fossorial species limit the usefulness of this index
for distinguishing individual modes, but there is clear sepa-
ration of most species with adaptations for digging.



23. Phalangeal index (Pl) shows the relative lengths
of the proximal and middle phalanges of manual ray lIl.
Among the soricid species tested, mean indices increased
from fossorial to semi-aquatic species to semi-fossorial spe-
cies to ambulatory species (Supplementary material Figure
1w). The ranges in values of semi-aquatic, semi-fossorial,
and ambulatory species overlap extensively. Fossorial spe-
cies, however, have extremely low PlI.

24. Manus proportions index (MANUS) measures the
relative length of the proximal phalanx of manual ray Ill.
Among rodents, mean MANUS increases from fossorial to
semi-aquatic to semi-fossorial to ambulatory to arboreal
and gliding species (Samuels and Van Valkenburgh 2008;
Nations et al. 2019). In the Soricidae tested, values for
MANUS overlap extensively among semi-aquatic, ambula-
tory, and semi-fossorial modes (Supplementary material
Figure 1x). Fossorial species (i. e., Surdisorex) exhibit par-
ticularly low MANUS values and are distinct from all other
species except semi-aquatic Nectogale elegans (MANUS =
48) and semi-fossorial Myosorex blarina (50).

25. Crural index (Cl) measures the relative lengths of the
femur and tibiofibula. Among rodents, this index decreases
(longer femur, shorter tibiofibula) with increasing fossorial-
ity, but increases in semi-aquatic species (Samuels and Van
Valkenburgh 2008). Although shrews have a relatively lon-
ger tibiofibula to begin with, they show a similar pattern,
with mean values increasing from fossorial to semi-fosso-
rial to ambulatory to semi-aquatic species (Supplementary
material Figure 1y). Overlap in range among fossorial, semi-
fossorial, and ambulatory modes is relatively large, making
locomotor mode difficult to determine for most individual
species. Semi-aquatic species are mostly distinct, overlap-
ping only with Sorex sonomae (Cl = 175) and S. cinereus
(177), which have large indices for ambulatory species.

26. Pes length index (PES) represents the relative length
of the hind foot. Among rodents, this index increases (rela-
tively longer foot) from fossorial to semi-fossorial to ambu-
latory to semi-aquatic species (Samuels and Van Valken-
burgh 2008). Soricids exhibit a similar pattern, and PES is
particularly good for distinguishing semi-aquatic species
(Supplementary material Figure 1z).

27.Femoral robustness index (FRI) quantifies the breadth
of the femur shaft. Among rodents, this index increases
(more robust femur) from ambulatory to semi-fossorial to
fossorial to semi-aquatic species (Samuels and Van Valken-
burgh 2008). Among rodents, mean values for FRI increase
from ambulatory to semi-fossorial to semi-aquatic to fos-
sorial species (Supplementary material Figure 1 a). In both
groups, there is considerable overlap among locomotor
groups, making it difficult to distinguish locomotor mode
for a particular species.

28. Femoral epicondylar index (FEB) is the relative distal
breadth of the femur. Among rodents, mean FEB is lowest
(relatively smaller muscle attachment area) in ambulatory
species and is sequentially larger in semi-fossorial, fossorial,
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and semi-aquatic species (Samuels and Van Valkenburgh
2008). FEB exhibits a slightly different pattern in soricids,
increasing from ambulatory to fossorial to semi-fossorial
to semi-aquatic species (Supplementary material Figure
1B). There is extensive overlap among groups, but some
ambulatory species and some semi-aquatic species are dis-
tinguishable.

29. Distal tibiofibular articulation index (DTA) measures
the relative width of the articular region for the astragalus.
The ranges of this index overlap extensively among groups,
rendering this index essentially useless (Supplementary
material Figure 1y).

30. Pedal distal phalanx index (%hDPL) is the relative
length of the pedal distal phalanx lll. This index shows a
clear pattern of increasing (relatively longer distal phalanx)
from semi-aquatic to ambulatory to semi-fossorial to fosso-
rial species. Although this index clearly separates semi-fos-
sorial and fossorial locomotor modes. there is considerable
overlap between the ranges of semi-aquatic and ambula-
tory modes (Supplementary material Figure 18).

31. Pedal claw index (%hCL) is the relative length of the
claw of pedal ray lll. Like the pedal distal phalanx index
(%hDPL), %hCL shows a clear pattern of increasing (lon-
ger claw) mean values from semi-aquatic to ambulatory to
semi-fossorial to fossorial species (Supplementary mate-
rial Figure 1€). Although there is greater overlap among
the ranges of the four locomotory modes, there is greater
separation of some semi-aquatic species from ambulatory
species.

32. Pedal claw support index (%hCLS) is the proportion
of the claw of pedal ray Ill supported by the distal phalanx.
Values of this index for ambulatory and semi-aquatic spe-
cies overlap nearly completely but show higher values
(relatively greater support) in semi-fossorial and fossorial
species (Supplementary material Figure 1).

33. Tail length index (%TAIL) measures the relative
length of the tail. Among shrews, there is a clear pattern
of increase in the mean index (greater relative tail length)
from fossorial and semi-fossorial species to ambulatory
species to semi-aquatic species. There is considerable over-
lap in ranges among groups, but most semi-aquatic species
have longer tails than those in other locomotor modes
(Supplementary material Figure 1 n). The longer tail of
semi-aquatic species may be used to provide added thrust
and to prevent yaw rotation while swimming (Fish 1982,
2000). Overlap in the ranges of tail lengths between ambu-
latory and semi-aquatic shrews is mostly a result of the rela-
tively short tail of semi-aquatic Nectogale elegans (%TAIL =
51) and the relatively long tails of ambulatory Sorex cinereus
(72) and S. sonomae (73). As expected (Shimer 1903), semi-
fossorial and fossorial species have the shortest tails, with
the exception of semi-fossorial Congosorex phillipsorum,
which has an unexpectedly long tail (58).

34. Relative robustness index (RR) compares the
breadths of the humerus and femur. This index exhibits a
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progressive increase in mean values (increasing robust-
ness of the humerus) from semi-aquatic to ambulatory to
semi-fossorial to fossorial species (Supplementary material
Figure 16). There is considerable overlap among ranges of
values, making it difficult to distinguish locomotor mode
for a particular species.

Mean percentile ranks. A univariate plot of the mean
percentile ranks calculated for each of the 52 soricid taxa
is shown in Figure 2a. The four locomotor modes mostly
form distinct groupings, although there is overlap among
some of the modes. As in previous studies of locomotor
mode in soricids (Woodman and Gaffney 2014; Woodman
and Stabile 2015b; Woodman and Wilken 2019), there is a
clear trend of increase in mean percentile rank from ambu-
latory to semi-fossorial to fossorial taxa. Semi-aquatic spe-
cies all have relatively low mean ranks, and their range

overlaps that of the lower ranked ambulatory species (Sorex
cinereus, Suncus hututsi, Sorex hoyi). There is also overlap
of one semi-fossorial species (Cryptotis phillipsii) with the
highest-ranked ambulatory species. In the latter case, the
overlap may result from a lack of data, as C. phillipsii is rep-
resented by only six indices (Table 3). Among the five spe-
cies of unknown locomotor mode, four species (Cryptotis
endersi, C. gracilis, C. meridensis, C. monteverdensis) plot with
the higher-ranked ambulatory species. The fifth species (C.
thomasi) plots between the ambulatory species (and Cryp-
totis phillipsii) and the bulk of the semi-fossorial species, but
is more closely allied to the latter.

PCA of locomotor indices. In the PCA of 17 locomo-
tor indices, the first three principal components had high
eigenvalues and together accounted for >94 % if the varia-
tion in the model. Fourteen indices contributed positively

Figure 2. Scaling of locomotory modes: (a) Plot of mean percentile ranks calculated from up to 23 locomotor indices from 52 taxa of soricids, including species of unknown locomo-
tor mode (Table 3). (b) Univariate plot of scores on PC1 (78.8% of variance) from PCA of 17 locomotor indices from 33 taxa (Table 4). (c) Bivariate plot of scores on PC1 and PC2 (12.2%)
from a PCA of 17 locomotor indices from 33 taxa (Table 4). Species of unknown locomotor mode were not included in the PCA because of missing data. Key to all symbols is in Figure 2c.
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Table 3. Percentile ranks for locomotor indices. See Materials and Methods for abbreviations. Taxa are ordered by increasing mean percentile rank within each a priori locomotor

mode.
D Mode IM HFI FOOT CLAW CLI SMI HRI HTI TTP HEB TCO OCI URI %DPL %CL MW3 CI PES FEB %hDPL %hCL RR %TAIL Sumofindices Number ofindices Meanrank

Sorex albibarbis SA 40 3 7 9 5 10 38 19 19 32 33 45 28 14 n 20 7 8 20 5 9 19 4 405 23 18
Sorex palustris SA 40 5 15 19 21 10 13 19 19 19 52 45 28 23 23 20 22 14 8 20 23 3 12 473 23 21
Sorex navigator SA 20 20 7 28 21 4 38 31 33 40 52 28 28 34 27 20 4 6 8 20 23 5 2 499 23 22
Chimarrogale himalayaca SA - - 20 30 16 58 13 6 54 19 - - - 23 5 34 - - - 20 5 10 313 14 22
Nectogale elegans SA 40 20 2 26 9 23 77 19 19 77 - 45 28 - - 7 1 3 3 5 2 4 37 494 20 25
Neomys fodiens SA 4 80 20 14 9 48 38 40 54 51 33 10 28 14 mn 20 33 14 43 20 23 35 16 658 23 29
Sorex bendirii SA 40 30 10 16 16 15 54 40 54 43 63 52 52 34 30 20 15 17 20 32 30 35 10 728 23 32
Sorex cinereus Am 20 48 12 5 12 4 13 19 4 1 33 10 28 14 n 7 22 22 60 20 14 n 10 410 23 18
Suncus hututsi Am - - 63 2 2 - - - - - - - - 2 2 34 - - - 20 9 31 165 9 18
Sorex hoyi Am 20 48 32 26 33 15 13 25 23 13 33 28 28 23 23 7 37 25 43 20 14 46 25 600 23 26
Crocidura religiosa Am - 30 - - - 96 2 2 8 4 - - - - - - - - 100 - - 20 262 8 33
Sorex sonomae Am 40 48 22 49 30 10 54 21 33 40 33 45 52 34 34 34 30 22 33 32 32 51 14 793 23 34
Crocidura suaveolens Am 56 70 - - - 75 13 8 4 6 - 3 52 - - - 67 - 100 - - 18 472 12 39
Cryptotis merus Am - 65 80 37 28 69 38 10 19 36 - - - 7 23 34 81 67 88 32 36 16 61 827 19 44
Cryptotis parvus Am 68 80 51 40 40 23 38 40 38 36 7 21 52 27 34 20 70 53 78 36 45 38 88 1023 23

Cryptotis tropicalis Am 68 70 44 7 40 58 54 52 54 19 7 21 52 7 23 34 59 39 100 36 30 78 76 1028 23 45
Crocidura olivieri Am - 85 - - - 94 38 4 19 2 - - - - - - - - 100 - - 24 366 8 46
Cryptotis merriami Am 92 20 56 49 26 48 38 40 23 32 52 48 76 23 14 34 74 78 88 32 30 35 51 1059 23 46
Myosorex cafer Am - 65 80 51 51 69 54 25 8 1 - - - 41 36 41 - 39 100 50 45 62 45 873 18 49
Cryptotis nigrescens Am 92 20 88 26 26 33 38 52 33 32 33 55 76 27 27 50 93 81 88 39 45 27 47 1128 23 49
Myosorex geata Am - 30 83 37 53 75 38 31 33 32 - - - 50 52 64 - 53 78 73 73 16 29 900 18 50
Blarinella quadricaudata Am % 20 80 56 44 33 54 67 77 47 52 21 52 43 43 41 44 31 60 50 64 46 35 1156 23 50
Myosorex kihaulei Am - 48 71 42 56 69 38 31 38 32 - - - 64 68 50 - 42 78 73 77 24 41 942 18 52
Cryptotis phillipsii SF - - - - - 23 65 71 54 57 - - - - - - - - - - - 43 313 6 52
Blarina shermani SF - - 51 56 58 - - - - - - - - 50 59 64 - - - 57 59 96 550 9 61
Congosorex phillipsorum SF - 48 95 67 42 94 65 79 33 57 - - - 64 43 64 - 53 70 66 77 68 24 1109 18 62
Myosorex varius SF 56 80 63 63 67 79 54 52 56 32 33 62 28 73 73 73 56 78 88 82 86 57 55 1446 23 63
Blarina brevicauda jknoxjonesi SF - - - - - - - - - - - - - 64 68 64 - - - 50 36 100 382 6 64
Myosorex blarina SF 80 50 98 58 70 94 38 56 42 47 63 66 920 75 75 77 78 100 70 95 100 8 51 1581 23 69
Cryptotis mexicanus SF - - - - - 48 65 77 85 72 - - - 70 70 77 - - - - - 61 625 9 69
Blarina peninsulae SF - - 71 77 79 83 77 56 67 68 89 69 92 64 59 64 - - - 50 45 96 1204 17 71
Blarina carolinensis SF 68 80 4 65 67 79 77 67 67 70 93 62 76 68 64 64 85 97 60 57 50 81 100 1638 23 71
Blarina hylophaga SF - - - - - - - - - - - - - 68 64 73 - - - 65 64 9 430 6 72
Blarina brevicauda talpoides SF 80 65 920 70 72 58 77 71 67 62 9 83 2 64 55 73 93 97 43 65 59 73 88 1691 23 74
Blarina brevicauda jerryrchoatei  SF 92 65 88 60 63 58 94 75 77 68 89 86 76 64 50 73 100 67 60 65 50 84 96 1700 23 74
Cryptotis celaque SF - 65 56 84 86 58 94 85 85 81 67 76 2 80 58 86 78 20 82 73 86 72 1562 21 74
Cryptotis oreoryctes SF 20 90 32 88 81 48 94 % 96 89 89 90 76 93 95 86 48 78 33 86 86 89 71 1754 23 76
Cryptotis mam SF 80 65 39 91 77 69 94 20 9% 85 63 76 76 89 89 86 52 67 43 82 89 95 71 1764 23 77
Cryptotis matsoni SF - 100 24 81 84 83 94 94 98 94 - - - 84 80 - - 53 33 82 73 73 80 1310 17 77
Cryptotis mccarthyi SF - - 39 77 60 33 94 83 77 81 - - - 89 89 93 - - - 91 91 82 1079 14 77
Myosorex zinki SF - 93 93 81 93 75 94 52 54 74 - - - 77 84 80 - 89 60 86 86 57 61 1389 18 77
Cryptotis magnimanus SF - - - - - 33 94 83 88 89 - - - - - - - - - - - 80 467 6 78
Cryptotis eckerlini SF - 85 27 95 88 94 77 79 85 94 100 100 100 84 93 93 - 67 20 73 80 76 71 1681 21 80
Cryptotis lacertosus SF 100 20 51 86 74 48 96 94 96 98 89 97 97 93 93 100 63 97 20 95 95 100 75 1877 23 82
Cryptotis cavatorculus SF - - 63 93 95 94 77 2 79 8 8 79 76 95 82 93 - - - 91 73 1354 16 85
Surdisorex norae F 56 98 80 98 98 100 100 98 96 100 89 97 97 100 100 100 96 89 60 100 95 92 71 2110 23 92
Surdisorex polulus F -9 100 100 100 100 100 100 100 98 - - - 98 98 100 - 89 70 98 100 97 55 1693 18 94
Cryptotis endersi UN - 48 - 77 91 23 38 79 42 57 - - - - - - - 39 33 32 23 24 35 641 14 46
Cryptotis gracilis UN - 30 34 37 40 69 65 67 77 68 - - - 50 50 50 30 28 33 57 59 49 29 922 19 49
Cryptotis meridensis UN 44 48 - 14 47 48 54 52 67 49 52 45 52 41 39 a 4 60 - - 65 71 930 19 49
Cryptotis monteverdensis UN - - - - - 33 54 52 77 62 - - - - - - - - - - - 39 317 6 53
Cryptotis thomasi UN - 48 71 49 49 48 65 75 58 - - - - 4 45 50 - 67 70 50 59 59 84 988 17 58
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to the first principal component (PC1), which alone repre-
sented nearly 79 % of the variation. PC1 was most strongly
influenced by four variables: CLI, CLAW, %CL, and negatively
weighted %TAIL (Table 4). The second principal compo-
nent (PC2) represented %TAIL and constituted about 12 %
of variation. The third principal component (PC3), account-
ing for <4 % of the variation, was most influenced by PI, SHI,
and negatively weighted FOOT.

In a plot of factor scores on PC1 (Figure 2b), a prioriloco-
motory groups are mostly separated along PC1, with semi-
aquatic species having the lowest scores, and ambulatory,
semi-fossorial, and fossorial groups having increasingly
greater scores, respectively. Ambulatory species exhibit
two distinct clusters along this axis. The ambulatory group
with the lower scores includes species of Sorex and Crypto-
tis, and the group with the larger scores includes Cryptotis
parvus, Blarinella quadricaudata, and species of Myosorex.
There are also two clusters of semi-fossorial species. The
group with the lower scores includes species of Myosorex
and Blarina, and that with the larger scores is comprised
of Myosorex zinki and species of Cryptotis. The bimodal
patterns within the ambulatory and semi-fossorial groups
indicate that species in different genera have somewhat
different suites of characters associated with a particular
locomotor mode (Woodman and Wilken 2019).

One exception to the general pattern is ambulatory
Sorex cinereus, which plotted with semi-aquatic species. Its
low score on PC1 resulted from its low CLI and %CL (rela-
tively short foreclaw) and high %TAIL (relatively long tail).
Another exception is semi-fossorial Congosorex phillipsorum,
which plotted with the ambulatory species. Its low score also
resulted from its low CLI, %CL, and %DPL (short foreclaw and
distal phalanx relative to other semi-fossorial species) and
high %TAIL (long tail). The unique combination of ambu-
latory and semi-fossorial traits in C. phillipsorum previously
was discussed in detail in Woodman and Stabile (2015b).

In a plot of factor scores on PC1 and PC2 (Figure 2c),
the second factor axis separates fossorial species and most
semi-aquatic species from ambulatory and semi-fossorial
species. It also separates subgroupings of semi-fossorial
shrews with semi-fossorial Cryptotis and Myosorex zinki
plotting along the positive portion of PC2, whereas Blarina
and other semi-fossorial Myosorex plot along the negative
part of the axis.

The third factor axis (not shown) provides no discrimina-
tion among the a priori locomotor groupings. Within the
ambulatory group, however, the low scores of the three
species of Myosorex separate them from ambulatory taxa
in other genera. Within the semi-fossorial group, PC3 sepa-
rates three subgroupings that consist of three species of
Myosorex (low scores); most taxa of Blarina, Congosorex
phillipsorum, and Cryptotis celaque (intermediate scores);
and Blarina carolinensis and four species of Cryptotis.

DFA of locomotor indices. Plots of scores from the DFA
of 17 locomotor indices show clear separation of the four

26 THERYA Vol.14(1):15-37

Table 4. Variable loadings and taxon scores from a PCA of 17 locomotor indices from

33 taxa of soricids (Figure 2b, 2c).

Variable loadings

Variable PC1 PC2 PC3
CLI 0.575 0.030 -0.359
CLAW 0.459 0.270 0.188
%CL 0.353 0.203 -0.103
%DPL 0.212 0.170 0.001
SHI 0.182 0.084 0.382
HEB 0.180 0.158 0.297
HTI 0.163 0.095 0.239
%hCL 0.135 0.014 -0.121
FOOT 0.120 -0.253 -0.359
TTP 0.108 0.068 0.204
SMI 0.106 0.011 -0.168
%hDPL 0.104 0.027 -0.112
MW3 0.086 0.036 0.026
HRI 0.054 0.028 0.038
Pl -0.009 -0.098 0.422
MANUS -0.018 -0.055 0.301
%TAIL -0.347 0.855 -0.192
Eigenvalue 1682.600 260.054 80.536
% variance 78.801 12.179 3.772
Taxon scores on PC1
Taxon Mode PC1
Sorex albibarbis SA -58.812
Sorex navigator SA -51.795
Chimarrogale himalayaca SA -50.854
Sorex palustris SA -47.955
Sorex bendirii SA -46.349
Neomys fodiens SA -45.918
Sorex cinereus Am -54.719
Sorex hoyi Am -33.033
Sorex sonomae Am -31.319
Cryptotis nigrescens Am -26.47
Cryptotis merus Am -24.479
Cryptotis merriami Am -23.749
Cryptotis tropicalis Am -22.373
Cryptotis parvus Am -12.229
Myosorex geata Am -10.973
Mpyosorex cafer Am -10.832
Blarinella quadricaudata Am -8.0403
Mpyosorex kihaulei Am -4.0992
Congosorex phillipsorum SF -3.981
Myosorex varius SF 14.246
B. brevicauda jerryrchoatei SF 16.908
Myosorex blarina SF 19.219
Blarina carolinensis SF 19.619
B. brevicauda talpoides SF 21.945
Blarina peninsulae SF 26.478
Cryptotis celaque SF 42.205
Myosorex zinki SF 42.961
Cryptotis mam SF 44161
Cryptotis lacertosus SF 44912
Cryptotis oreoryctes SF 45.322
Cryptotis eckerlini SF 52.677
Surdisorex norae F 82.629
Surdisorex polulus F 94.698




locomotor groups along combinations of the first three
canonical variates (Table 5; Figure 3). Fossorial species are
strongly separated along CV1, and the other three locomo-
tor groups are separated from each other along CV2 (Fig-
ure 3a). Semi-aquatic and semi-fossorial species overlap
along CV3, but are separated from both ambulatory and
fossorial species (Figure 3b).

Woodman

The post hoc classification matrix indicates that 100 %
of taxa were correctly classified into their a priori locomotor
groups by the DFA (Table 5). In the jack-knifed classification,
five species were misclassified as belonging to a locomo-
tor mode other than their a priori mode. Ambulatory Sorex
cinereus and Cryptotis tropicalis were both misclassified as
being semi-aquatic; ambulatory Myosorex cafer was misclas-

Figure 3. Plots of scores a) on CV1 and CV2 and b) on CV2 and CV3 from a DFA of 17 locomotor indices from 33 species (Table 5).

www.mastozoologiamexicana.org 27



LOCOMOTOR ADAPTATIONS IN SHREWS

Table 5. Variable loadings of 17 locomotor indices and classification matrix. A and B
classification matrices from a DFA of 17 locomotor indices from 33 taxa of soricids (Figure 3).

Variable loadings

Variable Axis 1 Axis 2 Axis 3
%hCL -1.139 -0.730 0.569
MANUS -0.576 -0.302 0.386
9%hDPL -0.373 0.184 -0.186
HEB -0.345 0.158 -0.129
cu -0.281 -0.240 0.150
MW3 -0.162 0.000 0.522
TP -0.050 0.346 0.197
CLAW -0.010 -0.057 0.098
%TAIL 0.031 0.050 0.060
SHI 0.103 -0.354 0.360
Pl 0.176 0.069 -0.420
HTI 0.235 0.106 -0.190
%DPL 0.340 -0.476 -0.223
FOOT 0.351 0.068 -0.266
%CL 0.687 0.579 -0.336
SMI 0.717 0.369 -0.023
HRI 1.096 0.754 -0.737
SA Am SF F Total
A
Classification matrix (100% correct classification)
Semi-aquatic (SA) 6 0 0 0 6
Ambulatory (Am) 0 12 0 0 12
Semi-fossorial (SF) 0 0 13 0 13
Fossorial (F) 0 0 0 2 2
Total 6 12 13 2 33
B
Jackknifed classification matrix (81.8% correct classification)
Semi-aquatic (SA) 6 0 0 0 6
Ambulatory (Am) 3 8 1 0 12
Semi-fossorial (SF) 0 2 1 0 13
Fossorial (F) 0 0 0 2 2
Total 9 10 12 2 33

sified as semi-fossorial; and semi-fossorial Myosorex blarina
and M. varius were misclassified as being ambulatory.

PCA of species having unknown locomotor mode. In the
PCA carried out in an attempt to classify four species whose
locomotor mode was unknown, eight of 10 locomotor indi-
ces contributed positively to the first principal component
(PC1). PC1 accounted for more than 77 % of the variation in
the model (Table 6), and it was most strongly influenced by
three variables: CLI, CLAW, and negatively weighted %TAIL.
As in the 17-variable model, a priori locomotory groups are
mostly separated along this axis, from semi-aquatic spe-

cies with the lowest scores to ambulatory to semi-fossorial
to fossorial groups having increasingly higher scores (Fig-
ure 4). As in the 17-variable model, semi-fossorial species
plotted in two primary clusters with the same composi-
tions as in that model. In contrast, ambulatory species were
more cohesive. Ambulatory Sorex cinereus, which plotted
with semi-aquatic species, and semi-fossorial Congosorex
phillipsorum, which plotted with ambulatory species, again
proved to be exceptions to the general pattern.

Among the species of uncertain locomotor mode, Cryp-
totis gracilis and C. meridensis plotted within the distribu-
tion of ambulatory species; C. thomasi occurred between
the ambulatory species (and Congosorex phillipsorum) and
semi-fossorial species; and C. endersi plotted with the Blarina
grouping of semi-fossorial species rather than with the Cryp-
totis grouping of semi-fossorial species (Figure 4, Table 6).

DFA of species of unknown locomotor mode. Plots of
scores from the DFA of 10 locomotor indices exhibit similar
patterns as those from the 17-variable model, although the
separations among locomotor groups are generally not as
clear (Table 7; Figure 5). Fossorial species are again strongly
separated along CV1, whereas the other three locomotor
groups are separated from each other along a combination
of CV1 and CV2 (Figure 5a). Semi-aquatic and semi-fosso-
rial species overlap along CV3, but are separated from both
ambulatory and fossorial species (Figure 6b).

The post hoc classification matrix had a correct classifica-
tion rate of nearly 97 % (Table 7). The only misclassification
was ambulatory Sorex sonomae, which was misclassified as
semi-aquatic. Among the species of uncertain locomotor
mode, Cryptotis gracilis was classified as semi-aquatic, C. mer-
idensis and C. thomasi as ambulatory, and C. endersi as semi-
fossorial (Figure 5; Table 7). In multivariate space, C. gracilis
actually plots by itself away from the a priori locomotor
groups, although it is physically closest to semi-aquatic spe-
cies. Similarly, C. endersi plots in its own multivariate space
between the ambulatory and semi-fossorial groups of spe-
cies, but it is physically closest to the semi-fossorial group.

Discussion

As noted previously, there is considerable variation
among soricids in skeletal characteristics that are typi-
cally associated with locomotion (Woodman and Gaffney
2014; Woodman and Stabile 2015b; Woodman and Wilken
2019). Such variation suggests that individual species’
abilities to use various substrates are more nuanced and
diverse (e. g, Mendes-Soares and Rychlik 2009; Tapisso

Figure 4. Plot of scores on PC1 from a PCA of 10 locomotor indices from 33 species of known locomotor mode and four species of uncertain locomotor mode (Table 6).
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Figure 5. Plots of scores a) on CV1 and CV2 and b) on CV2 and CV3 from a DFA of 10 locomotor indices from 33 species of known locomotor mode and four species of uncertain

locomotor mode (Table 7).

et al. 2013). Rather than representing discrete catego-
ries permitted by classification, locomotor modes exhibit
diverse ranges in morphology that are not always easily
defined or distinguished. This observation suggests that
not all morphological traits associated with a particular
locomotor mode—or the indices used to gauge them—

are necessarily adaptive. Instead, phylogeny may control
or at least contribute to some traits. Hence, a morpho-
logical trait that varies among species or groups of species
within a particular locomotor mode may not be employed,
or may not be employed to the same extent or purpose,
in each species.
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Morphological diversity may also reflect the reality that
individuals are not entirely restricted in their use of sub-
strate or in their locomotor behavior by either the posses-
sion or lack of specialized traits. Morphological traits that
are related to particular modes of locomotion may simply
reflect enhanced abilities that permit a species to specialize
to a greater extent in certain behaviors that, given a shrew’s
high metabolism, are most likely related to foraging strat-
egies. This likely accounts for the close correspondence
between the numbers of species that appear specialized
for ambulatory, semi-fossorial, and semi-aquatic locomo-
tor behaviors (Hutterer 1985) and those that specialize on
foraging for epigeal, hypogeal, and aquatic prey (Church-
field 1990). Despite this, ambulatory species can be vigor-
ous scratch-diggers despite the lighter bone structure of
their arms and their relatively short foreclaws (Chamberlain
1929). Ambulatory Cryptotis parvus, Sorex cinereus, and S.
hoyi, and the semi-aquatic S. palustris are reported to exca-
vate subterranean tunnels of varying lengths, depths, and
degrees of complexity (Cahn 1937; Davis and Joeris 1945;
Sorenson 1962; Tuttle 1964; Beneski and Stinson 1987).
Similarly, non-aquatic shrews, such as ambulatory Sorex
araneus, S. cinereus, S. fumeus, and S. minutus, have been
documented to be capable swimmers (Dagg and Wind-
sor 1972; Hanski 1986). Based on the diversity of species
and numbers of individuals that have been found in the
digestive tracts of various freshwater fishes (e. g., Huish and
Hoffmeister 1947; Hodgson 1986; Moore and Kenagy 2004;
Jung et al. 2011; Lisi et al. 2013), a number of additional
ambulatory and semi-fossorial species readily take to water.

There is also no reason to assume that any particular
species cannot possess traits that enhance its abilities for
more than one locomotor mode. A ready example in the
Talpidae is the Condylura cristata, which possesses numer-
ous anatomical traits associated with fossorial locomotion,
but which is also an active swimmer and may forage domi-
nantly on hypogeal or aquatic prey, depending on where it
lives (Petersen and Yates 1980).

Despite the foregoing caveats, a number of generaliza-
tions can be suggested regarding the external and skeletal
morphological traits marking common, generalized loco-
motor modes in soricids.

Ambulatory shrews. Most species of shrews are ambula-
tory and have short legs and a moderately long tail (Hut-
terer 1985). The foreclaws and hind claws are short (%DPL,
%CL, %hDPL, %hCL), the manual distal phalanges are typi-
cally somewhat shorter than the pedal distal phalanges
(CLAW), although the claws on the fore feet and hind feet
may be of approximately the same length (CLI). This means
the foreclaw is less supported by the underlying distal pha-
lanx (%CLS) than the hind claw (%hCLS). This relatively
unspecialized body form is assumed to be the basic plan for
soricids from which more specialized swimming, climbing,
and digging forms evolved, but such singular directionality
remains to be substantiated. Regardless, the generalized
body morphology of ambulatory shrews represents the
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Table 6. Variable loadings and taxon scores from a PCA of 10 locomotor indices
from 33 taxa of known locomotor mode and four species for which locomotor mode is
uncertain (Figure 4).

Variable loadings

Variable PC1
CLI 0.674
CLAW 0.538
SHI 0.201
HTI 0.188
TTP 0.131
SMI 0.121
HRI 0.057
%CLS 0.049
FEB -0.008
%TAIL -0.378
Eigenvalue 1144.07
% variance 77.244

Taxon scores on PC1 with classification of unknowns

Taxon Mode PC1
Sorex albibarbis SA -53.13
Sorex navigator SA -47.943
Sorex bendirii SA -44.065
Sorex palustris SA -43.347
Neomys fodiens SA -41.121
Nectogale elegans SA -31.949
Sorex cinereus Am -48.893
Sorex sonomae Am -28.365
Sorex hoyi Am -26.805
Cryptotis nigrescens Am -23.709
Cryptotis merus Am -20.019
Cryptotis merriami Am -17.725
Cryptotis tropicalis Am -16.444
Myosorex geata Am -12.561
Cryptotis parvus Am -8.6015
Mpyosorex cafer Am -7.3472
Blarinella quadricaudata Am -7.1599
Mpyosorex kihaulei Am -6.7505
Congosorex phillipsorum SF -5.3339
Myosorex varius SF 10.644
Mpyosorex blarina SF 10.691
Blarina brevicauda jerryrchoatei SF 18.017
Blarina carolinensis SF 20.531
Blarina brevicauda talpoides SF 22.948
Cryptotis lacertosus SF 33.638
Mpyosorex zinki SF 35.979
Cryptotis mam SF 36.293
Cryptotis celaque SF 36.328
Cryptotis oreoryctes SF 36.544
Cryptotis matsoni SF 37.737
Cryptotis eckerlini SF 46.334
Surdisorex norae F 67.586
Surdisorex polulus F 82.263
Cryptotis gracilis unknown -15.742
Cryptotis meridensis unknown -11.824
Cryptotis thomasi unknown 1.7374
Cryptotis endersi unknown 21.566




model to which more specialized shrews are compared and
contrasted (Woodman and Gaffney 2014; Woodman and

Woodman

Table 7. Variable loadings from a DFA of 10 locomotor indices from 33 taxa of known
locomotor mode and four species for which locomotor mode is uncertain (Figure 5).

Stabile 2015b; Woodman and Wilken 2019).

Semi-aquatic shrews. Externally, semi-aquatic shrews
typically possess long tails relative to other shrews, and
there may be a dorsal; dorsal and ventral; or dorsal, ventral,
and lateral keels of stiff hairs. The tail probably functions
like that of a muskrat (Ondatra zibethicus) tail, by providing
a small amount of forward thrust, but more importantly, by
preventing the animal from yawing (Fish 1982). In contrast
with the muskrat, which swims with just the hind limbs
(Fish_1984), however, semi-aquatic and terrestrial shrews
typically paddle by alternately stroking the front and hind
limbs (Jackson 1928; Dagg and Windsor 1972; Mendes-
Soares and Rychlik 2009). There is also a fringe of stiff hairs
on the lateral edges of the digits of the hands and feet.
In some species, notably Nectogale, the digits are partly
webbed (Hutterer 1985). The foreclaws and hind claws
are generally short (%DPL, %CL, %hDPL, %hCL), the fore-
claws and manual distal phalanges typically are somewhat
shorter than the hind claws and pedal distal phalanges
(CLI, CLAW). The underlying manual distal phalanx, how-
ever, supports a greater proportion of the foreclaw than is
typical in, for example, ambulatory shrews (%CLS). Semi-
aquatic shrews typically have long hind limbs and hind feet
relative to other shrews. Proportionally, the femur averages
28 % (range 27 to 29 %, n = 6 species), tibiofibula 50 % (44
to 52), and metacarpal lll 22 % (19-26) of their combined
length. This is in contrast to ambulatory shrews in which
the femur averages 33 % (range 29 to 36 %, n = 9 species),
tibiofibula 50 % (49 to 52), and metacarpal Il1 17 % (15 to 19)
of their combined length, and to semi-fossorial and fosso-
rial shrews, in which the femur averages 35 % (range 33 to
36 %, n = 9 species), tibiofibula 50 % (48 to —52), and meta-
carpal lll 15 % (14 to 16) of their combined length. More-
over, the humerus of semi-aquatic shrews tends to be long
in proportion to the femur (HFI), so much of the length of
hind limb is a result of the proportionally longer tibiofibula
(Cl) and hind foot (PES).

Skeletally, the emphasis on the hind limbs in semi-aquatic
shrews may be further illustrated by the relatively broad epi-
condyles of the femur (FEB), from which the plantaris, gas-
trocnemius, and the extensor digitorum longus muscles
originate. The long bones of the limbs and manus bones
are not particularly robust (HRI, RDW, URI) and are generally
similarly proportioned to those of ambulatory shrews, with
the exception of the femur (FRI), which can be considerably
more robust than those of ambulatory and even semi-fos-
sorial shrews (RR). The humerus has relatively small muscle
attachment areas in the short deltopectoral crest (SMI) and
small teres tubercle of the humerus (HTI), but can have a
relatively broad epicondylar region (HEB) relative to ambula-
tory shrews. The olecranon process of the ulna tends to be
slightly longer than in ambulatory shrews (OLI, TMO, TCO),
suggesting the transmission of greater force from the triceps
brachii muscle, although the insertion for that muscle (OCl)

Variable loadings

Variable Axis 1 Axis 2 Axis 3

TTP 0.177 -0.034 0.285
FEB 0.123 0.734 -0.021
SHI 0.006 -0.339 0.262
%TAIL -0.016 0.060 0.041
CLAW -0.016 -0.091 0.015
%CLS -0.017 -0.338 0.238
CLI -0.052 -0.102 0.045
HTI -0.145 0.339 -0.388
SMI -0.217 0.579 -0.086
HRI -0.448 1.388 -0.681

SA Am SF F Total Unknowns

Classification matrix (96.97% correct classification)

Semi-aquatic (SA) 6 0 0 0 6 1
Ambulatory (Am) 1 11 0 0 12 2
Semi-fossorial (SF) 0 0 13 0 13 1
Fossorial (F) 0 0 0 2 2 0

Total 7 11 13 2 33 4

is no larger than in ambulatory shrews and the ulna averages
slightly less breadth, therefore rendering it somewhat less
resistant to bending and shearing stresses.

Semi-fossorial and fossorial shrews. In contrast to semi-
aquatic shrews, the emphasis in semi-fossorial and fossorial
shrews is on the changes in the morphology of the fore-
limb, particularly the humerus, ulna, and manus (Wood-
man_and Morgan 2005; Woodman and Stephens 2010;
Woodman and Gaffney 2014; Woodman and Stabile 20153,
2015b; Woodman and Timm 2016; Woodman and Wilken
2019; Woodman et al. 2019). Among species in these two
locomotor groups, morphological changes can appear to
be gradual and progressive (e. g., Figs. 2, 3, 5), but traits
do not necessarily co-vary in the same way or to the same
degree (e. g., Figs. 1, 4, 6).

Externally, semi-fossorial and fossorial shrews are typi-
cally characterized by having small (or absent) pinnae,
short tails, broadened forefeet, and elongated and broad-
ened foreclaws (%DPL, %CL). They also have elongated
and broadened hind claws (%hDPL, %hCL), although not
to the same degree as the foreclaws (CLI,CLAW), and there
is increasing support from the underlying distal phalanx as
the claws increase in size (%CLS, %hCLS). There may be a
tendency to reduce the overall length of the hind limbs rel-
ative to the forelimbs (IM) and the hind feet relative to the
fore feet (FOOT), but, in contrast, there is a definite trend
toward reduction of the length of the humerus relative to
that of the femur (HFI).

Skeletally, the long bones of the limbs and manus bones
become increasingly robust (HRI, RDW, URI, FRI, RR), partic-
ularly relative to those of ambulatory shrews. The humerus
shortens, but becomes much broadened with enlarged
teres tubercle (HTI), deltopectoral crest (SMI), epicondyles
(HEB), and other regions involved in muscle attachment.
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The olecranon process of the ulna elongates and broadens
relative to the functional arm (OLI, TMO, TCO), allowing for
the transmission of much greater force from the triceps bra-
chii muscle, and the insertion for that muscle on the olecra-
non process (OCl) greatly increases. In contrast, the breadth
of the distal epicondyles of the femur (FEB) are only slightly
enlarged relative to those of ambulatory shrews, and they
are generally smaller than those of semi-aquatic shrews.

Locomotory modes of the “unknowns”. Cryptotis gracilis
and members of the C. thomasi group of species (C. endersi,
C. meridensis, C. monteverdensis, C. thomasi) have defied easy
characterization of their locomotory modes based on exter-
nal and skeletal characters (Supplementary material Fig-
ure 1). These shrews all have relatively long foreclaws and
hind claws and associated distal phalanges, like semi-fos-
sorial shrews, but the claws are not particularly broad, and
their tails in some cases (e. g., C. gracilis, C. endersi, C. mon-
teverdensis) are rather long, as in ambulatory shrews. Previ-
ous analyses of these species showed most of them to plot
between the ambulatory and semi-fossorial shrews, with
C. gracilis somewhat more semi-fossorial (Woodman and
Timm 2016; Woodman 2019; Woodman and Wilken 2019).

In the current analyses, most of these species remain
ambiguous, in part because of a continued lack of data
regarding relevant characters, particularly for the rare C.
endersi and C. monteverdensis (Pine et al. 2002; Woodman
and Timm 2016). Cryptotis gracilis plots out as ambulatory
based on mean percentile ranks (Figure 1; Table 2) and PCA
(Figure 5; Table 5), but it was classified by DFA (Figure 6;
Table 6) as semi-aquatic. In reality, it is separate from all
other species in multivariate space between the ambula-
tory and semi-aquatic groups of species. It is unlikely to be
truly semi-aquatic, as it plots as an ambulatory species for
two of the more relevant characteristics of semi-aquatic
species, represented by the locomotor indices PES and
%TAIL (Figure 1; Table 2), and because it lacks more obvious
external characteristics of typical semi-aquatic shrews, such
as the fringes of short hairs lining the digits and tail.

The four members of the C. thomasi group all plot as
ambulatory, semi-fossorial, or intermediate between those
two modes. Cryptotis meridensis is consistently ambula-
tory, and C. monteverdensis plots as ambulatory based on
mean percentile rank, the only analysis in which it could be
included. Cryptotis endersi plots as ambulatory in the mean
percentile rank analysis, and it is classified as semi-fossorial
based on both PCA and DFA, but it really plots as some-
what intermediate between both groups (Figure 6; Table 6).
In contrast, C. thomasi plots as intermediate between the
ambulatory and semi-fossorial groupings in both the mean
percentile rank analysis and the PCA, but was classified as
ambulatory in the DFA.

All five of these species occupy high elevation habitats
in southern Central America and Andean South America,
and they may represent one or more unique locomotor
adaptations or combinations of adaptations for foraging in
high-elevation forests and paramo-like habitats.
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1. Of 34 locomotor indices tested in this study, 23 (IM,
HFI, FOOT, CLAW, CLI, SMI, HRI, HTI, TTP, HEB, TCO, OCl, URI,
%DPL, %CL, MW3, Cl, PES, FEB, %hDPL, %hCL, RR, %TAIL)
proved effective for discriminating one or more of the four
a priori locomotor groups (ambulatory, semi-aquatic, semi-
fossorial, fossorial).

2. Among three analyses of locomotor indices, percen-
tile ranking was the only analysis that permitted the inclu-
sion of all 52 taxa, including species of unknown locomotor
mode. The lack of data for some taxa, however, results in
uneven morphological comparisons across taxa, and there
was considerable overlap of some locomotor groups, par-
ticularly the semi-aquatic and ambulatory groups.

In contrast, PCA and DFA require complete datasets,
and the largest sample | could compile was 17 indices from
33 taxa, which excluded the unknowns in this study. The
first principal component (PC1) from PCA distinguished the
major (and some minor) locomotor groupings, but there
was overlap between locomotor groups that makes it dif-
ficult to identify locomotor mode for some species. Plot-
ting PC1 and PC2 provided greater discrimination among
groups, but some overlap remains.

DFA classification of a priori locomotor groups provided
the best discrimination among locomotor groups, but
requires complete datasets.

3. Classification of four species of unknown locomotor
mode using PCA and DFA of 10 locomotor indices provided
contrasting results. One species was classified as ambu-
latory by PCA and semi-aquatic by DFA; one species was
classified as ambulatory by both analyses; one species was
classified as intermediate between ambulatory and semi-
fossorial by PCA and semi-fossorial by DFA; and one species
was classified as semi-fossorial by both. The lack of com-
plete datasets clearly hampered the analyses, but there
is also strong indication that some of these species have
unique combinations of morphological traits that are not
easily explained by comparison with other shrews, even
those in the same genus.

4. Results here confirm that variation in skeletal traits
typically exists within defined locomotor modes. Such vari-
ation probably results in part from the reality that 1) most
species (and individuals) are not restricted to a single mode,
but engage in a variety of locomotor behaviors to varying
degrees; 2) the traits that we can measure or otherwise
gauge are not necessarily adaptive for a particular locomo-
tor mode; and 3) seemingly similar traits may be employed
in different ways by different species or populations.
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Appendix 1

New specimens examined and measured.

Specimens used for postcranial measurements (long
bones of the appendicular skeleton).

SORICINAE: SORICINI

Sorex cinereus (n = 20). New HawmpsHire: Carroll
Co.: Bartlett Experimental Forest (USNM 600625, 600626,
600628, 600629, 600630, 600631, 600633, 600634, 600635,
600637, 600638, 600639, 600642, 600643, 600646, 600648,
600649, 600650, 600651, 600653).

Sorex hoyi (n = 8). New HawmpsHire: Carroll Co.:
Bartlett Experimental Forest (USNM 600742, 600743,
601995, 601996, 601999, 602000, 602001, 602001).

Sorex sonomae (n = 4). Orecon: Douglas Co.: 24.4
km 'S, 6 km W of Elkton (USNM 560070). Lane Co.: 0.4 km
N, 18.5 km W Lorane (USNM 561167); 3 km N, 19.5 km W
Lorane (USNM 561184); 1.6 km S, 5.2 km W McKenzie Bridge
(USNM 556750).

Sorex bendirii (n = 19). CaurorniA: 271162; WAsH-
INngTON: (USNM 250616, 558133, 563996, 563997, 563998,
564000). OrecoN: (USNM 556532, 556546, 556554, 556558,
556572, 556583, 557725, 557726, 557734, 561125, 561127,
563080).

Sorex navigator (n = 10). CoLorapo: (USNM 485409,
485411, 485413, 515058, 515059, 515060). Orecon: (USNM
556780). WasHINGTON: (USNM 241998, 241999, 242003).

Sorex albibarbis (n = 6). CANADA: Nova Scoria: 30
mi E of Trenton (USNM 530829). USA: New HampsHIRe: (USNM
515061, 515062, 600745); MaNE: (USNM 600798). WEST VIr-
GINiA: Pocahontas Co.: Allegheny Mountains (USNM 569120).

Sorex palustris (n = 4). CANADA: OnTtario: Quetico
Provincial Park, side Lake (FMNH 44529). USA: MICHIGAN:
Schoolcraft Co.. Seney National Wildlife Refuge (USNM
530501, 551769). MinnesoTa: Cook Co.: Greenwood Lake, 47°
59'55" N, -90° 8’ 30" W (FMNH 163321). WisconsiN: Douglas
Co.: 13 mi W of Salon Springs (USNM 600003).

SORICINAE: NECTOGALINI

Chimarrogale himalayica (n = 2). TAIWAN: 6.5 km
S of Wu Sheh (USNM 358140); Mupin (USNM 358141).

Nectogale elegans (n = 2). CHINA: Sichuan: ca. 17
km SSE of Shimian (USNM 254812, 574296).

Neomys fodiens (n = 4). FRANCE: BourGoGNE: Is-
Sur-Tille (USNM 233967). SWEDEN: Lapland (USNM 1058).
SPAIN: Cantaria: Camargo, Barrio El Juyo, Igollo, 60 m
(FMNH 153665, 153666).

Specimens used for measurements of the manus
and pes.

SORICINAE: SORICINI
Ambulatory/terrestrial:

Sorex cinereus (n = 25). New HawmpsHire: Carroll
Co.: Bartlett Experimental Forest (USNM 601840, 601841,
601842, 601843, 601846, 601847, 601849, 601850, 601855,

Woodman

601858, 601859, 601862, 601863, 601925); Coos Co.: Lake
Umbagog National Wildlife Refuge (USNM 568177, 568178,
568179, 568180, 568184, 568186, 568189, 568190, 568191,
568195); Strafford Co.:1 mi N, 7 mi W of Rochester (USNM
600627).

Sorex hoyi (n = 18). CANADA: New Brunswick: Mt.
Carleton Provincial Park (USNM 553310, 553311, 553312,
553313, 553314, 553315, 553316, 553317, 553318, 553319,
553320, 553321). USA: New HawmpsHire: Carroll Co.: Bartlett
Experimental Forest (USNM 601998, 602001, 602004);
Coos Co.: Bretton Woods (USNM 294773); Lake Umbagog
National Wildlife Refuge (USNM 568192, 568198)

Sorex sonomae (n = 8). USA: Caurornia: Del Norte
Co.: Crescent City (USNM 68166, 68167); Gasquet (USNM
91551, 91552, 91553). Humboldt Co.: Eureka (USNM 47090,
63520, 63521).

Semi-aquatic:

Sorex bendirii (n = 39). CaurorniA: Del Norte Co.:
Crescent City (USNM 97601, 97603, 97604, 97605, 97606,
97607); Gasquet (USNM 91555, 91552, 91553). Orecon: Mor-
row Co.: Camas Prairie, Mount Hood, eastern base of Cas-
cade Mountains (USNM 79964). Clatsop Co.: Astoria (USNM
89019). Lane Co.: 44 km N, 6.8 km E Blue River (USNM
556565); Eugene (USNM 204482); Vida (USNM 204480).
Lincoln Co.: Otis (USNM 264398). Linn Co.: 9.2 km N, 1.2
km W McKenzie Bridge (USNM 556534, 556535, 557728).
Multnomah Co.: Larch Mountain, T1N, R5E, sec. 36 (USNM
294066); Portland (USNM 140852). WasHiNnGTON: Grays Har-
bor Co.: Oakville (USNM 231022, 231024, 231025). Klickitat
Co.: Trout Lake (USNM 230235). Lewis Co.: 8 mi W of Cheha-
lis (USNM 230230, 230233, 230234, 230236); Toledo (USNM
231023). Pacific Co.: llwaco (USNM 230231, 230237). Pierce
Co.: Mount Rainier, Ohanapecosh Springs (USNM 232844,
232845); Mount Rainier, 1 mi W Rainier Park, Meslers Ranch
(USNM 233593, 233594, 233595); Pullalup (USNM 227155);
6 mi S of Tacoma (USNM 231019). Snohomish County:
Oso (USNM 234503). Wahkiakum Co.: Cathlamet (USNM
230232). Yakima Co.: Yakima Indian Reservation (USNM
226862).

Sorex navigator (n = 22). CoLorapo: Boulder Co.:
Boulder (USNM 112064); Gold Hill (USNM 35671, 73862,
73863). Gilpin Co.: Black Hawk, Dory Hill Pond (USNM
112048, 112049). Larimer Co.: Elkhorn (USNM 148154).
Montrose Co.: Maverick Canyon, 2 mi N Coventry (USNM
149968, 149969, 149970, 149972). WasHingTON: Pierce Co.:
Mount Rainier (USNM 232843, 232846, 233093, 233222,
233590, 233591, 233592). Skamania Co.: Mount St. Helens
(USNM 90751). Snohomish Co.: Suiattle River, Chiwawa
Mountain Fork (USNM 229887). Yakima Co.: Yakima Indian
Reservation (USNM 226860, 226861).

Sorex albibarbis (n = 24). CANADA: New BRruns-
wick: 5.3 km N, 3.5 km N Riverside-Albert (USNM 528207);
Mount Carleton Provincial Park (USNM 553303, 553304,
553305, 553306, 553307, 553308). Nova Scoria: Digby (USNM
150056, 150068); Halifax (USNM 288005). 30 km E of Tren-
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ton (530829). Quesec: St. Rose (USNM 150079). USA: MAINE:
Mount Katahdin (USNM 117980, 117981). Somerset Co.:

Appendix 2

A priori locomotor classifications of soricid species.

N shore of Russell Pond (USNM 569772). York Co.: Lyman,
Massabesic Experimental Forest (USNM 600798). New Hamp-
sHIRe: Coos Co.: Bretton Woods (USNM 294622, 294772); Lake
Umbagog National Wildlife Refuge (USNM 568193). Carroll
Co.: Bartlett Experimental Forest (USNM 600745). TENNESSEE:
Sevier Co.: Great Smoky Mountain National Park (USNM
294409). VermonT: Rutland Co.: Mondon (USNM 250165). Vir-
GINIA: Bath Co.: Little Back Creek (USNM 512048).

Sorex palustris (n = 15). MicHican: Marquette Co.:
Michigamme (USNM 243724, 243725); Schoolcraft Co.:
Seney National Wildlife Refuge (USNM 514244, 514382,
524518, 524519, 530499, 530500, 530501, 551765, 551766,
551768, 551770, 551773). MinNesota: Cook Co.: Greenwood
Lake, 47°59'55"N, - 90° 8'30"W (FMNH 163321).

SORICINAE: NECTOGALINI
Semi-aquatic:

Chimarrogale himalayica (n = 4). CHINA: Yunnan:
West Slope of Likiang (USNM 240167). Taiwan: Nan-T'Ou:
Meichi (USNM 358139, 358140, 358141).

Nectogale elegans (n = 4). CHINA: Qinghai: Bei Zha
Forestry Station (USNM 449155). Sichuan: Mupin (USNM
254812); ca. 17 km SSE Shimian (USNM 574296). INDIA: Sik-
kim: Lachung (USNM 260768).

Neomys fodiens (n = 20). FRANCE: BouRGOGNE:
Cote-D'Or Department, Is-Sur-Tille (USNM 498756, 498757,
498759, 498760, 498761). SWEDEN: Lapland (USNM 1058);
UppsaLa: Uppsala (USNM 84909). Locality unknown (USNM
12330). SWITZERLAND: Bern: Meiringen (USNM 85938,
85939, 85941, 85942, 85943, 85944, 85946, 85947, 85949).
NeucHaTeL: Neuchatel (USNM 12329). SankT GALLEN: Sitterwald
(USNM 86497). Vaup: Lausanne (USNM 104486).

CROCIDURINAE:
Ambulatory/terrestrial:

Suncus hututsi (n = 1). BURUNDI: Bururi Province:
Bururi Commune, 2170 m: Bururi Forest Reserve, Ruhinga

CROCIDURINAE:
Ambulatory:
Crocidura olivieri
Crocidura religiosa
Crocidura suaveolens
Suncus hututsi
MYOSORICINAE:
Ambulatory:
Myosorex cafer
Myosorex geata
Myosorex kihaulei
Semi-fossorial:
Congosorex phillipsorum
Myosorex blarina
Myosorex varius
Myosorex zinki
Fossorial:

Surdisorex norae
Surdisorex polulus
SORICINAE: BLARINELLINI
Ambulatory:
Blarinella quadricaudata
SORICINAE: BLARININI
Ambulatory:
Cryptotis parvus
Cryptotis tropicalis
Cryptotis merriami
Cryptotis merus
Cryptotis nigrescens
Semi-fossorial:

Hill. (FMNH 155925). Blarina brevicauda jerryrchoatei

Blarina brevicauda jknoxjonesi
Blarina brevicauda talpoides
Blarina carolinensis

Blarina hylophaga

Blarina peninsulae

Blarina shermani

Cryptotis cavatorculus
Cryptotis celaque

Cryptotis eckerlini

Cryptotis lacertosus
Cryptotis magnimanus
Cryptotis mam

Cryptotis matsoni
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Cryptotis mccarthyi
Cryptotis mexicanus
Cryptotis oreoryctes
Cryptotis phillipsii
Unknown:

Cryptotis endersi
Cryptotis gracilis
Cryptotis meridensis
Cryptotis monteverdensis
Cryptotis thomasi
SORICINAE: NECTOGALINI
Semi-aquatic:
Chimarrogale himalayica
Nectogale elegans
Neomys fodiens
Soricinae: Soricini
Ambulatory:

Sorex cinereus
Sorex hoyi

Sorex sonomae
Semi-aquatic:
Sorex albibarbis
Sorex bendirii

Sorex navigator
Sorex palustris

Woodman

www.mastozoologiamexicana.org 37



LOCOMOTOR ADAPTATIONS IN SHREWS

38 THERYA Vol.14(1):15-37



THERYA, 2023, Vol. 14(1):39-47 DOI:10.12933/therya-23-2214  ISSN 2007-3364

Ecological niche differentiation among Aztec fruit-eating bat
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Artibeus aztecus is a Mesoamerican montane bat with three currently recognized, allopatric subspecies. No study has evaluated the phylo-
genetic status of the subspecies. However, through an analysis of its ecological niche and its geographic distribution, here we analyze whether
there is differentiation of the climatic requirements for each subspecies, assessing whether niche evolution is a potential factor in subspecies
differentiation. We assayed ecological niche models for each subspecies, analyzed the response curves for the most important climatic varia-
bles of each model, and generated the potential distribution model for each subspecies. We assayed a background similarity test between the
subspecies to determine how similar their niches were. We found differences in climatic requirements for the three allopatric subspecies and
the most important variables and their response curves. Potential distribution models concur with Mesoamerican highlands and highlight the
lowlands of the isthmus of Tehuantepec and the Nicaraguan depression as possible geographic barriers. Differences found between ecological
niches for each subspecies contrast with previous findings for the species and other phyllostomid bats. Niche conservatism may have caused
geographicisolation in the past, and differences in environmental requirements may have appeared later. Molecular and morphological analy-
ses are necessary to clarify the taxonomic status of these populations and the evolutionary processes involved in their diversification.

Artibeus aztecus es un murciélago montano mesoamericano, cuyas tres poblaciones alopatricas son reconocidas como subespecies. Sin
embargo, no hay estudios filogenéticos que permitan aclarar su situacién taxonémica, por lo que, a través del andlisis de su nicho ecoldgico
y distribucién geograéfica, se analizo si existe diferenciacién en los requerimientos climaticos para cada subespecie, evaluando si la evolucion
del nicho es un factor potencial en la diferenciacion de las subespecies. Se llevaron a cabo modelos de nicho ecolégico para cada subespecie,
se analizaron las curvas de respuesta de las variables mas importantes y, se generé el modelo de distribucién potencial para cada subespecie.
Adicionalmente se realizaron pruebas de similitud de background entre las tres subespecies para determinar qué tan similares son sus nichos.
Se encontraron diferencias en los requerimientos climéaticos entre las tres subespecies, asi como en las variables mds importantes y sus curvas
de respuesta. Los modelos de distribucién potencial coinciden con las tierras altas de Mesoamérica y destacan las zonas bajas del istmo de
Tehuantepec y la depresién de Nicaragua como posibles barreras geogréficas. Las diferencias encontradas en los nichos ecoldgicos de las
subespecies contrastan con los hallazgos previos para la especie y otros murciélagos filostémidos. Conservadurismo de nicho ecoldgico pudo
provocar aislamiento geogréfico en el pasado y las diferencias en los requerimientos climaticos pudieron aparecer después. Son necesarios
analisis moleculares y morfoldgicos que permitan conocer de manera mas amplia los patrones evolutivos involucrados en la diversificacién de
la especie.

Keywords: Geographic barriers; Mesoamerica; neotropical bats; niche divergence; ecological speciation.
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Introduction

tane forest, agricultural areas (Lopez-Gonzélez and Garcia-

Artibeus aztecus is a medium-sized phyllostomid bat that
inhabits the highlands of Mesoamerica. The three allopat-
ric populations of this taxon are recognized as subspecies
(Davis 1969): Artibeus aztecus aztecus, found from Sinaloa
and Nuevo Ledn to Oaxaca in México; Artibeus aztecus
minor, located from Chiapas, México, to Honduras; and Arti-
beus aztecus major, found from Costa Rica and Panama.

The subspecies A. a. aztecus was typical in evergreen for-
ests at relatively high elevations in the mountains bordering
the Mexican Plateau, as low as 1000 m in cloud forest and as
high as 2,400 m in the pine-fir forest, it has been recorded in
pine-oak forest, coniferous forest, Abies forest, cloud mon-

Mendoza 2006; Segura-Trujillo and Navarro-Pérez 2010;
Briones-Salas et al. 2019; Cerén-Hernandez et al. 2022);
In Veracruz (México) it is considered vulnerable because
it inhabits forest fragments but can use riparian vegeta-
tion as corridors to cross grasslands (Cerén-Hernandez et
al. 2022). In the case of A. a. minor, it has been reported
in coniferous forest, montane cloud forest, grasslands,
areas with secondary vegetation, agricultural landscapes
and in human settlements (Davis 1969; Kraker-Castafieda
et al. 2017; Lorenzo et al. 2017; Medina-Van Berkum et al.
2020). Artibeus a. major is the only subspecies whose dis-
tributional pattern was not associated with conifers, but
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with “cloud forest” atmospheric conditions (Davis 1969);
there are records of the subspecies in tropical premontane
rainforest and tropical lower montane rainforest (Zamora-
Mejias and Rodriguez-Herrera 2017; Pineda-Lizano and

Here we evaluate the similarities -or differences-
between the climatic requirements of the three subspecies
of A. aztecus, using background similarity tests (as in Warren
et al. 2008; but we used a higher number of specimens for

Chaverri 2022).

Artibeus aztecus is a frugivorous bat. Fruit-eating bats
in Artibeus are considered important in seed dispersal
(Saldana-Véazquez 2019), which is essential for forest regen-
eration and maintenance of plant genetic diversity and
composition (Wang and Smith 2022), thereby being cru-
cial to forest conservation and management (Jordano et al.
2011). In central México A. aztecus eats wild figs (Ficus sp.),
capuli cherries (Prunus serotine), cypress (Cupressus sp), and
Mexican hawthorn (Crataegus Mexicana; Solari et al. 2019).

Previously, Davis (1969) treated the three populations
as subspecies, having observed only subtle differences in
color and some cranial, mandibular, forearm, and phalanx
measurements. He also assumed no interbreeding among
the three populations. Artibeus a. major is the largest of the
three subspecies, and A. a. minor is the smallest, while A.
a. aztecus is the least dark subspecies. Later, a study that
tested the degree to which the potential distribution of one
taxon predicted the geographic distribution of its putative
sister taxon and vice versa, using the chi-squared statistic
to evaluate statistical significance. The study found that the
subspecies A. a. aztecus and A. a. minor have similar ecolog-
ical niches (Peterson et al. 1999). These conclusions were
confirmed with the reanalysis of the data using chi-square
test statistic and background similairity test using both /
and D metrics (Warren et al. 2008).

As in other groups of vertebrates (Fitzpatrick and Turelli
2006; Zink 2012; Heinicke et al. 2017), including bats (Rob-
erts 2006; Datzmann et al. 2010; Monteiro and Nogueira
2011; Morales-Martinez et al. 2021), geographic isolation is
likely driving the diversification process between the cen-
tral and northern subspecies of the A. aztecus distribution.
Long-term geographic isolation of populations could lead
to the accumulation of genetic or phenotypic differences
through neutral or selective processes (Baker and Bradley
2006). If distinct ecological conditions are present in each
region, they may stimulate the divergence process (Turelli
etal. 2001; Kozak and Wiens 2006).

The study of the environmental requirements of species
and the possible differences between them can be a use-
ful tool in evaluating the taxonomic status of populations
(Buermann et al. 2008; Lentz et al. 2008; Tocchio et al. 2015;
Guevara and Sanchez-Cordero 2018). Ecological niche-
based modeling (ENM) is a tool that permits the explora-
tion of geographic and ecological processes by relating
species occurrence records with environmental data (Kozak
and Wiens 2006; Phillips et al. 2006; Kozak et al. 2008). ENM
may help make taxonomic decisions by making niche com-
parisons between populations or species or by identifying
regions that could isolate them (Rissler and Apodaca 2007;

each subspecies) and comparing its potential geographic
distributions to better understand the ecological resem-
blance of the subspecies and clarify the taxonomic status of
this bat across Mesoamerica. Based on previous studies, we
hypothesize that niche conservatism has caused the isola-
tion of A. aztecus populations and possible morphological
divergence.

Materials and methods

Occurrence data. We collected georeferenced occurrence
records for the three populations from the Mammal Col-
lection of the Zoology Museum, UNAM (Facultad de Cien-
cias — Universidad Nacional Auténoma de México, México
City, México, MZFC-M), the Mammal Collection of CIDIIR
Durango (Centro Interdisciplinario de Investigacion para
el Desarrollo Integral Regional, Unidad Durango, Instituto
Politécnico Nacional, Durango City, México, CRD), and from
the databases of VertNet (downloaded on July 27,2020) and
of the Global Biodiversity Information Facility (GBIF, http://
www.gbif.org; downloaded on April 30, 2021: https://doi.
org/10.15468/dl.e2b69x), using the name “Artibeus aztecus”
recorded from 1960 to the present (2020-2021). To reduce
sampling bias, we spatially thinned our original data set
using the spThin package (Aiello-Lammens et al. 2015) in R
4.0.3. While retaining the greatest number of localities pos-
sible, thinning ensured that the distance between all pairs of
localities exceeded 10 km (Boria et al. 2014). Records for the
final database are shown in Supplementary material 1. We
follow Baker et al. (2016) and Cirranello et al. (2016) in using
Artibeus rather than Dermanura (contra Burgin et al. 2018).

Environmental data. We used 15 bioclimatic variables
(Supplementary material 2; Hijmans et al. 2005, www.world-
clim.org) at ~5 km resolution, excluding the four layers
that combine precipitation and temperature information
into the same layer since they show odd spatial anomalies
between neighboring pixels (Escobar et al. 2014), appar-
ently as a consequence of their linked temperature and pre-
cipitation variables (Campbell et al. 2015). We extracted the
climatic data using ArcMap (ArcGIS Desktop: Release 10.4).

We used a Pearson correlation test to detect and exclude
highly correlated environmental variables. The analysis
was performed in R with the library ntbox (Osorio-Olvera
et al. 2020), which filters the variables that summarize the
environmental information of the presences (occurrences)
data according to a correlation threshold; this algorithm
suggests which variables to use for the modeling part. The
threshold selected for this analysis was r < 0.7.

Calibration area. The dispersal capacity of the species,
M of the BAM diagram in distribution theory (Soberén and
Nakamura 2009), is useful for choosing the calibration area

Martinez-Gordillo et al. 2010; Arribas et al. 2013; Aquilar
2019; Hending 2021).
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in niche modeling analysis (Barve et al. 2011). Since the
dispersal ability of A. aztecus is unknown, we used ArcMap




(ArcGIS Desktop: Release 10.4) to generate the calibration
area for each subspecies, with a buffer distance of 1° (~111
km) around occurrences, as a similar distance has been
observed in movements of A. lituratus, another species of
the genus (Arnone et al. 2016).

Ecological niche modelling. We developed niche mod-
els for each of the three subspecies of A. aztecus using the
maximum entropy method implemented in Maxent ver-
sion 3.4.4 (Phillips et al. 2006). To select the models with the
optimal settings for each subspecies, we built various mod-
els with all the possible combinations of linear, quadratic,
and product features, with different percentages of training
locations (25 % and 50 %) and different regularization mul-
tipliers (from 0.0 to 2.0 in 0.5 steps), analyzing 70 models for
each subspecies. We used 10,000 randomly selected pixels
within each generated calibration area as the background
sample. All the models were generated and evaluated with
the library kuenm (Cobos et al. 2019) in R.

We selected the final models based on two evaluation
metrics. First, we used partial receiver-operating charac-
teristic (ROC) approaches, as to avoid at least some of the
failings of classical ROC approaches (Peterson et al. 2008).
We used an acceptable omission error threshold of E =5
and 100 replicate 50% bootstrap resamplings to establish
whether the ROC AUC (area under the curve) ratio was
above 1.0. Secondly, we used the 5 % training omission
rate (OR05), which shows the proportion of test localities
with suitability values lower than those excluding the 5 %
of training locations with the lowest predicted suitability.
Omission rates above the 10% expectation typically indi-
cate model overfitting (Muscarella et al. 2014). The final
models were bootstrapped 10 times and we analyzed the
data obtained from the average model.

We analyzed and compared the response curves of
the three variables with the highest percentage of contri-
bution and permutation importance for each model. The
potential distribution of each subspecies were projected
to the Mesoamerican region and to generate binary maps,
we chose the 10th percentile training presence threshold
(Peterson et al. 2007, 2011). We performed these analyses
in ArcMap (ArcGIS Desktop: Release 10.4).

Background similarity test. We used background similar-
ity tests to assess niche differentiation between A. aztecus
subspecies (Warren et al. 2010). This test determines
whether ENMs are more similar than expected by chance,
based on the geographical regions where each subspecies
reside. This type of analysis is particularly important when
allopatric populations are being compared because some
differences in niches may inevitably follow from the fact
that distinct geographic regions rarely encompass identi-
cal distributions of environmental variables (Warren et al.
2010). We developed 100 replicate comparisons of each
population’s known occurrences against the background
(points drawn from the accessible area) of the other (sample
size matching those available for the “background” popula-
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tion). The background similarity tests were performed with
the ENMTools package version 1.0.4 (Warren etal. 2021) inR.

We assess similarity in pairwise combinations of sub-
species using two similarity measures: Schoener’s D (1968
and Hellinger’s I. These similarity measures are obtained by
comparing the estimates of normalized probability calcu-
lated for each grid cell of a study area using a Maxent-gen-
erated ENM. Both indexes range from 0, when spaces pre-
dicted environmental tolerances do not overlap, to 1, when
all grid cells are estimated to be equally suitable for both
species. Niche similarity is inferred when the observed
value falls above the distribution of expected values. In
contrast, the difference is inferred when the observed value
falls to the left of the distribution (Warren et al. 2010).

Results

We analyzed 151 confirmed A. aztecus occurrences: 104 for
A. a. aztecus, 38 for A. a. minor, and 9 for A. a. major (Figure 1).
Ten of the original climate variables were highly correlated
with other variables and were excluded from analysis.
For the final analysis, we used: annual mean temperature
(bio01), mean diurnal range (bio02), isothermality (bio03),
annual precipitation (bio12), and precipitation of the driest
month (bio14). Final models with the optimal settings for
each subspecies were as follow: A. a. aztecus: linear, qua-
dratic, and product features, and regularization multiplier
of 1 (Mean AUC ratio: 1.195, OR05: 0.096); A. a. minor: linear
and quadratic features, and regularization multiplier of 0.5
(Mean AUC ratio: 1.426, OR05: 0.0); and A. a. mgjor: linear,
quadratic and product features and regularization multi-
plier of 1.5 (Mean AUC ratio: 1.687, OR05: 0.5).

The most important variable for the model of all the
subspecies was the annual mean temperature, while the
annual precipitation was the only variable that was not
placed between the the three most important models for
any model. The second and third variable for each model
were: mean diurnal range and precipitation of the driest

Figure 1. Ocurrence records for the three subspecies of Artibeus aztecus: Artibeus az-
tecus aztecus (yellow), Artibeus aztecus minor (blue) and Artibeus aztecus major (light red).
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month for A. a. aztecus, precipitation of the driest month
and isothermality for A. a. minor, and isothermality and
mean diurnal range for A. a. major (Table 1).

Analyzing the response curves for the annual mean
temperature, the only important variable in common for
the three subspecies, the highest values (> 0.6) of suitabil-
ity for A. a. aztecus are between 14 °C and 20 °C, while for A.
a. minor they are bewteen 14 and 20 °C, and for A. a. major
at less at 18 °C (Supplementary material 3). For the mean
diurnal range of temperature, in A. a. aztecus the highest
suitability is between 8 °C and 14.5 °C, while in A. a. major it
is above 6.5 °C (Supplementary material 3a, c). For the iso-
thermality, the highest suitability for A. a. minor was above
70, while for A. a. major it was above 76 (Supplementary
material 3b, ¢). For the precipitation of the driest month,
the highest suitability for A. a. aztecus was found at values
over 30 mm and for A. a. minor at values between 20 mm
and 100 mm (Supplementary material 3a, b).

All potential distribution models showed close cor-
respondence to known distributions of the three popula-
tions, showing an association with the highlands of México
and Central America (Figure 2). We found relatively wide
distributions for the three subspecies, so each model pre-
dicted potential distribution areas corresponding with the
distribution of the other subspecies. For the three models,
the montane regions were separated by less-suitable low-
land areas (< 500 m), representing potential barriers to the
dispersal of each subspecies (e. g., the Isthmus of Tehuante-
pec and the Nicaraguan Depression).

Pairwise comparisons indicated that A. a. aztecus and
A. a. major have the lowest niche overlap (D = 0.246, | =
0.485) and A. a. aztecus and A. a. minor have the highest
niche similarity (D = 0.405, /= 0.731). Observed Schoener’s

Table 1. Percentage of contribution and permutation importance of climatic vari-
ables used in MaxEnt model for each subspecies of Artibeus aztecus.

Percentage of Permutation

Subspecies Variable contribution importance
A. a.aztecus Annual mean temperature 55.5 52
Mean diurnal range 36.8 377
Precipitation of driest 2.7 33
month
Isothermality 2.7 0.8
Annual precipitation 23 6.2
A.a. minor Annual mean temperature 75.8 46.3
Precipitation of driest 10.9 133
month
Isothermality 9.1 25
Annual precipitation 29 13.7
Mean diurnal range 1.3 1.6
A. a. major Annual mean temperature 914 87.5
Isothermality 5.7 5
Mean diurnal range 2.1 6.8
Annual precipitation 0.8 0.7
Precipitation of driest 0 0
month
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Figure 2. Maxent predicted potential distribution for (a) Artibeus a. aztecus, (b) A. a.
minor, and (c) A. a. major.

D and Hellinger’s | values were significantly low compared
to the null distribution in all cases (Figure 3). Comparisons
involving A. a. minor showed D and | values closer to those
from the left tail of the null distributions, but significantly
different than expected (Figure 3a, c). In sum, background
similarity tests indicated that the ecological niche models
of the three subspecies were more different than expected
by chance (Table 2).

Discussion

Potential distributions and geographical barriers. The niche
models and potential distribution maps seem to support
the findings of the habitat preference of the Aztec fruit-
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Figure 3. Niche overlap values for Schoener’s D and Hellinger’s | compared to a null distribution: (a) Artibeus a. aztecus (yellow) vs. A. a. minor (blue), (b) A. a. aztecus vs. A. A. major
(red), (c) A. a. minor vs. A. a. major.
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eating bat populations reported previously. Mesoamerican
highlands, where the models indicate the potential distri-
bution for each subspecies, include a complex assemblage
of montane ecosystems containing high biodiversity and
endemism (Parra-Olea et al. 2012; Bryson et al. 2018; Blair et
al. 2019). Less-suitable areas, such as the Isthmus of Tehu-
antepec and the Nicaraguan Depression, may act as current
geographic barriers to dispersal, limiting contact between
the populations, as proposed previously for the subspecies
A. a.aztecus and A. a. minor (Davis 1969; Peterson et al. 1999).

Isthmus of Tehuantepec has been proposed as a bio-
geographic barrier associated with allopatric speciationin a
broad range of taxa (Sullivan et al. 2000; Le6n-Paniagua et al.
2007; Castoe et al. 2009; Daza et al. 2010; Rodriguez-Gémez
et al. 2013, 2021) and, climatically, has been considered a
barrier for dispersal of oak species, and by separating tropi-
cal ecosystems from those with more substantial Nearctic
influence (Rodriguez-Correa et al. 2015). The climatic effect
of this barrier on the subspecies A. a. aztecus and A. a. minor
contrasts with the similar niches found between two hap-
logroups of the Honduran yellow-shouldered bat Sturnira
hondurensis, another Mesoamerican highland bat (Hernan-
dez-Canchola 2018).

On the other hand, the Nicaraguan Depression has
been considered a major feature determining genetic and
biogeographic patterns (Gutiérrez-Garcia and Vazquez-
Dominguez 2013). The evolutionary impact of this barrier
is reflected in genetic differentiation between sister taxa
of vertebrates, including birds (Puebla-Olivares et al. 2008;
Arbeldez-Cortés et al. 2010) and snakes (Castoe et al. 2009).
Our findings about the separation between A. a. minor and
A. a major are similar to the conclusions of Torres-Morales
(2019), who considered Nicaraguan Depression as a signifi-
cant barrier that limits the distribution of Sturnira hondu-
rensis, separating it from its sister species S. burtonlimi.

Speciation, and species limits. There is a debate about
how conserved the niches between closely related lin-
eages are (Wiens and Graham 2005). Some previous stud-
ies have suggested the presence of phylogenetic niche
conservatism in phyllostomid bats (Peterson et al. 1999;
Stevens 2006, 2011; Warren et al. 2008), indicating that
closely related species share the same climatic preferences.
Alternatively, other authors have not found strong support
for niche conservatism in phyllostomid bats (Peixoto et
al. 2017), suggesting their niche may have evolved either
under strong selection or randomly (Diniz-Filho et al. 2010).

However, former phylogenetic niche conservatism may
promote ecological speciation. It can occur in areas with
high geographic and ecological variations. In such regions,
any geographic distance also results in environmental dis-
tance, promoting niche divergence. The combined topo-
graphic variation and ecological distance reduce dispersal
and gene flow between adjacent populations (Gascon et al.
2000; Gehring et al. 2012). Lineages may thus adapt to local
niches, leading populations to diverge from the ancestral
niche (Pyron et al. 2015).
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Table 2. Results of the background similarity pairwise comparisons among the
three subspecies of Artibeus aztecus. Observed Schoener’s D and Hellinger’s / values and
p-values (p-val) are shown.

Test D p-val | p-val
Artibeus a. aztecus vs A. a. minor background 0.405 0.01 0.731 0.01
Artibeus a. aztecus vs A. a. major background 0.246 0.01 0.485 0.01
Artibeus a. minor vs A. a. aztecus background 0.405 0.04 0.731 0.03

Artibeus a. minor vs A. a. major background 0.300 0.03 0.620 0.03
Artibeus a. major vs A. aztecus background 0.246 0.01 0.485 0.01

Artibeus a. major vs A. a. minor background 0.300 0.01 0.620 0.01

Here, we found signals of ecological niche differentia-
tion among the three subspecies of Aztec fruit-eating bat
(Tables 1 and 2, Figures 2 and 3). The three subspecies of
A. aztecus present different climatic preferences that may
indicate they are evolving independently. Therefore, fur-
ther studies are necessary to learn about the evolutionary
history of A. aztecus and clarify the taxonomic situation of
the three subspecies. Certaintly, it is crucial to consider
that the outcome and the interpretation of the similarity
tests may be sensitive to the definition of the calibration
area and environmental background (Warren et al. 2010),
still, they may offer some guidelines to explore speciation
mechanisms (Tocchio et al. 2015) and thus determine the
taxonomic status of the species. In this study, we defined
it using the movement data of a congeneric species of A.
aztecus, so the results must be carefully interpreted. Fur-
ther details on the dispersal capacity for each subspecies
might improve reference area estimation for niche models.

It is essential to clarify the phylogenetic relationships
among the subspecies to better understand their biogeo-
graphic history (Martinez-Gordillo et al. 2010). Studies that
analyzed the diversification of Artibeus and the subgenus
Dermanura, have included a few samples of at least two
subspecies, but not A. a. major (Owen 1987; Hoofer et al.
2008; Redondo et al. 2008; Solari et al. 2009; Baker et al.
2016). Solari et al. (2009) recovered two clades of A. aztecus,
represented by samples of A. a. aztecus and A. a. minor, with
a genetic divergence of 3.6 % between them, a value that
falls in the range necessary for species recognition sug-
gested by Baker and Bradley (2006), so it is crucial to ana-
lyze the genetic divergence between the species using a
larger number of samples that includes the three subspe-
cies. In addition, morphological analyses that include all
subspecies are necessary to assess phenotypic variation
and its potential correlation with environmental condi-
tions. A relationship between environmental conditions
and morphology has been documented in other Meso-
american montane species (Rodriguez-Gémez et al. 2013,
2021; Herndndez-Canchola 2018).

In sum, our results offer a first look at the ecological vari-
ation of Artibeus aztecus and an additional view on under-
standing the processes that have shaped the diversifica-
tion of montane bats in Mesoamerica. Climatic divergence
among the three subspecies probably are due to the inter-




action between former ecological niche conservatism and
the emergence of geographic barriers, such as the Isthmus
of Tehuantepec and the Nicaraguan Depression that pro-
moted the subsequent ecological differentation.
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The Costa Rican highlands are considered hotspots of diversity and endemism, but studies on rodents are scarce. We compared the rich-
ness and abundance of mice between the montane forest and the paramo at the summit of the Talamanca mountain range. We selected two
study sites within the Talamanca mountain range: the Cerro de la Muerte Biological Station and the paramo. The former is a montane forest
dominated by oaks, and the latter is dominated by an herbaceous layer, and some scattered bushy patches. We captured mice in two different
microhabitats within each montane forest and paramo, so we had four different sampling microhabitats: (1) paramo-bush, (2) paramo-Chus-
quea, (3) montane forest-bush, and (4) montane forest-Chusquea. Mice were marked to identify recaptures. We captured four mouse species
and their abundance varied largely between habitats and among microhabitats (Table 1). The most abundant species, representing 85 % of
all mouse captures, was Peromyscus nudipes. Mice were more abundant in the montane forest than in the paramo. Within the montane forest,
mice were more abundant in the microhabitat containing bushes. The montane forest has a more complex vegetation structure with more
diversity of food resources and shelters than the paramo. As well as at the habitat level, we argue that differences in abundance among micro-
habitats are directly related with the structure of vegetation. A more complex habitat structure may provide rodents with better conditions.

Las tierras altas de Costa Rica son consideradas un punto caliente de diversidad y endemismo, pero los estudios sobre roedores son es-
casos. Comparamos la riqueza y abundancia de ratones entre el bosque de robledal y el pdramo en la cima de la Cordillera de Talamanca.
Seleccionamos dos sitios de estudio en la Cordillera de Talamanca: la Estacidn Bioldgica Cerro de la Muerte y el paramo. El primero es un
bosque montano dominado por robles, y el segundo esta dominado por una vegetacién herbacea y algunos parches dispersos de arbustos.
Capturamos ratones en dos microhabitats diferentes en el robledal y el paramo. Por lo que tuvimos cuatro microhébitats de muestreo: (1)
paramo-arbustos, (2) paramo-Chusquea, (3) bosque montano-arbustos, y (4) bosque montano-Chusquea. Los ratones fueron marcados para
identificar recapturas. Capturamos cuatro especies de ratones y sus abundancias variaron considerablemente entre habitats y microhabitats
(Tabla 1). La especie més abundante, con 85 % del total de capturas, fue Peromyscus nudipes. Los ratones fueron mas abundantes en el robledal
que en el paramo. Dentro del robledal, los ratones fueron mas abundantes en el microhabitat compuesto por arbustos. El bosque montano
posee una estructura vegetal mas compleja, con mayor diversidad de recursos alimenticios y refugios que el paramo. Al igual que a nivel de
hébitat, discutimos que las diferencias en abundancia entre microhabitats estan directamente relacionadas con la estructura de la vegetacion.
Un hébitat con una estructura mas compleja es de esperar que provea a los roedores de mejores condiciones.

Keywords: Cerro de la Muerte; Chusquea; Cricetidae; endemic mice; montane forest; paramo; Peromyscus; species richness.
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Introduction

Climate change has been identified as one of the main
threats to highland ecosystems in the tropics (Epstein 2000;
Hughes 2000; Hilbert et al. 2004; Rull and Vegas-Vilarribia
2006; Laurance et al. 2011). In Costa Rica, the negative
effects of this global phenomenon have been modeled for
highland amphibians, reptiles, and birds (Pounds et al. 1999,
2006; Karmalkar et al. 2008). As a consequence of climate
change, the temperature, dry season length, and number
of dry days have increased in tropical highlands (Pounds et
al. 1999).

These climatic changes have affected the distribu-
tion and interaction of species along tropical altitudinal
gradients. Many middle elevation species have recently

expanded the upper limit of their altitudinal distribution,
moving into the habitat of those species that occur at
highest elevations (Morales-Betancourt and Estévez-Varén
2006; Dirnbock et al. 2010; Bellard et al. 2012; Ripple et al.
2014). However, species that inhabit the summit of tropi-
cal mountains are trapped in sky islands as their habitat
contracts and competition with lowland invading species
increases. The synergistic effect of these factors imposes
a serious extinction threat on endemic and highland-
restricted species (Thomas et al. 2004; Malcom et al. 2006;
Urban 2015; PySek et al. 2017).

In Costa Rica, the highlands have relatively low diver-
sity but a high percentage of endemic species from differ-
ent taxonomic groups (Barrantes 2005; Vargas and Sanchez
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MICE OF THE TALAMANCA MOUNTAIN

2005; Barrantes et al. 2019). For instance, 22 (73 %) mammal
species are endemic at middle and high elevations (Ramirez-
Fernandezetal.in press), and in the highlands many of these
species accomplish an important ecological role, such as the
dispersal of seed and fungal spores (Lacher et al. 2016).

Most Costa Rican mammal research has centered on low-
land habitats. Thus, information on the highlands is scarce
and fragmented (Carrillo et al. 2005). Considering that
rodents are an abundant component of the highland fauna
(Gonzalez-Maya et al. 2015), and that their role as seed and
arthropod predators, fungal spore and seed dispersers, and
prey for birds and larger mammals is important, we sought
to quantify the richness and abundance of the mice com-
munity in the high montane forest and the paramo in the
Talamanca mountain range. This is the largest and highest
Costa Rican mountain range, and it is recognized as the ter-
restrial region with the highest endemism in Central Amer-
ica (Holz and Gradstein 2005; Powell et al. 2022).

Materials and methods

Study site. To conduct this research, we selected two study
sites in the highlands of the Costa Rican Talamanca moun-
tain range: the Cerro de la Muerte Biological Station (CMBS)
and the paramo (Figure 1). The CMBS is located in the high
montane oak forest at an elevation of 3,700 m (9° 33'N, -83°
44 W) and the paramo at 3,400 m elevation (9° 33" 20" N,
-83° 45" 41" W). The two sites are separated by a distance
of 2.5 km. The mean annual precipitation is 2,500 mm, with
a relatively dry period between December and April, with
a mean annual temperature 11° C for the CMBS and 7.6° C
for the paramo (Herrera 2005). The temperature oscillates
drastically during the day, particularly in the paramo (-5°
to 35°). Forests dominated by oaks (Quercus costaricensis)
with abundant epiphytes, bushes (e. g., ferns, Ericaceae,
Asteraceae, Onagraceae), and large patches of bamboo
(Chusquea talamancensis) cover most of the CMBS study
site (Calder6n-Sanou et al. 2019). On the contrary, the
paramo is dominated by an herbaceous layer with a large
diversity of Asteraceae and Poaceae (mainly Chusquea sub-
tesellata), and some scattered bushy patches in which Erica-
ceae, Asteraceae, and Hypericaceae are abundant (Vargas
and Sanchez 2005).

We selected two microhabitats in each habitat, the
montane forest and the paramo, to assess rodent habitat
use, species richness, and abundance. In the montane for-
est, we sampled mice in (1) patches dominated by bamboo
(Chusquea talamancensis), and in (2) patches dominated by
bushes. In the paramo, we sampled in (1) patches domi-
nated by bushes and an herbaceous layer (e. g., Asteraceae,
Cyperaceae) and short bushes (e. g., Pernettya, Vaccinium,
and Hypericum); and (2) in homogeneous patches domi-
nated by Chusquea subtessellata. In each microhabitat we
established a circular 10 m-diameter plot, so that we had
the following combination of microhabitats in each ecosys-
tem: paramo-bush, paramo-Chusquea, montane forest-—
bush, and montane forest-Chusquea (Figure 2).
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Figure 1. Sample sites at the Talamanca mountain range, Costa Rica. A) High mon-
tane oak forest at Cerro de la Muerte Biological Station; B) paramo habitat.

Capture, recapture, and tattooing mice. We used baited
Sherman live traps (5 X 6 X 16 cm; H. B. Sherman Traps, Inc.,
Florida) to capture mice. The bait was made of barley, oat-
meal, banana, peanut butter, and vanilla extract. In each
habitat, we placed 50 traps (25 in each microhabitat) for
two consecutive nights, each 3 to 4 weeks from May 2015
through April 2016. We placed each trap at 5 to 10 m from
a transect we established within each plot and at 5 to 10
m from any other trap. The distance from the transect and
from other traps varied depending on the topographic
characteristics of the terrain. We registered the geographic
position of each trap in each sampling using a GPS Garmin
60Csx (Garmin Corp., Olathe, Kansas) and changed the loca-
tion of the traps in each sampling to maximize the capture
in each microhabitat. In addition, we placed 4 to 8 traps on
branches at 1.5 to 3 m above the ground to capture arbo-
real or climbing mice.

We identified each individual captured to species level
using the key published by Villalobos-Chaves et al. (2016).
For each individual captured, we recorded species, date,
habitat, microhabitat, and trap coordinates. Given that tax-
onomy within the group is in debate, voucher specimens
were collected prior and after the sampling period as a ref-
erence (Appendix 1).

We tattooed large adult Peromyscus using a Spauld-
ing Revolution | (Spaulding and Rogers, Inc,, New York)
machine for animal tattooing. Individuals were tattooed at
the base of the tail. For juvenile P. nudipes and small species,
we cut a patch (or patches) of hair from the lumbar region
to identify each individual; the tattooing machine is not
recommended for small animals. In addition, we recorded



any distinctive mark of an individual that facilitated their
identification (e. g., tip tail coloration, scars, ear cuts), in
case they were recaptured. For the recaptured individu-
als, we recorded the individual mark or tattoo, trap coordi-
nates, habitat, and microhabitat. After each individual was
marked and its information recorded, we released it at the
site where it was captured. We then waited until each indi-
vidual had found a retreat or a protected site before leaving
the release site to avoid predation.

Data analyses. We captured four mouse species and
compared their abundance among the four microhabitats
with a chi-squared contingency analysis and a Fisher paired
test. We did not analyze richness since we only captured
four species. We used the statistical language R, version
3.4.0 (R Core Team 2017) for the analyses.

Results

Species richness and abundance. We captured 108 mice of
four species in the family Cricetidae, from a 2,100 night-trap
effort distributed equally between habitats. We captured
three species at each habitat, two of which were present in
both habitats (Table 1). Scotinomys xerampelinus was cap-
tured only in montane forest, Reithrodontomys creper only
in the paramo, R. sumichrasti was found in the Montane for-
est-Chusquea and Paramo-bush microhabitats, and P. nudi-
pes was the only species captured in all four microhabitats
(Table 1).

Ramirez-Ferndndez et al.

Peromyscus nudipes was the most abundant species
captured with 85% of all captures (Table 1). The number
of mice captured (all species combined) differed between
habitats (X*= 43.75, d. f. = 1, P < 0.001) and among micro-
habitats (X*=36.83,d.f.=9, P < 0.001). We captured more
mice in the montane forest than in the paramo and more
in the montane forest/bush microhabitat (n = 58) than
in any other microhabitat (Table 1). On the contrary, the
microhabitat with the fewest mice captured was paramo-
Chusquea with only 6 individuals (Table 1).

Discussion

We found four mouse species in the montane forest and
the paramo, the two dominant ecosystems at the Costa
Rican highland. At this elevation, richness and abundance
of mice vary according to the characteristics of the habitat
and microhabitat. For instance, the vegetation structure
directly influences density (e. g., Pardini et al. 2005; Blaum et
al. 2006), diversity (e. g., Johnson and Vaughan 1993; Munhoz
et al. 2009), and richness of small rodents (e. g., Brehme et
al. 2011; Thompson and Gese 2013) in Costa Rica and other
ecosystems.

Our results showed that some species are present only
in a particular habitat and some microhabitats, but not in
others. Specifically, we captured S. xerampelinus only in the
montane forest and R. creper only in the paramo; although
both species have sporadically previously been recorded in

Figure 2. Location of the sample sites in the Talamanca Mountain range. Light green background represents paramo; dark green represents montane forest. Black dots show bush

microhabitat; black triangles, Chusquea microhabitat.
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Table 1. Percentage and number (in parentheses) of mice captured in each microhabitat.

Species Montane forest-bush Montane forest-Chusquea Paramo-bush Paramo-Chusquea
Peromyscus nudipes 93 (54) 91 (31) 66.6 (12) 67 (4)
Scotinomys xerampelinus 7 (4) 6(2)
Reithrodontomys creper 16.7 (3) 33(2)
Reithrodontomys sumichrasti 3(1) 16.7 (3)

both habitats (Reid 2009; JDRF unpublished data). There-
fore, our findings suggests that even when both species are
present in both habitats, each of them preferred one par-
ticular habitat over the other, likely related to the structural
differences in the vegetation (McCloskey 1976; Johnson

etation. A more complex structure is expected to provide
rodents with more diverse and abundant food resources
(Johnson and Vaughan 1993; Garcia et al. 2011), more
retreats, and better protection from predators (Kotler et al.
1988; Morris and Davidson 2000).

and Vaughan 1993).

The abundance of mice varied largely between habi-
tats and among microhabitats, as reported in other stud-
ies (Mohammadi 2010). In the montane forest, a more
complex vegetation structure and greater diversity of food
resources and hiding places likely permit the coexistence
of more individuals than in the paramo. The abundance of
mice among microhabitats showed a similar pattern. Struc-
turally complex microhabitats, such as the montane forest
/ bush microhabitat, allow more species to coexist (Torres-
Pulliza et al. 2020). On the contrary, the microhabitat domi-
nated by Chusquea subtessellata in the paramo, which is
structurally simple with large exposed open areas, had the
lowest mice abundance.

Differences in abundance among microhabitats of P
nudipes, further support that habitat structure influences
in the abundance of mice in Costa Rican highlands. This
species is present in all microhabitats and its abundance
increased with the microhabitat complexity. More com-
plex structure in the vegetation elicits a series of synergetic
effects that affect the abundance of different species. For
example, a structurally complex vegetation provides a
larger number of microhabitats, food resources, and hiding
places that can be used for more rodents than those pro-
vided by more simple microhabitats (Tews et al. 2004).

The paramo-Chusquea is the simplest microhabitat,
composed by homogeneous patches of Chusquea subt-
essellata with open spaces in between. The vegetation
composition and the simple structure likely provide fewer
food resources and retreats than any other microhabitat
(Johnson and Vaughan 1993; Mohammadi 2010; Garcia et
al. 2011). In addition, rodents tend to avoid foraging in
areas deprived of vegetation, since they are more likely
detected by predators (Kotler et al. 1988; Morris and
Davidson 2000).

Summarizing, the species richness of mice at the highest
vegetation ecosystems, the montane forest and paramo, in
the Talamanca mountain range is low. However, the abun-
dance of some species is very high, and this abundance
varies greatly among microhabitats. The variation in mice
abundance is presumably determined by the characteris-
tics of the habitat, primarily related to the structure of veg-
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Appendix 1
List of voucher specimens of all four species trapped at the study site in the collection of the University of Costa Rica’s Zool-
ogy Museum.

Taxa Museum specimen number
Scotinomys xerampelinus MZUCR-1929, 4905
Reithrodontomys creper MZUCR-4372, 4548, 4981, 5097
Peromyscus nudipes MZUCR-4373
Reithrodontomys sumichrasti MZUCR-5135
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Pleistocene distribution of MacConnell’s Bat (Phyllostomidae)
suggests intermittent connections between Amazonia and
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The historical biogeography of the major South American forested biomes has long intrigued scientists. Paleoclimatic events during the
last 130 thousand years promoted connections between forested biomes in the Neotropical region, leading to disjunct distributions of some of
the biota. In this context, MacConnell’s Bat, Mesophylla macconnelli, appears to represent a forest-restricted species with its current distribution
bisected by dry areas. In this study, we infer past connections between the Amazonia and Atlantic Forest using MacConnell’s Bat and ecological
niche models. We obtained 681 records of the species, and estimated its potential distribution during the Last Interglacial (LIG), Last Glacial
Maximum (LGM), and current periods. Our generated models, based on 260 filtered occurrence records, had very good predictive power,
with AUC and TSS adherence values above 0.9. Temperature seasonality and annual precipitation had the highest relative contribution. The
potential distribution for the LIG suggested a suitable area connection between the southwestern Atlantic Forest and southern Cerrado and
Amazonia. The potential distribution in the LGM suggests range expansion toward northern and eastern Amazonia. The current and inferred
past distributions of Mesophylla macconnelli suggest at least two periods of past connection between Amazon and Atlantic Forest. This pattern
is found in other forest-associated vertebrates in South America, suggesting that Pleistocene climatic cycles were central to the generation of
disjunct distributions in the region.

La biogeografia histoérica de los principales biomas de selvas de América del Sur ha intrigado a los cientificos durante mucho tiempo. Los
eventos paleoclimdticos durante los ultimos 130 mil afios promovieron conexiones entre biomas de selvas en la regién neotropical, lo que llevé
a distribuciones disjuntas de parte de la biota. En este contexto, el murciélago de MacConnell, Mesophylla macconnelli, parece ser un ejemplo
de especie restringida al bosque con su distribucion actual atravesada por las areas secas de América del Sur. En este estudio, inferimos las co-
nexiones pasadas entre la Amazonia y el Bosque Atlantico utilizando modelos de nicho ecoldgico y el murciélago de MacConnell. Obtuvimos
681 registros de la especie, y estimamos su distribucién potencial durante el Ultimo Interglacial (LIG), Ultimo Mé&ximo Glacial (LGM) y periodos
actuales. Nuestros modelos generados, basados en 260 registros de ocurrencia filtrados, tuvieron muy buen poder predictivo, con valores de
adherencia AUCy TSS superiores a 0.9. La estacionalidad de la temperatura y la precipitacion anual tuvieron la mayor contribucién relativa. La
distribucion potencial en el LIG sugiere una conexién de drea adecuada entre el suroeste del Bosque Atlantico y el sur del Cerrado y la Amazo-
nia. La distribucién potencial en el LGM sugiere una expansién del rango hacia el norte y el este de la Amazonia. Las distribuciones actualesy
pasadas inferidas de Mesophylla macconnelli sugieren al menos dos periodos de conexién pasada entre la Amazonia y el Bosque Atlantico. Este
patron se encuentra en otros vertebrados asociados a los bosques en América del Sur, lo que sugiere que los ciclos climaticos del Pleistoceno
fueron fundamentales para la generacién de distribuciones disjuntas en la regién.

Keywords: Fruit-eating bat; Mesophylla macconnelli; Last Glacial Maximum; Last Interglacial; Stenodermatinae.
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PAST DISTRIBUTION OF Mesophylla macconnelli

Introduction

The Amazonia and Atlantic Forest are the two major tropi-
cal rainforests of South America (Hueck 1972). These two
large forests are currently separated by the dry forests of
the Caatinga, the Chaco shrublands and the savanic Cer-
rado (Ab'Saber 1977; Solari et al. 2012). Paleoclimatic, bio-
geographic, and niche modeling studies have suggested
intermittent past connections between Amazonia and
Atlantic Forest, during the last interglacial period (Wang et
al. 2004; Sobral-Souza et al. 2015; Ledo and Colli 2017).

Traditionally, the disjunct distribution pattern of rain-
forest-adapted mammals has been considered as evidence
that the Amazonia and Atlantic Forest were connected
(Coimbra-Filho and Camara 1996; de Vivo 1997). Notable
examples include medium and large arboreal species such
as the red-handed howler (Alouatta belzebul), the kinkajou
(Potos flavus), and the silky anteater (Cyclopes didactylus).
The existence of similar patterns for small mammals, such
as bats, has been little investigated (but see Costa 2003
and Rocha et al. 2015). To explain these biogeographic pat-
terns, hypotheses often invoke the fragmentation of forests
that occurred during the Pleistocene (Vanzolini and Wil-
liams 1970; Martins 1971; Haffer 1997). One way to test this
hypothesis is to obtain paleoclimatic data from this epoch
(Vanzolini and Williams 1970), and to examine the diver-
gence times and amount of genetic divergence among the
involved species (Moritz 2000).

MacConnell’s Bat, Mesophylla macconnelliThomas, 1901,
is one of the smallest species of frugivorous bat in the world,
weighing 6 to 8 g (Solari et al. 2019). This tent-roosting bat
has been recorded from the rainforests of Nicaragua, to the
Amazon basin in South America, reaching northern Bolivia
and western Brazil (Arroyo-Cabrales 2008). However, recent
studies extended its range to the Atlantic Forest and to the
Cerrado of, respectively, eastern and central Brazil (Zor-
téa and Tomaz 2006; Gregorin et al. 2014). With the new
records, the disjunct distribution pattern of M. macconnelli
is strikingly similar to what has been observed for other for-
est-dependent mammals that occur in both the Amazonia
and Atlantic Forest. A recent study identified 127 species of
mammals that occur in both ecosystems, suggesting them
as good candidates for phylogeographic studies that inves-
tigate this putative vicariant pattern, but M. macconnelli
was not mentioned by the authors (Machado et al. 2021).

Using paleoclimatic data and ecological niche models,
we estimate the past potential distribution of M. maccon-
nelli during the last 130,000 years. Our objective is to assess
the potential for past connections between the Amazonia
and Atlantic Forest that may explain the apparently dis-
junct distribution pattern of the species.

Materials and methods

Mesophylla macconnelli occurrence data. Occurrence
records for M. macconnelli were obtained from museum
specimens held in the Instituto de Desenvolvimento Sus-
tentavel Mamiraua (IDSM), Natural History Museum, Lon-
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don (BMNH), Universidade Federal de Lavras (CMUFLA),
Museu de Zoologia da Universidade de Sao Paulo (MZUSP),
Universidade Federal de Mato Grosso (UFMT), Universidade
Federal de Minas Gerais (UFMG), and National Museum of
Natural History, Smithsonian Institution (USNM).

We also incorporated secondary records in online data-
bases such as Global Biodiversity Information Facility — GBIF
(www.gbif.org), SpeciesLink (http://splink.cria.org.br/) and
Instituto Chico Mendes de Conservacdo da Biodiversidade
- ICMBio (https://biodiversidade.icmbio.gov.br/). Addi-
tionally, existing records in the scientific literature were
included (see Supplementary material 1).

Our database went through a process of cleaning and
removing records with missing or repeated geographic
coordinates and records outside the known geographic
distribution of the species. After this procedure, a single
occurrence record was randomly selected within an area
equivalent to two cells of resolution of the environmental
layers (each cell = 9.24 x 9.24 km; Velazco et al. 2019). This
was to prevent sampling bias from propagating biased eco-
logical niche models.

Environmental Data. The Neotropical region was deter-
mined as our study area to calibrate our model (Olson et al.
2001), considering the wide distribution range of M. mac-
connelli in Central and South America, and potential dis-
persion ability. Ecological niche models (ENM) for current
conditions were adjusted based on 19 bioclimatic variables
related to temperature and precipitation (Hijmans et al.
2005). Detailed information about each variable is available
in Supplementary material 2, Table S1. Paleoclimatic condi-
tions for the Last Interglacial (LIG; 120,000 to 140,000 years
ago) and Last Glacial Maximum (LGM; ~21,000 years ago)
were obtained from the PaleoClim.org database (Brown et al.
2018). All variables were obtained at the resolution of 5 arc-
minutes and were cropped to the same extent of our study
area. To avoid overfitting and to assess correlation among
biotic variables a Pearson’s correlation test was applied to
the bioclimatic variables. This test was performed using the
“raster.cor.matrix” function of the ENMTools package in R
(Warren et al. 2021). From each pair of strongly correlated
variables, i. e., r > 0.7|, we kept the one with the highest bio-
logical meaning for the species (Da Silva et al. 2020). After
this procedure, five variables remained: Mean Diurnal Range
(bio2), Temperature Seasonality (bio4), Max Temperature of
Warmest Month (bio5), Annual Precipitation (bio12), and
Precipitation Seasonality (bio15).

Modelling procedures. We used four algorithms to con-
struct ENM: Bayesian Gaussian - GAU (Golding 2014), Maxi-
mum Entropy - MXD (Phillips et al. 2017), Random Forest
- RDF (Liaw and Wiener 2001), Support Vector Machine -
SVM (Karatzoglou et al. 2004). The same number of pseu-
doabsences were generated to fit the models (Barbet-Mas-
sin et al. 2012). An environmental restriction method was
used to allocate the pseudoabsences in climatically differ-
ent regions of the environmental space in which the spe-
cies occurs (Engler et al. 2004). We used the checkboard
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method to calibrate and evaluate models. This method con-
sists of dividing the geographic space into blocks, splitting
the occurrences into two groups, one for model adjustment
and another for model evaluation (Roberts et al. 2017).

Model performance was evaluated using two metrics:
Area Under Curve (AUC) Receiver Operating Characteristic
(ROG; Phillips et al. 2006), and True Skill Statistic (TSS = sum
of sensibility and specificity - 1; (Allouche et al. 2006). AUC
ranges from 0 to 1, where values closer to 1 indicate a good
distinction between presence and pseudoabsence records.
Whereas, values below 0.5 indicate that the model did not
perform better than expected by chance (Fielding and Bell
1997). TSS ranges from -1 to +1, values above 0.7 indicate
models with statistically reliable performance (Allouche et
al. 2006; Zhang et al. 2015). To reduce the uncertainty in
the prediction generated by the use of distinct algorithms,
we build ensemble models (Aradjo and New 2007). The
ensemble model was calculated selecting models with TSS
value greater than the average TSS value of all algorithms
and then calculated the mean suitability model between
all algorithms that met this condition. Finally, we projected
the current climatic suitability conditions for M. macconnelli
under past climatic conditions (LIG, ~ 120,000 years ago;
LGM, ~21,000 years ago) for each algorithm and then cre-
ated an ensemble model for each period. For LGM we also
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used different climatic conditions estimated by 3 distinct
Atmosphere-Ocean General Circulation Models (AOGCMs):
CCSM4, MIROC-ESM e MPI-ESM-P (Hijmans et al. 2005). Spe-
cifically, for LGM models a final model was created by cal-
culating the average suitability values obtained through
the three AOGCM’s ensemble models. Finally, we use the
threshold that maximizes the sum of sensitivity and speci-
ficity (Liu et al. 2005), to turn continuous suitability values
into binary presence-absence models.

To test the hypothesis of connection between the dis-
tribution of M. macconnelli through Amazon and Atlantic
Forest, we overlapped the ensemble models of the three
time periods. In this way we could identify areas of climate
stability, or areas of connection and reconnection that may
have been lost in the species current distribution.

Results

Current records. We found 681 records of Mesophylla mac-
connelli in Central and South America and after the filter-
ing process, 260 unique records were used in modelling
procedures. Most of the records (565, 83.21 %) are located
east of the Andes, but some (114, 16.79 %) occur west of
the Cordillera (Figure 1). The majority of the records (627,
or 92.7 %) are in Tropical & Subtropical Moist Broadleaf
Forests, of which 625 are in the Amazon rainforest and

Figure 1. Occurrence records of MacConnell’s Bat (Mesophylla macconnelli) in the American continent. Colors on map indicate the biomes classified according to Olson (2001). Num-
bers show the ecoregions of the Neotropical Realm following Olson (2001) (1 - Atlantic Forest, 2 - Amazon Forest, 3- Cerrado, 4 - Caatinga, 5 - Chaco).
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two from the Atlantic Forest. Some records are from the
savanna formations of the Cerrado (33, or 4.85 %) and Tropi-
cal and Subtropical Dry Broadleaf Forests (21, or 3.08 %). Of
all the occurrence points, 85.5 %, or 590, are from altitudes
below 900 m above sea level. The remaining 91 localities
are from above 900 m, with a maximum altitude of 2,355 m
from the cloud forests of Cuzco, Peru.

Geographic distribution models. The evaluation values
for the ensemble models, AUC = 0.998 SD=0.028 and TSS
= 0.980 SD = 0.027, indicated good performance of the
models - for more information about other evaluation
metrics and evaluation for each algorithm see Supple-
mentary Material 3. The temperature seasonality (45.3 %)
and annual precipitation (36.4 %) provided the highest
relative contributions to model M. macconnelli distribu-
tion. The current distribution model shows a wide area
with high suitability values in the Amazon and in the cen-
tral and northern areas of the Atlantic Forest, with suitable
areas also in the Cerrado biome (Figure 2).

During all three projected periods (i. e., LIG, LGM, and
Current), the Choco region, Panama, western Amazonia,
and central/northern Atlantic Forest were estimated as
highly suitable areas for M. macconnelli (Figure 2). The
projected distribution for the LIG shows that areas in the
southern part of the Amazon, in the Cerrado, and in the
Atlantic Forest had suitable climatic conditions, showing
a possible connection between the southwestern Atlantic
Forest and southern Cerrado (Figure 2). During the LGM
we infer a great expansion of appropriate areas towards
northern and eastern Amazonia (Figure 3). This occurs
concomitantly with a retraction of the southern distribu-
tion of the species. This pattern suggests the loss of the
connection between the appropriate areas of the Cerrado
and Atlantic Forest.

Discussion

The current distribution of M. macconnelli seems to be asso-
ciated with humid forested areas. Even in localities within
the Cerrado biome, such as Serra do Roncador (Mato Grosso
state, Brazil), and Serranépolis (Goias state), it has been cap-
tured in forest enclaves and riparian areas (Pine et al. 1970;
Handley 1976; Zortéa and Tomaz 2006). In fact, these tran-
sitional areas and forest enclaves in the Cerrado are known
to harbor some typical Amazonian mammalian taxa such
as Ateles marginatus, Callicebus vieirai, Chiroderma trinita-
tum, Didelphis marsupialis, Gracilinanus peruanus, Marmos-
ops noctivagus, and Saguinus niger (Lacher and Alho 2001;
Antunes et al. 2021; Garbino et al. 2015, 2020; Lima-Silva et
al. 2022; Semedo et al. 2022). Besides forests, temperature
seasonality, calculated as the standard deviation of monthly
temperature averages, seems to be a limiting factor for the
species. This is evident, as M. macconnelli occurs in tropical
areas between 10° N and -18° S, where there are no abrupt
temperature oscillations (Figure 1).

The species is absent in the cooler areas of the Atlan-
tic Forest of southern and southeastern Brazil, which
have more seasonal climates than the central Atlantic
Forest, where the species occurs. This hypothesis seems
more plausible than assuming that the drier formations
of the Cerrado acted as a barrier, especially because the
Amazon and Atlantic Forest were recently connected by
riparian corridors in the region of Goias, Brazil, where
M. macconnelli has been recorded (Ab’Saber and Costa-
Junior 1950). The dependence on leaves modified into
tents to use as daytime roosts (Rodriguez-Herrera et al.
2007; Garbino and Tavares 2018) may help explain why
the distribution of M. macconnelliis intimately associated
with forests.

Figure 2. Ecological niche models (ENM) projections of MacConnell’s Bat (Mesophylla macconnelli) during the (A) Last Interglacial (LIG) — ~120 000 years ago, (B) Last Glacial Maximum
(LGM) - ~21 000 years ago, and (C) current distribution. Ensemble models were adjusted based on four algorithms (Bayesian Gaussian - GAU (Golding 2014), Maximum Entropy - MXD
(Phillips et al. 2017), Random Forest — RDF (Liaw and Wiener 2001), Support Vector Machine - SVM (Karatzoglou et al. 2004). Black empty squares indicate possible connections between
Atlantic Forest and Amazonia on LIG (1) and LGM (2). The color scale indicates suitability values for M. macconnelli occurrence.
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Figure 3. Distributional binary maps of MacConnell’s Bat (Mesophylla macconnelli) during the transition from the Last Interglacial period to the Last Glacial Maximum (LIG - LGM)
and from the Last Glacial Maximum to the current period (LGM - Current). Ensemble models were adjusted based on four algorithms (Bayesian Gaussian — GAU (Golding 2014), Maximum
Entropy - MXD (Phillips et al. 2017), Random Forest - RDF (Liaw and Wiener 2001), Support Vector Machine — SVM (Karatzoglou et al. 2004). Green areas indicate predicted species occur-

rence. Species absence throughout the study area is represented in gray.

According to our model, in the last interglacial period
the Andes cordillera acted as a barrier for the species, with
suitable areas on the east and west slopes but not in the
Andean highlands and plateaus (Figure 2). However, the
model suggests that the current period allows for more
permeability between the transandean and cisandean
populations, which may explain the low genetic structure
found in the species (Tavares et al. 2022). The model con-
sidering the current distribution also indicates that the
populations from the Atlantic Forest (eastern Brazil) are
disconnected from the Amazonia/Cerrado populations
(Figures 2 and 3). Future surveys in poorly sampled areas
where the presence of M. macconnelli is not known, may
show if the absence of the species in these areas is due to
sampling deficiencies.

Some historical biogeographic patterns observed in
other vertebrates are suggested in our projected distri-
bution of M. macconnelli. The western Amazonia, an area
considered an important center of diversity for verte-
brates (Hoorn et al. 2010; Oliveira et al. 2017), is recovered
as suitable in all three periods (Figure 3). The area where
the species occurs in the Atlantic Forest, with climatic sta-
bility during all three periods (Figures 2, 3), is known as
“Bahia Refuge”and has been identified as a stable climatic
area based on other species of vertebrates (Carnaval and
Moritz 2008).

The modelled distribution of M. macconnelli suggests
at least two historical periods of connection between the
Atlantic Forest and the Amazonia (Figure 2). In the Last
Interglacial, where the climate was more humid, our mod-
els recovered suitable areas to the southwest (Figure 2). In
the Last Glacial Maximum, when the climate was cooler and
drier, our model recovered a northeastern connection of M.
macconnelli's range (Figure 2A, B). These two connections
may have formed repeatedly over the Pleistocene climatic

oscillations, with the southwest connection between Ama-
zon and Atlantic forests the more ancient and frequent, and
the northeast the more recent one (Ledo and Colli 2017).
This scenario may have led to the apparent disjunct distri-
bution of M. macconnelli. In another forest-dwelling frugi-
vore bat, Carollia perspicillata, there is genetic evidence of
geographically restricted intraspecific lineages that reflect
Pleistocene glacial cycles (Pavan et al. 2011).

Future phylogeographic studies, including genetic sam-
ples from the Cerrado of central Brazil, the Atlantic Forest
of eastern Brazil, and from eastern and southern Amazonia,
will allow verification of the pattern suggested here. We
also suggest that niche modelling based on past climates
may open new venues of investigation on the biogeo-
graphic patterns of the Neotropical fauna.
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The Mexican Long-nosed bat (Leptonycteris nivalis) is the largest nectarivorous species in the New World, and one of three migratory necta-
rivores in Mexico. It is considered an‘Endangered Species’under the U.S. Endangered Species Act and ‘Threatened’ by the Mexican Federal List
of Endangered Species. In 1994, a Recovery Plan was developed by the USFWS with the participation of Mexican and American researchers,
and the most urgent actions to ensure the species protection were identified. Locating and protecting roosts are among the most urgent
tasks recognized. With this study, we aimed to identify the most suitable areas potentially holding additional mating roosts of Leptonycteris
nivalis, and we conducted surveys of these areas to confirm its presence, and to assess the reproductive state of individuals. We used Maxent,
the Genetic Algorithm for Rule-set Production (GARP), and Bioclim algorithms to generate an agreement map of the potential distribution of
additional mating roosts, and we implemented a Euclidian multidimensional distances analysis to identify ecologically similar regions to “La
Cueva del Diablo", the only mating roost known for the species. We identified suitable areas in the states of Morelos, Puebla and the State of
Mexico. We visited seventeen caves distributed in ten different localities in these areas. For two consecutive years, we found the species in a
cave called: “La Cueva de los Coyotes", located in the State of Mexico, where we captured eighteen individuals, including a pregnant female.
The location of an unknown roost so far, occupied by individuals of L. nivalis, and among them a pregnant female, allows us to reflect about
the reproductive dynamics of the species. In that sense, reproductive populations may be splitting into smaller colonies to mate, other than
“La Cueva del Diablo", or pregnant females might me moving to additional and nearby roosts to spend the rest of the winter season. Using
these tools and further refinements we may be able to locate additional mating roosts, thus, providing more possibilities for the application of
conservation measures for the protection of the species.

El murciélago magueyero mayor (Leptonycteris nivalis) es el murciélago nectarivoro mas grande de América y una de las tres especies
nectarivoras migratorias de México. Se encuentra catalogada como especie ‘En Peligro de Extincién’ en Estados Unidos y como ‘Amenazada’
bajo la ley federal mexicana. A pesar de que L. nivalis tiene una amplia distribucién en el pais, solamente se ha documentado un refugio de
apareamiento de esta especie: “La Cueva del Diablo’, localizada en el estado de Morelos, en el centro de México. En 1994, con la participacion
de investigadores origen mexicano y de Estado Unidos, a través de la USFWS, se elaboré el Plan de Recuperacién de L. nivalis, donde se iden-
tificaron las acciones mas urgentes y necesarias para su recuperacion. Dentro de dichas acciones se encuentran la localizacion y proteccion
de refugios. En este estudio identificamos areas potenciales de distribucién de refugios de apareamiento en el centro de México, realizamos
visitas a las zonas predichas por los analisis para confirmar la presencia de L. nivalis y realizamos una evaluacion del estado reproductivo de los
individuos. Para los analisis realizamos modelos de nicho ecolégico utilizando los algoritmos Maxent, Bioclim y GARP y generamos un mapa
consenso de las zonas potenciales de distribucion. Adicionalmente, realizamos un analisis de distancias euclidanas multidimensionales para
identificar las zonas ecolégicamente mas similares a la “Cueva del Diablo”. Como resultado identificamos dreas potenciales en los estados de
Morelos, Puebla y el Estado de México. Visitamos 17 cuevas distribuidas en 10 localidades y encontramos individuos de L. nivalis por dos afios
consecutivos en la “Cueva de los Coyotes’, localizada en el suroeste del Estado de México. Capturamos 18 individuos en total, incluyendo
una hembra prefada. La ubicacion de un refugio ocupado por la especie L. nivalis, y particularmente por una hembra prefiada, nos permite
reflexionar sobre las dinamicas reproductivas de la especie. En ese sentido, las poblaciones reproductivas podrian estarse separando en pe-
quenas colonias de apareamiento, a parte de “La Cueva del Diablo’, o las hembras prefiadas podrian estarse moviendo hacia otros refugios
para pasar el resto del inverno. Con el mejoramiento de las técnicas utilizadas en este estudio serd posible encontrar y proteger refugios de
apareamiento adicionales de L. nivalis.

Keywords: Cueva del Diablo; ecological multidimensional distances analysis; ecological niche modeling; mating roost; Mexican Long-nosed
bat; potential distribution.
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Introduction it is a species difficult to study. Despite the lack of informa-
The Mexican Long-nosed bat (Leptonycteris nivalis) is one of  tion regarding some basic ecological and biological charac-
the three nectarivorous migratory species in Mexico and the  teristics of the species, there is relevant information that has
largest bat within the guild in the American continent. It ~ been generated in the last decades about foraging behav-
is considered a relatively rare and scarce species (Arita and  ior, migratory movements, diet, habitat use, and genetics
Humphrey 1988), and presents a complex biology, therefore, ~ (Hayward and Cockrum 1971; Easterla 1972; Moreno-Valdéz
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et al. 2000; Téllez 2001; Sdnchez and Medellin 2007; Ammer-
man et al. 2009; Toledo 2009; Galicia 2013). For instance, a
general migration pattern has been proposed by several
authors (Baker and Cockrum 1966; Barbour and Davis 1969;
Hayward and Cockrum 1971; Easterla 1972; Humphrey and
Bonnacorso 1979; Wilson 1985; Arita 1991; Schmidly 1991;
Hoyt et al. 1994; Rojas-Martinez et al. 1999; Moreno-Valdéz
et al. 2000; Rojas-Martinez 2001; Téllez 2001; Moreno-Valdez
et al. 2004; Ammerman et al. 2009; Medellin et al. 2009).
While females spend summers in the northern part of the
range, in the Chihuahuan Desert, in Mexico, where they give
birth and establish maternity roosts (Easterla 1972; Arita
and Humphrey 1988; Moreno-Valdez et al. 2004; Ammer-
man et al. 2009), males supposedly move along an altitu-
dinal gradient throughout the year in the center of Mexico
(Rojas-Martinez et al. 1999). Eventually, females and young
seem to move towards southwestern United States, to the
Big Bend National Park, in Texas (Easterla 1972; Schmidly
1991; Ammerman et al. 2009; Adams and Ammerman 2015)
and to the Romney Cave, in the Big Hatchet Mountains,
in New Mexico (Hoyt et al. 1994). By the late summer and
early autumn, females and sub-adults migrate to the south-
ern part of their distribution, in Central Mexico, where they
meet with the males (Arita and Humphrey 1988; Hoyt et al.
1994). It is in this stage of the cycle when mating occurs
(Téllez 2001; Toledo 2009). By the end of winter and early
spring, only the pregnant females return to the north of
México (Moreno-Valdez et al. 2004).

Mating behavior of L. nivalis has been reported only in
one roost called “La Cueva del Diablo” (Téllez 2001; Toledo
2009; hereafter CDMR for Cueva del Diablo Mating Roost).
The CDMR is located in a highly threatened region in the
state of Morelos, in Central México. This cave maintains a
big population of the species throughout the winter season
every year, providing a promising start for the reproduction
cycle of the colony.

The region in which CDMR is located is under severe
anthropogenic pressure from accelerated urban devel-
opment. Additionally, the cave is accessible and regular
human activity represents a significant detriment on the
bat population. Although CDMR consists of one of the
most important roosts for the species and have historically
maintained a relatively big population, in the last decade,
population size has been consistently low with some oscil-
lations. For instance, in 1996 population size was estimated
around 5,000 individuals; in 2008 between 8,000 and
10,000 individuals (Medellin 2003; Lopez-Segurajaurequi et
al. 2006); in December 2012, approximately 4,000 individu-
als were present (personal observation, December 2012),
and from 2011 to 2016 this colony size has remained this
size and stable (USFWS 2018).

Leptonycteris nivalis is considered ‘Endangered’ by both
the IUCN (Medellin 2016) and the United States Endan-
gered Species Act (USFWS 1994) and as ‘Threatened’ by
the México (SEMARNAT 2010). Among the underlying fac-
tors for the risk categorization are: the lack of information
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regarding the species” population status in its entire dis-
tributional range; the general small size of colonies (Arita
and Humphrey 1988); the low number of known roosts
(USFWS 1994; Téllez 2001); the high dependence on food
availability across seasons and range (Easterla and Whitaker
1972; Humphrey and Bonnacorso 1979; Moreno-Valdéz et
al. 2000); and the high risk observed in the CDMR (Medellin
2003; Lopez-Segurajduregui et al. 2006; Galicia 2013).

In order to identify the main threats for the conserva-
tion of L. nivalis, to detect the most urgent information
to obtain, and the main recovery actions to take, in 1994,
a Recovery Plan for the species was developed as part of
the Endangered Species Act process (USFWS 1994). Later,
in 2015, specialists met to review and update the species
status assessment (USFWS 2018). In both evaluations, the
location and protection of new roosts was recognized as an
urgent need.

In this study, we aimed to identify additional potential
mating roosts of L. nivalis by using Ecological Niche Model-
ing (ENM) and Euclidian Multidimensional Distances Analysis
(EMDA) to assess habitat suitability, by finding ecologically
similar areas to the site where the CDMR is located. For doing
this, we incorporated environmental variables that could be
influencing their presence and, we conducted field surveys
to the predicted areas to confirm the presence of the spe-
cies. The use of these techniques represents the first effort to
locate specific bats ‘roosts, and particularly for L. nivalis.

Materials and methods

Study site. With the aim at focus our study to the region
where the species has been recorded during winter, our
study was held including the entire central region of México
and considering the distribution of the main ecosystems
used by the species. In terms of biogeographical criteria,
this region encompasses the Trans-Mexican Volcanic Belt
province and part of the Balsas Basin province. We used the
entire area, composed by both physiographic provinces, for
the calculation of the environmental Euclidian distances
between the CDMR location and the rest of the study area
and for the development of Ecological Niche Models. The
Trans-Mexican Volcanic Belt is a physiographic province
spanning more than 880 km east to west and is character-
ized by the presence of mountains with peaks above 5,000
meters (Morrone 2001), from which one is the type local-
ity of the species (Saussure 1860). The climate is largely
temperate with most of the rainfall occurring in summer
C(w) (Koppen classification and modified by Garcia 1998).
The vegetation type includes tropical dry forest, pine-oak
forest, shrublands, and in a lesser extent, cloud forest and
alpine vegetation (Rzedowski 1978; Instituto Nacional de
Estadistica y Geografia; INEGI 2016). The Balsas Basin prov-
ince is bound on the north by the Trans-Mexican Volcanic
Belt and to the south by the Sierra Madre del Sur province.
It is composed mainly of pine-oak forests and tropical dry
forests. The predominant climate is tropical with dry win-
ters (Aw; Rzedowski 1978).




The CDMR is located in the Santo Domingo locality,
approximately 4 km north of the town of Tepoztlan, in the
state of Morelos, at 1960 masl. (Hoffman et al. 1986; Lépez-

Torres Knoop et al.

calculated Euclidian distances in an environmental space
between two geographical points. By using ArcGis (ESRI
2011), we set CDMR as a reference point in an environmen-

Sequrajaureqgui et al. 2006). It is in the buffer zone of the
“Corredor Bioldgico del Chichinautzin’, a federally pro-
tected area under the category of Protection of Flora and
Fauna, decreed by the National Commission of Protected
Areas (Comision Nacional de Areas Naturales Protegidas;
CONANP 2016) and is part of the Trans-Mexican Volcanic
Belt province (Figure 1).

Euclidian multidimensional distances analysis (EMDA).
Euclidian Multidimensional Distance Analysis are devel-
oped by using Geographic Information Systems (GIS) to
identify cells or pixels with the least ecological Euclidian
distance within a map of an established area according
to some ecological variables. For this analysis, we defined
ecological Euclidian distance through ecological and envi-
ronmental variables that we assume are characterizing the
site where the CDMR is, and we aim at finding the most eco-
logically similar areas. For doing that we followed Rice et al.
(2003) and Ferreira de Siqueira et al. (2009) methods, which

tal space to calculate the multidimensional Euclidean dis-
tance between all pixels of the area and the CDMR. For this
analysis, we used 19 environmental variables from World-
clim (Hijmans 2005) and three topographical variables:
elevation, topographic index, and aspect (U. S. Geological
Survey 2001). All variables were z-standardized and com-
bined in ArcGis. Finally, we classified the resulting ecologi-
cal distances in five unitless categories (0 to 2,500, 2,500 to
5,000, 5,000 to 10,000, and 10,000 to 20,000). Lower values
represent greater ecological similarity to CDMR.

Ecological niche modeling (ENM). Ecological Niche Modeling
identifies non-random associations between environmental
conditions and known species presence (Nix 1986; Guisan and
Zimmerman 2000; Soberdn and Peterson 2004; Peterson et al.
2011) to identify potential distribution of the species across a
delimited area. To generate the models, biological data from
species records and data on environmental variables that char-
acterize the ecological niche are required as inputs.

Figure 1. Study site. Top: Location of the Balsas Basin and the Transvolcanic Belt provinces. Bottom: Location of the cave “La Cueva del Diablo".
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Biological data. We modeled the potential distribution
of the Mexican Long-nosed bat during the autumn and win-
ter seasons in the center of México. We gathered informa-
tion on the presence records of this species from published
literature and scientific collections to obtain different and
independent locations for the ENM (Supplementary mate-
rial 1). When possible, we visited the museum collections
to assess the taxonomic identification of every specimen.
We examined both skulls and specimens.

We used only museum records of the species corre-
sponding in space and time with the mating season of
the species (i. e. locations in central México and from late
autumn to early spring). To avoid bias in our analyses we
only use one record per locality. We generated three stacks
of biological data of different length: 1) from August to
March, hereafter “8 - M” for the eight months comprised,
2) from September to February, hereafter “6 - M" for the
six months comprised, and 3) from November to February,
hereafter “4 - M” for the period of four months.

Environmental data. For the ENM we used three monthly
environmental surfaces: highest temperature, lowest tem-
perature, and monthly total precipitation (Cuervo-Robayo
et al. 2013), and the three aforementioned topographical
variables. We used the Cuervo-Robayo and collaborators
surfaces because they consist in the most up to date high-
resolution climate surfaces for México, and they cover a
wider and recent period. We consider these variables as
appropriate for this analysis not only because of the higher
quality of the data, compared to the other three avail-
able climate surfaces for the country (Sdenz-Romero et al.
2009; Téllez-Valdés et al. 2011; Hijmans et al. 2005), but also
because they represent the base for other derived climate
variables that consider annual patterns, and for this study
we aimed at model only the winter ecological niche of L.
nivalis. We generated three environmental data stacks cor-
responding temporally with the biological data stacks (i. e.
“8-M",“6 - M"and "4 - M").

Ecological niche models- We generated ecological niche
models for the three-time stacks with Maxent 3.3.3k (Phil-
lips et al. 2006; Phillips and Dudik 2008), GARP (Stockwell
and Noble 1992), and Bioclim (Nix 1986). For GARP and Bio-
clim we used the OpenModeller platform using the GARP
with best subsets mode (Anderson et al. 2003; Mufoz et al.
2009). We built models corresponding to each period using
the three algorithms. As a result, we obtained a total of nine
models. We created a binary map for each model by defin-
ing a threshold value based on the prediction characteris-
tics of the algorithms (Table 1). For Bioclim a threshold was
established considering omission error of 0, for Maxent less
than 10 %, and for GARP less than 20 %. For each period,
the three binary maps corresponding to each algorithm
were overlapped, and those areas that were predicted by
the three algorithms were -again- converted to a binary
map, generating a period consensus map. For doing this,
we established an identifier value for each period model (4,
60, 800 for the 4 - M, 6 — M, 8 — M, respectively). Finally, we
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Table 1. Criteria used for each model to establish threshold values.

Period Algorithm Threshold criteria

Logistic threshold value: 0 - 0.199 (absence)

Maxent and > 0.199 (presence)

August - March GARP Consensus of eight models

Bioclim Area containing 100 % of the records

Logistic threshold value= 0 - 0.249 (absence)

Maxent > 0.249 (presence)

September —February GARP Consensus of seven models

Bioclim Area containing 100 % of the records

Logistic threshold value= 0 - 0.404 (absence)

Maxent > 0.404 (presence)

November - February GARP Consensus of nine models

Bioclim Area containing 100 % of the records

constructed a final agreement map by overlapping the pre-
dicted area of the three resulting period consensus maps
using the merge function of the ArcGis (Figure 2).

Most of the museum records that were used for our
analyses came from very few unique locations (34); there-
fore, all models used all data as training data. Additionally,
to evaluate the predictive capacity of each model, we gen-
erated models using 75 % of records as training data and
25 % as testing data. Furthermore, using the omission error
values of the testing data we assessed all model predic-
tions using the area under the ROC curve and a Chi-Square
Goodness of Fit test (Supplementary material 2).

Euclidian Multidimensional Distances Analysis and Eco-
logical Niche Modeling. The ENM final map was overlapped
with the map obtained from the EMDA. Finally, we used a
land cover and vegetation map (Series IV) generated by the
National Institute of Geography and Statistics (INEGI 2016)
to selected areas with low natural vegetation impact.

Fieldwork. During the winters of 2012 and 2013 we
conducted visits to several caves (both in private and pro-
tected lands) within the high-suitability areas identified in
our analyses. During the day, we entered the caves to look
for evidence of the presence of L. nivalis (the species’ char-
acteristic smell and traces of guano of a nectarivorous bat).
During nights, we set mist nets at cave entrances to capture
and identify the species present, following the Medellin
et al. (2008) identification key. For all individuals that we
captured, we registered the species and took standardized
measurements of body mass and forearm length. For all L.
nivalis individuals we estimated age, determined the sex,
and performed a first assessment of the reproductive state
of the individuals. For females, we observed characteristics
associated to gestation or lactation, such as the presence of
enlarged nipples and milk-filled mammary glands, and the
detection of palpable embryos (in small mammals’embryos
tend to be palpable after one week; Kunz et al. 1996). This
allowed us to distinguish between apparently inactive,
lactating, and pregnant females. For males, we assessed
whether the testes were scrotal or abdominal (Kunz and
Parsons 1988).
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Figure 2. ENM method used in the study. Biological and environmental data (a) were divided into three periods of time (b). Maps were generated with three different algorithms (c),
for each period (d). A consensus map of the three algorithms for each period was generated (e). We obtained a final agreement map of all time periods for all algorithms (f).

Additionally, to identify females in their earliest stages
of gestation, as well as sexually receptive females, we per-
formed cytological tests following Goldman et al. (2007).
We collected vaginal smears to identify the structure of the
vaginal epithelial cells. This involved the introduction of 2
pl of physiological solution into the vaginal orifice using
a micropipette (vol.= 0.5-10 ul) and collecting the wash
fluid that carried epithelial cells. We only conducted one
trial per female, even if that trial failed. Afterwards, we
observed the epithelial cells using an optic microscope
(40x and 100x). Furthermore, as an exclusive event, to cor-
roborate the reproductive status of a pregnant female in its
earliest stage, in addition to the cytological assessment, we
collected one pregnant female of L. nivalis. We euthanized
this individual by administering an intraperitoneal injection
of a lethal dose of Sodium Pentobarbital with a very small-
gauge needle two hours after it was collected. We followed
protocol described in the Euthanasia Reference Manual
(The Human Society of United States 2013). Captures and
animal management were conducted following the Ameri-
can Society of Mammologists (ASM) guidelines (Sikes et al.
2016) and using the License of scientific collector (Research
permit SGPA/DGVS/06361/16) provided by the Secretary
of the Environment and Natural Resources (Secretaria de
Medio Ambiente y Recursos Naturales in Spanish; SEMAR-
NAT). All procedures were made ensuring all bats’ welfare
and the least suffering.

Results

Euclidian Multidimensional Distances Analysis and Ecologi-
cal Niche Modeling. From 347 individuals that we exam-
ined, belonging to five scientific collections: Escuela Nacio-
nal de Ciencias Bioldgicas (ENCB), Colecciéon Nacional de

Mamiferos (CNMA), Universidad Auténoma Metropolitana
(UAMI), Coleccién de Mamiferos del Museo de Zoologia de
la Facultad de Ciencias (MZFC-M), and the Coleccién Osteo-
zoologica del Laboratorio de Arqueozoologia M. en C Ticul
Alvarez Solérzano del Instituto Nacional de Antropologia
e Historia (INAH), 73 % were correctly identified as L. niva-
lis; the rest corresponded to L. yerbabuenae. Furthermore,
considering four more scientific collections: Colegio de la
Frontera Sur (ECOSUR Chiapas), Centro Interdisciplinario de
Investigacién para el Desarrollo Integral Regional, Unidad
Oaxaca and Unidad Durango (CIIDIR), and the Universidad
Autonoma de Aguascalientes (UAA), we obtained 51 differ-
ent localities in central México for the 8 - M period, 26 for
the 6 - M period and 16 for the 4 - M period.

The EMDA showed that the region with the most simi-
lar environmental characteristics to CDMR is transversally
distributed throughout the north of Morelos, across the
“Tepozteco” formation, in the south of the State of México,
in the northwest region of Puebla, and, scarcely, in the
north of Guerrero (Figure 3).

Regarding the ENM, due to a higher number of locali-
ties used for the 8 - M period, the predicted area by this
approach was considerably larger than the other models (6
- M and 4 - M). This area consisted in a broad band located
mainly in the Trans-Mexican Volcanic Belt encompassing of
Jalisco, Michoacan, Guanajuato, Querétaro, San Luis Potosi;
as well as a more defined area located between México City
and a small part of the State of México, in the Balsas Basin
province. Finally, this model also predicted a considerable
region located between the Balsas Basin and the Southern
Sierra Madre provinces, throughout most of Morelos, south
of Puebla, and northeastern and northwestern of Guerrero
and Oaxaca, respectively (Supplementary material 2).
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Figure 3. EMDA to “La Cueva del Diablo’, Tepoztldn, Morelos, Mexico. Yellow: region with the lowest ecological distance, hence, the most ecologically similar region to CDMR (dis-
tance of 2,500). Light green: the next most environmentally similar region (2,500 - 5,000). Dark green: third distance class (5,000 - 10,000). Dark gray: regions with an ecological distance

between (10,000 - 15,000). Light gray: the most ecologically different region to CDMR (> 15,000).

Furthermore, the ecological niche modeling agreement
maps from the three periods that were analyzed identi-
fied a few common areas of potential distribution, which
-although not entirely- corresponded to the regions pre-
dicted by the more restricted model (corresponding to the
4-M period). These areas encompass a relatively narrow strip
that cross from the southeast of the state of Jalisco, through
the north of Michoacan, south of the State of México, north
of Morelos, western and south of Puebla, down to the north
of Oaxaca, and a small area in the northeast of Guerrero.
Additionally, a reduced area located in the north of Guana-
juato and Querétaro, and the south of San Luis Potosi was
predicted by the three models too (Figure 4).

In addition to differences and similarities found in the
areas predicted by the three time periods, variations in
performance values, according to the algorithm were also
observed. For instance, Bioclim showed 0 omission error,
and the highest X?values, but it also predicted the wider
potential areas. In that sense, a trade-off between omis-
sion error and percentage of area predicted by the algo-
rithms was observed. In general terms, GARP predicted
a more constrained area (allowing a more precise field
search), but it also showed de highest omission error. This
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was expected because we established a higher threshold
for this algorithm because GARP tends to overpredict. Spe-
cifically, for the 4 - M model, Maxent showed the best per-
formance, showing the lowest omission error (12.5 %), and
the more constrained area (17.6 %). All the results of the
chi-square tests that were performed were significant (P <
0.005; Supplementary material 3).

Finally, the map resulting from the overlapping of the
EMDA analysis and the final agreement map of the ENM
show that a narrow, but well defined, strip crossing trans-
versely the south oh the State of México, north of Morelos
and southwestern Puebla, holds the most suitable habitat
for the location of additional mating roosts for L. nivalis (Fig-
ure 5A). Nevertheless, this particular region is under severe
anthropogenic pressure, therefore, a great proportion of the
predicted region is highly disturbed. In that sense, accord-
ing to the land cover information, the most conserved area
of potential suitable habitat consists of a narrower corridor
located in the boundary between the south of the state of
México, and the northeast of Morelos (Figure 5B).

Field results. In fourteen nights of sampling effort, we
visited a total of seventeen caves in eight unique sites in
central México (Supplementary material 4). We found L.
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Figure 4. Agreement map of potential distribution of L. nivalis generated by three periods of training data (8 - M, 6 - M and 4 - M). Dark blue: Region predicted by the model 8 - M.
Light blue: Region predicted by the model 6 - M. Aqua green: Region predicted by the model 4 -M. Red triangle: Location of “La Cueva del Diablo".

nivalis individuals in only one cave: “La Cueva de los Coy-
otes," located in the Municipality of Tonatico, south of the
State of México, near the boundary with Guerrero.

In four visits conducted to “La Cueva de los Coyotes”,
we captured a total of 18 individuals of the Mexican Long-
nosed bat. Due to our “one trial” procedure for cytologi-
cal tests we obtained epithelial cells from only one female
in January 2014. We found nucleated cells as the pre-
dominant cell type and a small number of leukocytes in
the smear (Supplementary material 5). This result indi-
cates that the female was probably in a transition process
between diestrous and a proestrous stages. In addition,
on January 28™ of 2013, we collected a female for the cor-
roboration of the reproductive status, and she was carry-
inga 15 mm embryo.

Discussion

Our results show that the most suitable area for the loca-
tion of additional mating roosts of L. nivalis is located in a
narrow strip running from southwestern State of México

to northern Morelos and southwestern Puebla, in Central
México. Within this area, we identified a cave called “La
Cueva de los Coyotes”, in which for two consecutive years
we found 18 individuals of L. nivalis and at least one preg-
nant female. Usually, colonies of L. nivalis are composed by
thousands of individuals (Lopez et al. 2006; Sdnchez and
Medellin 2007; Toledo 2009), therefore, finding this small
number of individuals makes and interpretation of the type
and use of this roost difficult. However, the presence of
the species for two years may indicate that the area, and
specifically, the roost, is being used somehow. It is possible
that roosts located among ecological similar areas to CDMR
are being used sparsely for parturition and births, and not
specifically for the mating. It is also plausible to think that
additional mating roosts are distributed along ecologically
similar areas, but they are not used by colonies as large as
that of the CDMR. Previous studies have suggested that
northern colonies of L. nivalis are more numerous than the
southern ones (Easterla 1972; Easterla and Whitaker 1972).
Additionally, the spreading into smaller colonies following
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a decreasing latitudinal gradient pattern has already been
documented in the Brazilian Free-Tailed bat (Tadarida brasil-
iensis) maternity colonies (Lépez-Gonzalez and Best 2006).

Furthermore, the finding of individuals of L. nivalis may
indicate that their presence is not a fortuitous event, and
questions may arise regarding the reproductive dynamics
of the species. For instance, is the presence of a pregnant
and a sexually receptive female enough evidence to con-
sider “La Cueva de los Coyotes” a mating roost? or, is “La
Cueva de los Coyotes” a transitional roost to reach other,
-more suitable- caves? Is the occupation of this type of
roost a consistent and normal process, or does it constitute
a consequence of the perturbation of “La Cueva del Diablo",
and therefore, a reflection of the observed decline in size
population in this cave? Despite all possible scenarios, all
previous information collected for L. nivalis indicates that
CDMR represents the most important roost in the south-
ern part of the species distribution range due to the large
population it holds yearly during winter, and the consistent
mating behavior that has only been documented there
(Lopez-Segurajauregi et al. 2006).

Our ENM showed that, besides the region described
above, an additional area was identified as a potentially
suitable area for the location of roosts of the species. It is
possible that this outcome is the result of a more complex
association of L. nivalis with the environmental variables
used for the models than the one that was assumed for this
study. For instance, records of L. nivalis that were used for
the construction of the ENM could be reflecting a relative
ecological plasticity in the species since the models iden-
tified potential regions that are not ecologically similar to
the CDMR (at least not through the environmental vari-
ables used in this study). This region includes the Mixteca
region, located in northern Oaxaca and southern Puebla.
The capacity of the species to use a variety of habitats, such
as tropical dry forest, pine-oak forest, and shrublands (Arita
1991), could be the result of a relative broad tolerance spec-
trum of L. nivalis to different environmental factors. Addi-
tionally, a foraging compensatory capacity has been docu-
mented for this species (Ayala-Berdon et al. 2013; Galicia
2013). By incorporating this information into further analy-
ses, it could be possible to obtain more accurate estimates
of potential areas of distribution of L. nivalis as well as the
identification of potential mating and maternity roosts.

Limitations of the methods followed in this study include
that ecological niche models are very sensitive to the qual-
ity and quantity of records. Therefore, the lack of informa-
tion of the species, along with its complex biology and its
ability to take long flights could limit model performance
(it has already been documented that the smaller sister
species L. yerbabuenae can make flights of more than 100
km per night; Medellin et al. 2018). Furthermore, since L.
nivalis is a species that shows a strong cave roosting affinity,
it could be also informative to know microclimate require-
ments of their roosts, in addition to habitat requirements
through a landscape perspective. Therefore, future studies
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Figure 5. Overlap of EMDA and ENM maps. a. Potential distribution area. b. Con-
served patches of the potential distribution area. Dark green: ecologically more similar
region to “La Cueva del Diablo” and area predicted in the three periods for ENM analyses.
Light green represents regions that were predicted by three of the four analyses we car-
ried out. Dark gray: represents regions that were predicted only by two of the result-
ing maps. Light gray: areas predicted by only one analysis. Red triangle: Location of “La
Cueva del Diablo”. Red triangle: Location of “La Cueva del Diablo”.

could consider not only macroscale habitat characteristics,
but also some of the geological and topographical features
that may influence roost selection.

Moreover, our study identified regions that met envi-
ronmental conditions associated with mating roosts during
winter season. These predictions could be complemented
with a landscape characterization of the area of distribution
of L. nivalis through the identification of potential foraging
patches and assessing their use by the species. In addi-
tion, foraging areas can be associated with known roosts,
and consequently, information regarding daily movements,
energy and environmental requirements can be estimated,
providing powerful tools for the conservation of the species.

Although additional refinements of our analyses are
required, and the identification of relevant climatic vari-



ables defining ecological niche of L. nivalis were not within
our goals, we consider that precipitation and tempera-
ture acted as appropriate variables to evaluate the habitat
suitability for the species because we located a delimited
geographical area that corresponded to the distribution of
the main ecosystems used by the species (i. e. tropical dry
forest, pine-oak forest, and the transition zones between
them; Arita 1991). Moreover, nectar-feeding bats depend
on the availability of blooming flowers and nectar produc-
tion; thus, they depend on the phenological patterns of the
plant species that conform their diet. In that sense, precipi-
tation and temperature patterns are intimately related to
food availability, as they consist in the main environmen-
tal triggers for regulating phenological processes (Lyndon
1992; Marqués et al. 2004; Diaz and Granadillo 2005; Ste-
venson et al. 2008). Hence, these variables should be influ-
encing the foraging ecology of L. nivalis too. Despite there
is much to be learned regarding flight ecology, flight daily
distances, and foraging ecology for this species, feeding
resource distribution and availability appears to influence
their distribution and migratory movements (Fleming et
al. 1993). Furthermore, physiological characteristics of the
species could also be influencing the distributional patterns
observed for the species by giving the species the faculty
of inhabiting colder environments relative to other close
related species (Ayala-Berdon et al. 2013). For instance,
Espinosa (2008), found that minimum temperature is the
variable that remains constant across all localities of L. niva-
lis throughout the entire year. In contrast, precipitation var-
ies considerably between winter and summer localities.

The conservation of the endangered migratory species
L. nivalis depends on the protection of multiple key ele-
ments throughout its entire range of distribution (USFWS
1994). Within these elements, the temporal mating roosts
used by the colonies each year are essential to the long-
term conservation of the species. The “Cueva del Diablo”
mating roost (CDMR), located in central México, is the only
mating roost known for this species and is under threat
from disruptive activities in and around the cave; there-
fore, it is of capital importance to locate additional mating
roosts, and to increase our understanding of the popula-
tion dynamics of this species.

This study represents the first effort to find such a spe-
cific target as mating roosts for a bat species. The main
potential regions predicted by our analyses covered the
“Chichinautzin” corridor (located in the north of Morelos),
southwestern Puebla and southeastern State of México.
We recommend further exploration of this area to identify
more mating roosts of Leptonycteris nivalis. Additionally,
future monitoring of “La Cueva de los Coyotes” is important
to elucidate its role in the reproductive dynamic and the
conservation of this species.
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Human activity has caused the decrease of about 20 % of the planet's vertebrate diversity and 25 % in their abundance. Many large and
medium-sized herbivore mammals have gone extinct locally, unleashing a cascade of ecosystem changes. The spotted paca (Cuniculus paca)
is impacted by hunting and anthropogenic habitat fragmentation and loss. To protect spotted pacas, it is essential to estimate anthropogenic
effects on their geographic distribution. Through the use of primary biodiversity data, bioclimatic data, land-cover data, and a human foot-
print index, we modeled the distribution of C. paca. From 105 candidate models, only one model met our selection criteria. The variables
with the highest contribution were the human footprint and annual precipitation. According to the model's performance curves, the spotted
paca has low to medium tolerance of anthropogenic pressure. Cuniculus paca tolerates low to medium anthropogenic disturbance, which we
hypothesize is related to reduced predator pressure in habitats modified by humans. Accounting for the costs and benefits of anthropogenic
disturbance is essential to paca conservation.

La actividad humana ha disminuido alrededor del 20 % de la diversidad bioldgica del planeta, asi como del 25 % de la abundancia de los
vertebrados. Esto ha llevado a mamiferos herbivoros grandes y medianos a extinguirse localmente, desatando una cascada de cambios en
los ecosistemas. El tepezcuintle (Cuniculus paca) sufre una importante presidon antropogénica debido a la caceria y pérdida de habitat, por lo
que es importante estimar sus efectos sobre su distribucién para su conservacion y manejo. Modelamos la distribucion del tepezcuintle me-
diante el uso de datos primarios de biodiversidad de acceso libre, variables bioclimaticas, cobertura arbérea y un indice de huella humana que
refleja la presién antropogénica sobre los ecosistemas. De 105 modelos candidatos, Unicamente uno cumplié con los criterios de seleccion.
Las variables con la mayor contribucién fueron la huella humana y la precipitacién anual. A partir de las curvas de respuesta del modelo, se
observé en la especie una tolerancia a la antropizacién de baja a media. Estos resultados podrian deberse a que en ambientes antropizados los
depredadores del tepezcuintle han disminuido sus tamafios poblacionales. Entender los costos y beneficios de la perturbacién antropogénica
es esencial para la conservacion del tepezcuintle.

Keywords: Ecological niche models; species distribution models; spotted paca; human impact.
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Introduction

No other species impacts biodiversity, community compo-
sition, and function like human beings (Tillman 1999). In
the last century, human impact on Earth has increased so
considerably that anthropogenic land cover change is the
leading cause of biodiversity loss and the current epoch
is now recognized as the Anthropocene (Ehlers and Krafft
2006). Indeed, vegetation biomass has decreased by 53
to 58 % in recent years (Erb et al. 2018) and 20 % of the
planet's biodiversity has been lost (Hill et al. 2018; Diaz et
al. 2019). These disturbances have greatly affected tropical
ecosystems; although quantification of deforestation rates

is difficult, some studies suggest that around 100 million
hectares have been lost in recent years (Shimamoto et
al. 2018). Approximately 332 terrestrial vertebrates have
gone extinct since the 1500s, while around 25 % of verte-
brate populations exhibit significant abundance declines,
especially tropical birds and mammals (Dirzo et al. 2014).
Overall, habitat loss is directly associated with the local
extinction of large-and-medium-sized herbivorous mam-
mals, unleashing a cascade of changes in ecosystems
(Dirzo et al. 2014). The latter has a tremendous impact on
forests because these species help maintain plant diversity
via seed dispersal (Martinez-Ramos et al. 2016; Camargo-
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SPOTTED PACA DISTRIBUTION

Sanabria et al. 2015). Moreover, herbivorous mammals also
have significant anthropogenic pressure due to hunting for
their meat, like the spotted paca Cuniculus paca. The spot-
ted pacais an endemic species from America and one of the
largest rodents in the world (Emmons 2016). It is distrib-
uted from southern Mexico to northern Argentina, from sea
level to up to 2800 m elevation (Padilla-Gémez et al. 2019).
This caviomorph frugivore is an important seed disperser,
as well as prey for large carnivores (e. g., jaguar and puma;
Figueroa-de Ledn et al. 2016). Although the spotted paca
is classified as Least-concern on the Red List of the Inter-
national Union for Conservation of Nature (JUCN 2022), the
modification and fragmentation of its habitat most likely
threatens its populations; hence, it is crucial to assess its
habitat status (Jax et al. 2015; Montes 2005). Correlative
species distribution models are a helpful tool that allows
estimating the relationship between environmental condi-
tions and the presence of a species in the localities where
it has been recorded, under the assumption that those
environmental combinations where the species occurs are
part of its fundamental niche, that is, where the intrinsic
growth rate is positive (Franklin 2010; Soberén 2010; Fal-
coni et al. 2021). These models have gained relevance for
the conservation and monitoring of wildlife, given that they
allow the identification of suitable habitats in current and
climate change scenarios. Examples using species distribu-
tion models include the repopulation and reintroduction of
declining or extinct species in the wild (D’Elia et al. 2015),
as well as the identification of areas susceptible to invasion
by exotic species, among many other applications (Jarvie
and Svenning 2018; Espindola et al. 2019; Nufez-Penichet
etal. 2021).

Although there have been previous attempts to esti-
mate paca’s distribution, they did not evaluate the effect of
anthropization throughout the species range (e. g., Cartaya
et al. 2016; Contreras-Diaz et al. 2022). Our main objective
in this study was to estimate the effect of the human foot-
print on the distribution of the spotted paca. We used the
spatial human footprint index proposed by Venter et al.
(2016), which combines different sources of human pres-
sure including human population density, the presence of
buildings, crops, induced grasslands, night lights, highways,
roads, and navigable waters. By using this as a predictor
in distribution models, we determined its effect on distri-
bution and evaluated the paca’s tolerance of anthropized
environments. We expected Cuniculus paca to occur in low
anthropized areas across its distribution.

Materials and methods

To estimate the effect of the human footprint on the distri-
bution of Cuniculus paca, we evaluated its importance and
percentage of contribution to species distribution models.
The modeling framework consisted of three stages where
we first collected occurrence data and modeling layers from
open data repositories. Then we built candidate distribu-
tion models using different parameterizations of the Max-
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Ent algorithm (Phillips et al. 2006), selecting those models
that passed statistical significance, good performance tests
and low complexity. Finally, using the best model, we esti-
mated tolerance ranges to human footprint via MaxEnt's
response curves and evaluated variable contribution and
importance according to MaxEnt's Jackknife test.

Data collection and preparation. We obtained species
occurrence data across the known distribution of the spot-
ted paca from the Global Biodiversity Information Facil-
ity (GBIF, https://www.gbif.org/) and SpeciesLink (https://
splink.cria.org.br/). We curated these data following a stan-
dard protocol summarized in Cobos et al. (2018). We elimi-
nated fossil observations, wrongly georeferenced localities,
duplicated records, and doubtful occurrences. We checked
the altitude of all the records, and when they were doubt-
ful, we contacted the data providers to verify their validity.
We also removed localities with more than 100 m of uncer-
tainty in their coordinates and to ensure better correspon-
dence with the environmental layers used data from before
1990 were eliminated from our dataset. To avoid spatial
autocorrelation, we thinned occurrences at 1 km using the
‘ntbox’ R package (Osorio et al. 2020). Finally, we randomly
split curated occurrences using 70 % for training and 30%
for testing the distribution models.

As modeling layers, we used the bioclimatic variables
from WorldClim 2 (Fick and Hijmans 2017), the percent-
age of forest cover (Tuanmu and Jetz 2014), and the 2009
Global terrestrial Human Footprint map (hereafter Human
Footprint; Venter et al. 2016), at a spatial resolution of ~ 1
km2, The election of bioclimatic and forest layers is based
on the spotted paca's biology since this species lives in
humid and forested environments (Pérez 1992; Beck-King
et al. 1999; Gutierrez et al. 2017). The Human Footprint
measures direct and indirect human pressures on the envi-
ronment in 2009; this index ranges from 0 to 50, where 0
means natural environment and 50 high-density built envi-
ronments. To select the layers to be used in the modeling
process, we first removed WorldClim 2 variables 8,9, 18, and
19 because they present abrupt discontinuities in some
areas without geographic breaks (Anderson and Raza 2010;
Escobar et al. 2014; Alkishe et al. 2022). Using information
from the remaining layers, we estimated Spearman corre-
lations between the environmental values associated with
occurrence records and kept only those with correlations
< 0.6 to reduce multicollinearity. We clipped the selected
layers according to the hypothesis of the accessible area for
the species — also known as M — (Soberén and Peterson
2005) to avoid negative impacts of inappropriate back-
ground choices (Alkishe et al. 2022). To do this, we added
a buffer of 500 km around the native range polygon of the
spotted paca (Emmons 2016), which provided a hypothesis
of M based on expert knowledge, with an added area likely
explored via dispersal.

Calibration and selection of species distribution models.
We used MaxEnt 3.4.1 (Phillips et al. 2006) as a model-
ing algorithm using the '’kuenm’ R package (Cobos et al.




2019). This package allows fitting and evaluating Max-
Ent models using different feature classes and regulation
multipliers in an automated fashion. Assessment is done
using the partial ROC test for statistical significance,
omission rates for model performance, and the Akaike
Information criteria for model complexity (Burnham
and Anderson 2002; Warren and Seifert 2011). We fitted
and evaluated 105 candidate models to select the best
parameter settings from our modeling layers. The regu-
larization multipliers assessed were: 0.1, 0.25, 0.5, 0.75,
1,1.5,2,25,3,3.5,4,45,5,55,6. We used all possible
combinations of linear (I), quadratic (q), and product (p)
feature classes.

For assessing the overall effect of human footprint
on the distribution of the spotted paca, we evaluated its
importance and contribution to the model, we performed
the Jackknife test in MaxEnt for those models that were sta-
tistically significant and presented omission rates < 5% of
testing data. Tolerances to human footprint were assessed
by examining suitability changes in response curves of
MaxEnt models.

Results

We obtained 6,420 occurrences from GBIF and 273 from
Species Link. From these data, 5,450 and 32 were collected
from 1990 onwards, respectively. After the data curation
process, due to the elimination of wrong information and
both spatial and temporal duplicates, our final data set
included 417 records: 406 and 11 occurrences of GBIF and
SpeciesLink, respectively.

Occurrences used in modeling are distributed along an
elevation range from 2 to 2,711 m (Figure 1, panel B). How-
ever, more than 75 % of the records occur below 1,000 m.
Data came from 17 countries along the species distribution
(Figure 1, panel C), where Colombia and México had the
most georeferenced records (> 80 % of the occurrences in
our database; 274 and 64 records, respectively).

Out of 17 predictor variables, seven were the least cor-
related variables: human footprint, tree cover, annual mean
temperature (Bio 1), mean diurnal range (Bio 2), isothermal-
ity (Bio 3), annual precipitation (Bio 12), and precipitation
seasonality (Bio 15).

With the MaxEnt analyses, we obtained 105 candidate
models, but only one model reached the selection criteria:
statistically significant, low omission rate, and complexity.
The model showed an AUC value of 0.882 + 0.007, a regu-
larization multiplier of 0.25, and linear, quadratic, and prod-
uct features. The most contributing variables were human
footprint (26.4 %), annual precipitation (21.4 %), and iso-
thermality (19.1 %), while the least contributing variable
was annual mean temperature (3.3 %; Table 1).

Regarding the geography, the model showed the most
suitable areas in different zones throughout México, Gua-
temala, Belize, Costa Rica, Colombia, Venezuela, Ecuador,
Perd, and some regions in Brazil and Bolivia (Figure 2).
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Figure 1. Description of the occurrences used in the modeling selection process:
A. Occurrences per sampling year before the temporal and spatial thinning. B. Elevation
(masl, meters above sea level) of the occurrences used in the model selection process. C.
Occurrences per country used in the model selection process. Country: AR, Argentina;
BR, Brazil; BZ, Belize; CO, Colombia; CR, Costa Rica; EC, Ecuador; GF, French Guiana; GT,
Guatemala; GY, Guyana; HN, Honduras; MX, México; PA, Panama; PE, Per(; SR, Suriname;
TT, Trinidad and Tobago; UY, Uruguay; VE, Venezuela.

The response curves of the model variables showed
varying relationships in regard to the environmental suit-
ability for the spotted paca (Figure 3). That is, the rela-
tionship between human footprint and environmental
suitability showed a normal type form, where suitabil-
ity decreased at human footprint index values greater

Table 1. Percent contributions for individual environmental variables to the best
distribution model.

Percent Permutation
Variable
contribution  importance

Human footprint map for 2009 (HFP2009) 26.4 309
Annual precipitation (Bio 12) 214 29.1
Isothermality (Bio 3) 19.1 6.5
Tree cover 12.3 10.1
Mean diurnal range (Bio 2) 11.6 12.0
Precipitation seasonality (Bio 15) 5.9 5.5
Annual mean temperature (Bio 1) 33 6.0
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Figure 2. Species distribution model with the best performance. The MaxEnt regularization multiplier and feature type used were 0.25-linear-product-quadratic.

than 20. The same bell curve was found for tree cover and
annual mean diurnal range (Bio 2). Regarding tree cover,
suitability increased with the percentage of trees and
slowly decreased at values of ~70 %. According to Bio 2,
the spotted paca can be found along temperature varia-
tions of £7; higher variations negatively affected suitabil-
ity. The curve for annual precipitation accumulation (Bio
12) showed a positive relationship with suitability, while
as precipitation seasonality (Bio 15, which measures varia-
tions in precipitation) increased, suitability decreased.
Finally, we found a negative relationship between isother-
mality (Bio 3) and suitability for values < 60 and a positive
relation for higher values (Figure 3). Isothermality quanti-
fies the day-to-night temperature oscillations relative to
the summer-to-winter oscillations (measured in percent).
An isothermal value of 100 indicates that the daily tem-
perature range is equivalent to the annual temperature
range (O’Donnell and Ignizio 2012). Maximum suitability
values for Bio 3 were found at 100, which indicates that
this species prefers non-fluctuating temperatures.
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Discussion

To estimate the effect of the human footprint on the dis-
tribution of the spotted paca, we used species distribution
modeling and a rigorous process of model selection based
on statistical significance, predictive power,and model com-
plexity (Cobos et al. 2019). Using these criteria, we found a
single model that best characterized the distribution of the
species. Most occurrence records are below 1,000 m eleva-
tion (see Figure 1, panel B), as reported in previous studies
(Beck-King et al. 1999; Cartaya et al. 2016); however, about
3.3 % of presences occur above 2,000 m, which agrees with
recent studies in México where the species has been up to
2,800 m (Padilla-Gémez et al. 2019). Based on the theory
of species distributions, we hypothesized that some of the
higher altitude occurrence patterns are related to explo-
ration activities and might not be part of its fundamental
niche (Pulliam 2000; Osorio-Olvera et al. 2016). It is known
that when primary productivity decreases, C. paca explores
areas outside of its range in search of food and for predator
avoidance (Martinez-Cecenas et al. 2018). Also, this strat-
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Figure 3. Variable response curves for the best distribution model. HFP2009, human footprint; tree cover; Bio 1, annual mean temperature; Bio 2, mean diurnal range; Bio 3, isother-
mality; Bio 12, annual precipitation; Bio 15, precipitation seasonality.
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egy could be a response to climate change, as it has been
documented with changes in latitudinal and altitudinal
distribution patterns of many species in the world (Rowe et
al. 2015; Feldmeier et al. 2020; Abbas et al. 2021).

The variable that contributed the most to the mod-
els was human footprint, followed by precipitation, tem-
perature isothermality, and tree cover. These findings are
in agreement with the natural history of the spotted paca
given that the last three variables are crucial for its survival
(Contreras-Diaz et al. 2022). El Bizri et al. (2018) found that
precipitation fluctuations match reproductive cycles where
mating and conception occur in the dry season, while preg-
nancies and births happen in the rainy season. Our results
also show that C. paca is found in environments with less
seasonal variation. High annual fluctuations in tempera-
ture and precipitation can affect food availability because
fruit production depends on the rainy season, which also
affects tree cover (Dubost and Henry 2017). For the spot-
ted paca, tree cover and precipitation importance cannot
be underrated, as it is an herbivore that depends on water
bodies for survival and reproduction (Figueroa de Ledn et
al. 2016; Contreras-Diaz et al. 2022).

The contribution of the footprint variable highlighted
the crucial role of anthropogenic pressures on spotted
paca distribution and movement (Tucker et al. 2018). Envi-
ronmental suitability increases when the human footprint
index ranges from 0 to 20. A value of zero corresponds
to natural areas with no human impact and values greater
than 20 to highly impacted areas (Di Marco etal. 2018; Ven-
ter et al. 2016). Although the paca seems to tolerate low
to medium human impacts, an exploration of the compo-
nents of the human footprint index shows that this species
is found in places where the human population density is
on average <15/km?, as well as places with low pressures
due to roads and pasture lands (see Supplementary Mate-
rial). Our results agree with Di Marco et al. (2018), who
observed that the human footprint is a fundamental pre-
dictor of the risk status for different mammal species and
found that richness decreases drastically from a value of
20, which supports our conclusion that pacas tolerate a
certain level of human disturbances if adequate conditions
exist for its reproduction and feeding activities. Although
anthropogenic disturbance has negative effects such as
habitat fragmentation and roadkill risk, some benefits
need to be analyzed (Parsons et al. 2018). For example,
certain studies report that the spotted paca can be favored
by induced vegetation and crops, because it consumes
fruits of cultivated species such as mango, avocado, and
citrus, among others (Gallina 1981; Zucaratto et al. 2010).
Using such modified habitat may be related to seasonal-
ity and the productivity decrease in the species' environ-
ment, forcing it to disperse to areas with higher human
impact (Martinez-Cecefas et al. 2018). In addition, move-
ment to these areas could be related to predator evasion
behavior (Parsons et al. 2018). It has been hypothesized
that the spotted paca is flexible in terms of its habitat pref-
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erences, where areas with a certain degree of disturbance
would present lower predator densities (e. g., felines) and
predation risk (Michalski and Norris 2011). It is important
to highlight that the apparent tolerance of the spotted
paca to medium levels of disturbance could also be linked
to biases in presence data due to more intensive sampling
along roads, highways, areas near towns, and protected
areas. However, this does not seem to be a limiting factor
in the predictive power of the distribution models (McCar-
thy et al. 2011). Even if the spotted paca tolerates medium
ranges of anthropogenic pressure, the highest values of
environmental suitability we found indicated a tree cover
of 260 % (see Figure 3), an adequate coverage to carry out
their exploration and feeding activities (Pérez 1992; Beck-
King et al. 1999; Gutierrez et al. 2017).

To conclude, we must recognize that humans are the
main driver of habitat loss. However, as some species are
more or less adapted to these changes, it is crucial to study
the mechanisms that enable wildlife species to coexist
with us, describe their environmental requirements and
how they respond to changes in their habitat. For exam-
ple, by studying North American mammals, Hantak et al.
(2021) documented that large species tend to be smaller
in anthropized environments. Indeed, more studies assess-
ing species' tolerances to human activities are needed to
understand the factors determining species distributions in
the Anthropocene. Furthermore, the relationship between
species and their environment is not static, it is scale-
dependent, and thus we need studies at local and coarse
spatial resolutions at different temporal scales to better
design and implement conservation strategies.
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The physiographic, climatic, and ecological characteristics of the mountainous regions of Oaxaca are unique and host geographically
isolated populations of Peromyscus mexicanus. Populations of P. mexicanus from the Sierra Madre del Sur in the Gulf side (SMG) and Pacific
side (SMP), Oaxaca, were compared at the craniodental and molecular genetic levels (cytochrome b sequences). The geographic isolation of
both sides of the Sierra Madre del Sur are expected to have led to genetic isolation between populations of P. mexicanus in each area and from
populations of eastern México. Our results show that the Oaxacan SMG and SMP populations are genetically different, as are populations of
eastern México. Populations in the Oaxaca SMG-SMP are more genetically similar to P. gymnotis than to P. mexicanus from eastern México. We
recommend that the Oaxacan SMG population be classified as P. totontepecus and the SMP population as P. angelensis, with the Putla popula-
tion, which is morphologically and morphometrically different, as the subspecies, P. a. putlaensis.

Las caracteristicas fisiograficas, climaticas y ecolégicas de las regiones montafiosas de Oaxaca son Unicas y albergan poblaciones de Pe-
romyscus mexicanus aisladas geograficamente. Se compararon a nivel craneodental y genético molecular (secuencias del citocromo b) pobla-
ciones de P. mexicanus de las Sierras Madre del Sur en la vertiente del Golfo (SMG) y del Pacifico (SMP) de Oaxaca. Por el aislamiento geografico
de ambas vertientes de la Sierra Madre del Sur, se espera aislamiento genético entre las poblaciones de P. mexicanus 'y a su vez con las poblacio-
nes del este de México. Los resultados muestran que las poblaciones de SMG y SMP son genéticamente diferentes, al igual que las poblaciones
del este de México. Las poblaciones de SMG-SMP de Oaxaca estan mas proximas genéticamente a P. gymnotis que a P. mexicanus del este de
México. Se considera que la poblacién de la SMG debe ser conocida como P. totontepecus. La poblacién de la SMP como P. angelensis, y la

poblacién de Putla, morfoldgica y morfométricamente diferente, como la subespecie, P. a. putlaensis.

Keywords: Endemics; nomenclature; taxonomomic change; tropical.
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Introduction

In the mexicanus complex of the genus Peromyscus, 12 spe-
cies with tropical affinities are recognized, four distributed
in México: P. carolpattonae, P. gymnotis, P. mexicanus, and
P. zarhynchus (Pérez-Consuegra and Vazquez-Dominguez
2017; Alvarez-Castaneda et al. 2019), and eight restricted
to Central America: P. bakeri, P. gardneri, P. grandis, P. gua-
temalensis, P. nicaraguae, P. nudipes, P. salvadorensis, and
P. tropicalis (Ordofez-Garza et al. 2010; Pérez-Consuegra
and Vazquez-Dominguez 2015, 2017; Bradley et al. 2016;
Lorenzo et al. 2016; Alvarez-Castafieda et al. 2019). The
Peromyscus mexicanus complex has been under constant
taxonomic review by various authors, with several new
species described (Pérez-Consuegra and Vazquez-Domin-
guez 2015; Lorenzo et al. 2016; Alvarez-Castafieda et al.
2019). The first review of this complex was conducted by
Huckaby (1980), where several subspecies described for
Central America are now considered valid species (Pérez-
Consuegra and Vazquez-Dominguez 2015).

The Peromyscus mexicanus complex comprises seven
subspecies (Carleton 1989; Trujano-Alvarez and Alvarez-
Castafeda 2010): P. m. angelensis, distributed in the Sierra
Madre del Sur from Guerrero to Oaxaca; P. m. azulensis,

restricted to mountains of eastern Oaxaca; P. m. mexica-
nus, in the tropical rainforests of Veracruz and the Gulf of
Oaxaca coastal plain; P. m. putlaensis, in a region between
the western portion of the Sierra Madre del Sur and the
southwestern part of the mountains and valleys of western
Oaxaca; P. m. saxatilis, from the Isthmus of Tehuantepec to
Costa Rica; P. m. teapensis, in the humid forests of Veracruz,
Tabasco, and Chiapas; and P. m. totontepecus, restricted to
the mountains of the Sierra Madre del Sur in the Gulf side
(SMG) of Oaxaca (Huckaby 1980; Hall 1981; Trujano-Alvarez
and Alvarez-Castafieda 2010; Figure 1). The populations of
P. m. nicaraguae, P. m. salvadoresis, and P. m. tropicalis dis-
tributed from Guatemala to Panama are currently recog-
nized as distinct species (Ordofiez-Garza et al. 2010; Pérez-
Consuegra and Vazquez-Dominguez 2015, 2017; Bradley et
al. 2016; Lorenzo et al. 2016; Alvarez-Castafieda et al. 2019).

The mountainous regions of Oaxaca represent an ideal
model for studying evolutionary processes that determine
genetic diversity due to their climatic, physiographic, and geo-
logical characteristics (Sullivan et al. 1997; Garcia-Mendoza et dl.
1994). These characteristics of mountainous regions and their
physical separation foster isolation and possible endemism of
populations of P. mexicanus (Bedford and Hoekstra 2015).
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The genetic characterization of other groups of Peromys-
cus species has revealed high genetic divergence among
populations inhabiting different mountainous areas (Alva-
rez-Castafeda et al. 2019; Bradley et al. 2019; Greenbaum et
al. 2019; Léon-Tapia et al. 2020). The main mountain ranges
of Oaxaca are not currently interconnected, are associated
with different climates, and differ in vegetation composi-
tion (Ortiz-Pérez et al. 2004; McCormack et al. 2009). Pero-
myscus mexicanus has been studied in different mountain-
ous regions of Central America and southern México, where
a positive correlation has been found between mountain
ranges and the presence of different species; hence, the
same condition is likely to exist in Oaxaca (Smith et al. 1986;
Huckaby 1973, 1980; Rogers and Engstrom 1992; Ordofiez-
Garza et al. 2010; Pérez-Consuegra and Vézquez-Domin-
guez 2015, 2017; Lorenzo et al. 2016; Alvarez-Castafieda et
al. 2019).

The geographic isolation of mountain regions is likely
to restrain gene flow between populations of P. mexicanus.
Therefore, molecular and morphological-cranial differ-
ences are expected to occur between the populations of
P. m. totontepecus in the Sierra Madre del Sur, Pacific side
(SMP), in Oaxaca and P. m. angelensis and P. m. putlaensis
in the Sierra Madre del Sur, Gulf side (SMG), in Oaxaca. To
establish the relationship of P. mexicanus populations living
in both sides of the Sierra Madre del Sur of Oaxaca, these
populations were compared with other populations dis-
tributed in México and Central America through genetic
and morphological analyses.

Materials and methods

The Sierra Madre del Sur are present in the Gulf and Pacific
sides of Oaxaca (Morrone 2017). The Gulf side covers an
area of 17,519 km? with mountains reaching elevations of
2,500 masl. Vegetation is dominated by mountain cloud
forests, tropical forests, and xeric shrubland (Ortiz-Pérez
et al. 2004). The types of climate are humid, with mean
annual temperature between 22 °C and 24 °C and mean
annual precipitation of 4,000 mm, and semi-warm humid,
with mean annual temperature of 18 °C to 22 °C and mean
annual precipitation of 3,800 mm (Trejo 2004).

The Pacific side in Oaxaca covers an area of 12,350 km?,
with elevations above 2,000 masl. Vegetation is dominated
by mountain cloud forests, medium sub-evergreen for-
ests, and shrubland, together with low deciduous forests
in restricted areas (Garcia-Mendoza and Torres 1999). The
climate is humid and semi-warm humid, with temperatures
of 22 °Cto 26 °C and, in the highest zones, of 18 °C to 22 °C;
the mean annual precipitation ranges between 3,000 mm
and 3,500 mm (Trejo 2004).

We used material previously deposited in the Mammal
Collection of the Centro de Investigaciones Bioldgicas del
Noroeste (CIB). The specimens were identified based on
cranial traits following the taxonomic keys of Alvarez-Casta-
feda et al. (2015, 2017).
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Figure 1. Map of the localities of specimens used for the genetic and morphological
analyses. Numbers in the map mark the following localities: 1) Misantla, 2) Tutotepec, 3)
Zongolica, 4) Los Tuxtlas, 5) Valle Nacional, 6) San José de las Flores, 7) San Francisco Hua-
melula, and 8) San Felipe Lachill6. Letters indicate the type localities of A) P. m. mexicanus
(El Mirador, red), B) P. m. tontotepecus (Tonototepec, light blue), C) P. m. putlaensis (Putla,
dark green), D) P. m. angelensis (Puerto Angel, light green), E) P. m. teapensis (Teapa, dark
gray), and F) P.m. azulensis (Cerro Azul, black).

Samples of specimens. For the genetic and morphomet-
ric studies, we used specimens from Oaxaca of the follow-
ing subspecies of P. mexicanus (n for the molecular analy-
sis / n for the morphometric analysis). From the SMP: P. m.
angelensis (n =7/9) from two localities: 0.5 km W, San Felipe
Lachillo (n = 2/2) and 0.5 km N, San Francisco Huamelula
(n=5/7) and P. m. putlaensis (n = 1/3) 0.62 km NE, San José
de las Flores. From the SMG: P. m. totontepecus (n = 14/19)
10km S, 5 km W Valle Nacional. In addition, we used speci-
mens from Los Tuxtlas, Veracruz, which should be assigned
to P.m. mexicanus (Hall 1981; Carleton 1989; Trujano-Alva-
rez and Alvarez-Castafieda 2010); however, to include a
clear difference from P. mexicanus distributed to the north,
this population will hereafter be referred to as“P. m. Tuxtlas”.

DNA sequence data. We sequenced the cytochrome b
gene (Cytb; n = 27) for specimens representing P. m. ange-
lensis, P. m. putlaensis, P. m. totontepecus, and P. m. Tuxtlas.
Genomic DNA was extracted from muscle tissue preserved
in 95 % ethanol (stored at -20 °C) using the DNeasy Kit (Qia-
gen Inc,, Valencia, California) protocols. For the proximal
5'-3" ~800 bp of Cytb, we used the primer pairs MVZ05/
MVZ16 (CGA AGC TTG ATA TGA AAA ACC ATC GTT G/AAA
TAG GAA RTATCAYTCTGG TTT RAT; Smith 1998).



The following conditions were used for the initial dou-
ble-strand amplification: 12.5 pl of (10 ng) template; 4.4 pl
ddH,0; 2.5 ul of each primer pair (10 nM); 0.474 pl (0.4 nM)
dNTPs; 0.5 pl (3 mM) MgCl,; 0.125 ul Tag polymerase (Plati-
num Taq DNA Polymerase High Fidelity, Invitrogen, Carls-
bad, California); and 1x Taq buffer, to make a final volume
of 25 ul. Amplification consisted of a 3-minute initial dena-
turation at 94 °C followed by 37 denaturation cycles at 94 °C
for 45 s each; 45 s annealing at 50 °C; and extension at 72 °C
for 60 s. PCR amplicons were cleaned using the QIAquick
PCR Purification Kit (Qiagen), and templates were cycle-
sequenced in both directions using the Big Dye terminator
chemistry (Applied Biosystems Inc., Foster City, California).
All products were sequenced by Macrogene Geumcheon-
gu, Seoul, Korea, and deposited in GenBank.

The resulting nucleotide sequences were edited in
SEQUENCHER 4.1.4 (GeneCodes Corporation), followed
by the alignment of sequences and matrix manipula-
tions. Sequences were manually verified and translated
into amino acids to check for spurious stop codons and for
alignment confirmation.

Genetic diversity. The DnaSP ver 6.12.03 software was
used to estimate the haplotypic and nucleotide diversity
of the populations of each side of the Sierra Madre del Sur
separately and with the populations combined (Librado
and Rozas 2009). Levels of differentiation were assessed
with p-distances calculated in Mega X (Kumar et al. 2018)
using the Kimura 2-parameter model (Kimura 1980). Nucle-
otide diversity (Pi), haplotype diversity (Hd), F_value (Fu)
and Tajima'’s (D) were obtained in Arlequin 3.5 (Excoffier and
Lischer 2010).

Phylogenetic analyses. The most appropriate substi-
tution model for the data set was determined using the
Akaike information criterion (AIC) as implemented in MrAIC
(Nylander et al. 2008). Bayesian analyses were conducted in
MrBayes ver. 3.0b4 (Ronquist and Huelsenbeck 2003), using
four separate runs with Markov-chain Monte Carlo simula-
tions starting from a random tree. Each run was allowed
to go for 20 million generations, sampling at intervals of
1,000 generations. The first 25 % of samples was discarded
as burn-in; the remaining sampled trees were analyzed to
obtain the posterior probability of the resulting nodes. Par-
titioned model was assessed using each of the three codon
positions separately while applying equal weights and
nodal support using non-parametric bootstrapping. ML
analyses (Felsenstein 1981) were run in PAUP ver. 4.0b10
(Swofford 2002) using a heuristic search with 1,000 repli-
cates and swapping with the Tree Bisection Reconnection
(TBR) algorithm.

In addition to the 27 sequences obtained, we down-
loaded from GenBank 29 sequences corresponding to spec-
imens of the mexicanus group used in previous phyloge-
netic studies (Supplementary material 1; Bradley et al. 2007;
Ordonez-Garza et al. 2010; Pérez-Consuegra and Vazquez-
Dominguez 2015, 2017). Eight species were included as an
external group: P. boylii, P. furvus, P. maniculatus, P. mayensis,
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P. megalops, P. melanocarpus, P. melanophrys, and P. sirtoni
(Supplementary material 1; Smith and Patton 1999; Amman
et al. 2006; Bradley et al. 2007; Rogers et al. 2007). Phyloge-
netic trees were observed with the FIGTREE 1.4.4 program
(Rambaut 2012).

Morphological analysis. Four somatic measurements
of each of the specimens were taken from skin labels:
total length (Tol), tail length (TaL), foot length (LHF), and
ear length (LE). In addition, we recorded 19 craniodental
measurements with a digital vernier to the nearest 0.01
mm: greatest length of skull (GLS), skull height (SKH), con-
dylobasal length (CBL), bullar length (BUL), shield-bullae
depth (SBD), diastema length (DIL), rostral height (ROH),
rostral breadth (BRR), palatal bridge length (PBL), post-
palatal length (POL), basioccipital length (OCL), maxillary
toothrow length (MTL), maxillary toothrow breadth (MTB),
post-dental breadth (PDB), zygomatic breadth (ZYB), brain-
case breadth (BAB), nasal length (NAL), interorbital breadth
(I0B), and nasal breadth (NAB). Cranial measurements were
defined according to Diersing (1981), Williams and Ramirez-
Pulido (1984), and Robinson and Dippenaar (1987).

Five age classes were assigned based on tooth growth
and wear (Monroy-Gamboa et al. 2005). The specimens
assigned to age classes 1 and 2 were considered juvenile
and excluded from the analyses. Classes 3 and 4 were clas-
sified as adults, while class 5 were considered old. The
analysis of sex variation was based on 38 adult specimens
(19 females and 19 males) and used an analysis of variance
(ANOVA) in STATISTICA ver. 7.0 (Statsoft Inc. 2007). A Krus-
kal-Wallis test (multiple comparisons with Dunn’s method)
was used to test for differences among groups.

The four somatic and 19 cranial measures were analyzed
through an ANOVA with the Scheffe post hoc test to differ-
entiate the populations associated with each subspecies. A
Principal Component Analysis (PCA) was performed with
the Mahalanobis distance to distinguish populations using
STATISTICA ver. 7.0 (Statsoft Inc. 2007) and Paleontological
Statistics PAST (ver. 3.26; Hammer et al. 2001). The PCA were
performed after the data for the original variables were
log-transformed, because in the first analysis all the facto-
rial loads have the same sign in order to reduce the effect
of scale differences among them. Somatic measurements
were not included in the morphological analyses due to the
high coefficient of variation (> 10). Morphological com-
parisons from each of the geographical areas were made
in coloration patterns, shape, and measurements. The LSID
for this publication is: urn:lsid:zoobank.org:pub:A8949600-
7E9C-4497-92A3-998A32110B25.

Results

The genetic diversity analysis of the 56 sequences of the
mexicanus group showed a total of 36 non-redundant hap-
lotypes, a nucleotide diversity Pi=0.07, and haplotype diver-
sity Hd = 0.96 (Supplementary material 1). The analysis of
the 22 sequences of P. m. angelensis, P. m. putlaensis, and
P. m. totontepecus yielded nine non-redundant haplotypes
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with 45 variable sites, Pi = 0.03, Hd = 0.85, F_ Fu = 6.6, and
Tajima’s D = 1.94. Specifically, within the populations of SMP,
P. m. angelensis-P. m. putlaensis (n = 7) showed three non-
redundant haplotypes, Pi=0.00182, Hd = 0.607, F_fu=0.671,
and Tajima’s D = -0.73. In SMG, P. m. totontepecus (n = 16)
showed six non-redundant haplotypes, eight variable sites,
Pi=0.00286, Hd = 0.747, F_Fu=-0,941,and Tajima’s D =-0.74.

Phylogenetic analyses. The molecular substitution model
that best fitted the sequences was GTR+I+G (General Time
reversible using a gamma distribution and assuming that a
given fraction of the sites are invariable; Tavaré 1986). The
nitrogenous base frequencies were: A = 31.85, C = 26.66,
G = 13.25, and T = 28.25; in addition to invariable sites =
0.5427, gamma distribution = 1.0458, AIC = 18,936.53, -Lnl
=9,342.92,

The maximum likelihood (tree not shown) and Bayes-
ian inference (Figure 2) tests showed similar topologies and
clades within the P. mexicanus complex, in addition to those
described by Pérez-Consuegra and Vazquez-Dominguez
(2017). The results show two clades. The first corresponds
to the specimens of P. m. totontepecus from Valle Nacional,
and P. m. Tuxtlas. The second, to the three localities of P
m. angelensis and P. m. putlaensis: San José de las Flores,
Lachillé, and Huamelula. The P. m. totontepecus-P. m. Tuxtlas
and P. m. angelensis-P. m. putlaensis clades are more closely
related to P. gymnotis than to the known species of P. mexi-
canus (from central to northern Veracruz).

The P. m. angelensis-P. m. putlaensis specimens were
5.31 % (p-distance) genetically divergent compared with P
m. totontepecus, 7.15 % relative to P. gymnotis, and 7.54 %

Figure 2. Bayesian inference obtained from the p-distance analysis of Cytb sequences of Peromyscus mexicanus angelensis, P. m. putlaensis, and P. m. totontepecus. Species of the
mexicanus complex are included; other related Peromyscus species were used as an external group. Bootstrap / posterior probability support values are shown on the nodes in each branch

of the tree.
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with respect to P. mexicanus. The P. m. totontepecus speci-
mens showed a 5.67 % genetic divergence with P. gymnotis
and 5.98 % with P. mexicanus (Table 1). The P. m. angelensis-
P. m. putlaensis and P. m. totontepecus-P. m. Tuxtlas speci-
mens showed a genetic divergence with the rest of the spe-
cies of the mexicanus group higher (> 5.9 %) than that of P,
gymnotis. Peromyscus m. totontepecus specimens showed
an intra-population genetic divergence of 0.70 % and those
of P. m. angelensis-P. m. putlaensis, of 0.37 %.

Morphological comparisons. Specimens from each side
of the Sierra Madre del Sur share similar cranial (Figure 3)
and external morphologies. The P. m. angelensis-P. m. put-
laensis have a slightly grayish pelage that is lighter-colored
and rough, and the abdomen is paler than in P. m. toton-
tepecus. The specimens of both sides of the Sierra Madre
del Sur have whitish legs, with the proximal part darker and
almost black. The tail is long, with very short hair but a hair-
less appearance, usually dorso-ventrally bicolored or with
white spots in the ventral part. Peromyscus m. totontepecus

Pérez-Montes et al.

Table 1. Percentage of genetic differentiation (p-distance) obtained from Cytb se-
quences within species of the mexicanus group among populations of P. m. totontepecus
- P.m. Tuxtlas (SMG) and P. m. angelensis - P. m. putlaensis (SMP), P. mexicanus and more
related species.

1 2 3 4 5
1 P.m. tontotepecus-P. m. Tuxtlas 0.70
2 P.m. angelensis-P. m. putlaensis 5.31 0.37
3 P.gymnotis 5.67 715 142
4 P. mexicanus 5.98 754 6.80 147
5 P. zarhynchus 8.58 938 893 733 19

specimens have a more marked ring spot around the eye
than specimens of P. m. angelensis-P. m. putlaensis. Speci-
mens of P. m. Tuxtlas have a darker and softer pelage.

Geographic variation. The means and standard deviation
of the somatic and craniodental measurements obtained by
ANOVA show that P. m. totontepecus is larger (total length;
Tol) compared with P. m. angelensis, P. m. putlaensis, and P.
m. Tuxtlas (P < 0,001; Table 2).

Figure 3. Dorsal, ventral, and lateral views of Peromyscus m. totontepecus skulls (A = Valle Nacional, 28987; B = Los Tuxtlas, Veracruz, 32653); P. m. angelensis (C = San Francisco Huam-
elula, 29943; D = San Felipe Lachillo, 29950); P. m. putlaensis (E = San José de las Flores, 29962).
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The ANOVA post hoc Scheffe test between P. m. angelen-
sis, P.m. putlaensis, P. m. Tuxtlas and P. m. totontepecus indi-
cate non-significant differences in any variables (somatic and
craniodental) between the following pairs of taxa: P. m. ange-
lensis-P. m. putlaensis; P. m. angelensis-P. m. Tuxtlas; P. m. put-
laensis-P. m. Tuxtlas. Significant differences were observed
between these pairs of taxa: P. m. putlaensis-P. m. totonte-
pecus, in one somatic variable (LHF); P. m. totontepecus-P. m.
Tuxtlas, in two somatic variables (ToL and LE) and two cranio-
dental variables (CBL, PBL); P. m. angelensis-P. m. totontepecus,
in two somatic variables (ToL and LHF) and five craniodental
variables (GLS, CBL, SBD, POL, NAB; Appendix 1).

Principal Component Analysis. The PCA of the 19 cranio-
dental variables showed that the first principal component
accounts for 50 % of the data variability; the second, for
9 %; and the third, for 7 %, summing to 66 % of the varia-
tion. The scores of the PCA for P. m. angelensis, P. m. put-
laensis, P. m. Tuxtlas, and P. m. totontepecus indicate that
there is no geographic pattern for the differences in“size” in
PC1; however, these clades could be distinguished by their
respective scores on each of the “shape” axes in PC2, PC3,
and PC4, although these axes explain relatively little of the
total variation (Appendix 2; Figure 4).

The Mahalanobis distance test determined the absence
of outliers in the PCA. The plot of the results of the PCA
shows that P. m. totontepecus tends to have the largest basi-

occipital region, whereas the smallest was found in P. m.
mexicanus. We found only a few differences in the interor-
bital region between P. m. angelensis-P. m. putlaensis and P.
m. totontepecus, in which it is larger in size, compared with
P.m. Tuxtlas, in which it tends to be smaller.

Discussion

The molecular systematics of the Peromyscus mexicanus
group has been extensively revised for southern México
and Central America. However, an in-depth review has not
been conducted for populations north of the Isthmus of
Tehuantepec. Data obtained from the mountain systems of
southern México and Central America (Alvarez-Castafeda
et al. 2019; Bradley et al. 2007, 2016; Lorenzo et al. 2016;
Ordoiez-Garza et al. 2010; Pérez-Consuegra and Vazquez-
Dominguez 2015, 2017) suggest that the conditions in the
state of Oaxaca have favored the development of P. mexica-
nus into a complex of species.

The results of the phylogenetic analyses of P. m. angel-
ensis-P. m. putlaensis and P. m. totontepecus-P. m. Tuxtlas are
clearly separate from the nominal taxon, P. mexicanus dis-
tributed from central Veracruz to the north.

The specimens from Los Tuxtlas, Veracruz, were
assigned to Peromyscus m. mexicanus, which has its type
locality in Veracruz (10 km E Mirador Veracruz; Dalquest
1950), approximately 400 km to the northwest and associ-

Table 2. Arithmetic means + standard deviation of four external measurements and 19 cranial measurements of each group of P. mexicanus from the Sierras of Oaxaca and Veracruz:
P.m. angelensis: 0.5 km W San Felipe Lachill6, Oaxaca (n = 2) y 0.5 km N San Francisco Huamelula, Oaxaca (n = 7); P. m. Tuxtla: Estacion de Biologia Tropical los Tuxtlas, Veracruz (n = 7); P
m. putlaensis 0.62 km NE San José de las Flores, Oaxaca (n = 3); P. m. totontepecus: 10 km S, 5 km W Valle Nacional, Oaxaca (n = 19). F-values and significance levels (in bold) were obtained

through an ANOVA.
Measuerments P. m. angelensis P. m. Tuxtlas P. m. putlensis P. m. tontotepecus F P-value
Total length (ToL) 225.13+4.13 22413 +5.84 225.33+9.53 248.36 +3.52 F 5,45 = 8:2009 0.001
Tail length (TaL) 124.69 + 4.28 110.25 £ 6.06 118.67 £9.89 129.23 £3.65 F 3,46 = 04364 0.727
Leg length (LHF) 2344 +£0.26 25.63+0.37 23.67 £0.60 25.68 £0.22 F3 4= 25723 0.065
Ear Length (LE) 19.44 £ 0.44 18.13+£0.62 21.00+1.01 20.73£0.37 F3 16 =0.1620 0.921
Greatest length of skull (GLS) 31.03+0.53 31.81+0.75 31.66+1.23 33.45+045 F 3,46 = 6:5494 0.008
Skull height (SKH) 8.58+0.16 8.53+0.21 830+0.36 8.96+0.13 Fs,an = 21206 0.110
Condylobasal length (CBL) 29.93+0.39 30.01 £0.55 29.72+£0.89 31.98+£0.33 Fis,45 = 7:0671 0.005
Bullar length (BUL) 4.39+0.05 4.27 £0.07 440+0.12 441 +£0.05 F3 45 = 0.8697 0.463
Shield-bullae depth (SBD) 1.52+0.03 1.41 £0.04 1.32+0.07 1.33+£0.02 F3 15 = 8:3869 0.001
Diastema length (DIL) 8.58+0.13 8.49+0.19 8.30+0.31 9.06 +0.11 F 3,45 = 43690 0.008
Rostral height (ROH) 5.66+0.11 5.75+0.16 5.89+0.26 6.09£0.10 Fis, a5 = 3:0245 0.039
Rostral breadth (BRR) 5.13+0.09 5.33+0.12 5.06 +0.20 5.51+0.07 Fis, 45 = 42968 0.009
Palatal bridge length (PBL) 4.96 +0.08 476 £0.11 487 £0.18 5.27 £0.07 F3 45 = 64797 0.009
Postpalatal length (POL) 4.29+0.05 4.46 +£0.07 4.15+£0.12 441 +0.04 F3 16 = 28618 0.046
Basioccipital length (OCL) 23.62+0.30 23.58+0.43 23.29+0.70 25.10+0.26 F 5,45 = 64665 0.009
Maxillaty toothrow length (MTL) 4.43+1.66 4.61+234 4.20+3.83 6.78 £1.41 Fs 45=0.5025 0.682
Maxillary toothrow breadth (MTB) 6.24 +0.06 6.21£0.08 6.13+0.13 6.49 +0.05 F 3,45 = 58606 0.001
Postdental breadth (PDB) 4.29+£0.05 443 £0.07 4.15+0.11 4.39 +0.04 F3 15 = 24416 0.076
Zygomatic breadth (ZYB) 14.95+0.17 15.58 +0.24 14.78 £ 0.40 16.36 £ 0.15 F 3,45 = 14.905 0.001
Braincase breadth (BAB) 13.58 +0.08 1348 £0.12 13.28£0.19 13.67 +£0.07 F 5,45 = 1.6007 0.202
Nasal length (NAL) 11.74+0.19 12.79 £0.27 12.00 + 0.45 12.98 £0.16 F 3,45 = 8:6659 0.001
Interorbital breadth (I0B) 4.93 £0.06 4.71 £0.08 4.75+0.14 4.93 +0.05 F3 45 = 2.2628 0.094
Nasal breadth (NAB) 3.36 £ 0.07 3.60 = 0.09 3.39+0.15 3.67 £0.06 F(&4 =4.6992 0.006

=
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ated with regions covered by tropical forests. The genetic
analyses show that the sequences of the Los Tuxtlas speci-
mens are markedly different from those in GenBank for
geographic areas close to the type locality of P. mexicanus:
Misantla, Veracruz (KP284422-23), Tutotepeq [Tutotepec],
Hidalgo (KP284424), Puebla (KJ526415), and Zongolica,
Veracruz (EF028174). For this reason, the Los Tuxtlas speci-
mens are not considered representatives of P. m. mexicanus
but of P. m. totontepecus instead.

The clades of P. m. angelensis-P. m. putlaensis and P. m.
totontepecus-P. m. Tuxtlas are also phylogenetically differ-
entiated from the other species in the mexicanus group,
which clustered more closely with P. gymnotis. The P. m.
angelensis-P. m. putlaensis clade had a percentage of dis-
similarity of 7.54 % relative to P. mexicanus, and the P. m.
totontepecus-P. m. Tuxtlas clade, of 5.98 %. These results
show that both sides of the Sierra Madre del Sur of Oax-
aca harbor genetically separated lineages of P. mexicanus.
Genetic distances are consistent with other species in the
mexicanus group (Table 1).

The biogeographical explanation of the genetic discon-
tinuity among the three clades of P. mexicanus analyzed is
that P. m. Tuxtlas is likely distributed in the SMG from the
central part of Veracruz northward. In contrast, P. m. ange-
lensis-P. m. putlaensis are distributed in various highland
areas of the Pacific side in Oaxaca, between 616 and 1,569
masl, and P. m. tontotepecus, in the SMG and the coastal
plains of southeastern Veracruz. In the mid-late Pleistocene,
when the forests of Oaxaca originated (Watson 2003), there
was a continuous habitat between both sides of the Sierra
Madre del Sur, which likely favored the dispersal of Pero-
myscus (Pérez-Consuegra and Vazquez-Dominguez 2015,
2017). The continuity of forests was limited in the late Pleis-
tocene by the appearance of the Central Valleys of Oaxaca,
a region with lower altitudes and xeric characteristics cov-
ered with a different vegetation type (Garcia-Mendoza et al.
2004), recorded as an environment where no species of the
P. mexicanus complex are found. Consequently, the Central
Valleys functioned as a physiographic barrier between the
populations of both sides of the Sierra Madre del Sur, with
unique biotic and abiotic conditions that fostered the dis-
continuity and genetic differentiation of these populations.
This is reflected in the genetic discontinuity between the
populations of the Sierra Madre del Sur on both slopes of
Oaxaca. This is why the P. m. totontepecus-P. m. Tuxtlas clade
is restricted only to the highlands of the SMG in Oaxaca and
the coastal plain of southeastern Veracruz. However, this
clade is present in part of western Oaxaca and the Tehuan-
tepec area (Herndandez-Canchola et al. 2022). In contrast,
P. m. angelensis-P. m. putlaensis is distributed in the Pacific
slope in Oaxaca.

The mexicanus group may have undergone speciation
at about the same time as P. aztecus (Sullivan et al. 1997) and
P. melanophrys (Castafieda-Rico et al. 2014). The local adap-
tation to different habitats under particular biotic and abi-
otic conditions (vegetation type, elevation, ecological char-

Pérez-Montes et al.

Figure 4. Plot of influences from the Principal Component Analysis (PCA) of the
19 craniodental variables. The analysis included specimens of the Peromyscus mexicanus
complex from different geographic regions. P. m. angelensis (light green), P. m. putlensis
(dark green), P. m. totontepecus (light blue) and P. m. Tuxtlas (dark blue).

acteristics) may have played a key role in the differentiation
of the P. mexicanus lineages. This is reflected not only in
the genetic information, but also in the variations in body
size observed. It has been suggested that cranial variations,
such as the length of the diastema and the palatal bridge
in P. zarhynchus (Lorenzo et al. 2006) and the length of the
mandible and mandibular toothrow of P. mexicanus (Pérez-
Consuegra and Vézquez-Dominguez 2017) are indicators
of differences in feeding habits (Lorenzo et al. 2006; Pérez-
Consuegra and Vazquez-Dominguez 2017). The same may
be happening with the specimens of the P. mexicanus com-
plex inhabiting the Oaxaca highlands.

The genetic distance percentages recorded for the pop-
ulations of P. m. angelensis, P. m. Tuxtlas, P. m. putlaensis, and
P. m. totontepecus are phylogenetically closer to P. gymnotis
than to P. mexicanus, although these clades have been con-
sidered subspecies of P. mexicanus based on morphologi-
cal traits. The morphological variation and genetic diversity
observed, compared with other species in the mexicanus
complex, suggest that the P. m. angelensis and P. m. put-
laensis lineages in the SMP and P. m. totontepecus and P. m.
Tuxtlas of the SMG in Oaxaca and the coastal plain of south-
eastern Veracruz are valid taxonomic entities at the species
level, which differ from P. mexicanus. For this reason, P. ton-
totepecus (Merriam 1898) should be recognized at the spe-
cies level in the SMG, including the specimens inhabiting
the coastal plain of southeastern Veracruz.
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In the Sierra Madre del Sur, following the priority rule
of the Nomenclature Code, it is determined that P. m. put-
laensis (Goodwin 1964) should be considered a subspecies
of P. angelensis (Osgood 1904).

Peromyscus angelensis Osgood 1904

Distribution. The type locality is Puerto Angel, Oaxaca.
Its distribution range includes the Sierra Madre del Sur in
the Pacific side highlands, from Guerrero to Oaxaca.

Comments. Morphological variations within the distri-
bution range of P. angelensis have been recorded. These
variations coincide with the taxa described previously;
therefore, we consider that the specimens previously
assigned to putlaensis should be considered a subspecies
of P. angelensis.

Peromyscus angelensis can be distinguished from P. ton-
totepecus and P. mexicanus by having a dorsal and ventral
paler coloration, ring spot around the eye with less contrast
to the face flank, smaller somatic and cranial sizes, and a
supraorbital bead slightly better developed (Osgood 1904;
Musser 1969; Huckaby 1980).

Peromyscus angelensis putlaensis Goodwin 1964

Distribution. The type locality is San Vicente, Putla Munic-
ipality, Oaxaca. Its known distribution range is restricted to
the high areas adjacent to Putla Villa de Guerrero.

Comments. In P. a. plutlaensis the braincase proportions
are smaller in relation to P. a. angelensis with the interorbital
breadth, braincase breadth and skull height smaller in rela-
tion to the rostral area.

Peromyscus totontepecus Merriam 1898

Distribution. The type locality is Tontotepec, Oaxaca. Its
distribution range includes the highlands of Oaxaca and
eastern Puebla. P. m. mexicanus is restricted to the Gulf of
México coastal plain of Veracruz.

Comments. Peromyscus tontotepecus can be distin-
guished from P. mexicanus by having a dorsal and ventral
darker coloration, ring spot around the eye with greater
contrast to the face flank, and smaller in average in somatic
and cranial measurements.
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Appendix 1

Pérez-Montes et al.

ANOVA post hoc Scheffe test between P. m. angelensis, P. m. putlaensis, P. m. Tuxtlas and P. m. totontepecus. Numbers in bold

mark probability values with significant differences (P < 0.05).

Scheffe test; Total length (Tol). MS = 272.63, df = 45,000, F(3, 45) = 8.2009, P = 0.00018
4

1 2 3
1. P. m. angelensis 0.999265 0.999998 0.001399
2. P.m. Tuxtlas 0.999265 0.999660 0.010390
3. P.m. putlaensis 0.999998  0.999660 0.178011

4. P. m. totontepecus 0.001399 0.010390 0.178011
Scheffe test; Tail length (TaL). MS = 293.45, df = 45,000, F(3, 46) = 0.43645, P =0.72796
1 4

2 3
1. P. m. angelensis 0.298520 0.957294 0.884198
2. P.m. Tuxtlas 0.298520 0.912388 0.080262
3. P.m. putlaensis 0.957294  0.912388 0.800476

4. P. m. totontepecus 0.884198 0.080262 0.800476
Scheffe test; Leg length (LHF). MS = 1.0945, df = 45,000, F(3, 46) = 2.5723, P = 0.06550
1 4

2 3
1. P. m. angelensis 0.000275 0.989021 0.000001
2. P.m. Tuxtlas 0.000275 0.067637 0.999388
3. P.m. putlaensis 0.989021 0.067637 0.029852

4. P. m. totontepecus 0.000001 0.999388 0.029852
Scheffe test; Ear length (LE). MS = 3.0484, df = 45,000, F(3, 46) = 0.16209, P = 0.92132
1 4

2 3
1. P. m. angelensis 0.399521 0.572231 0.183665
2. P.m. Tuxtlas 0.399521 0.131708 0.009016
3. P.m. putlaensis 0.572231 0.131708 0.995670

4. P. m. totontepecus 0.183665 0.009016 0.995670
Scheffe test; Greatest length of skull (GLS). MS = 4.5540, df = 45,000, F(3, 46) = 6.5494, P = 0.00088
2

1 3 4
1. P. m. angelensis 0.870276 0.973705 0.013839
2. P.m. Tuxtlas 0.870276 0.999718 0.339619
3. P.m. putlaensis 0.973705  0.999718 0.609474

4. P. m. totontepecus 0.013839 0.339619 0.609474
Scheffe test; Skull height (SKH). MS = 0.09275, df = 45,000, F(3, 47) = 2.1206, P = 0.11022
4

1 2 3
1. P. m. angelensis 0.360298 0.694643 0.935581
2. P.m. Tuxtlas 0.360298 0.999983 0.592522
3. P.m. putlaensis 0.694643  0.999983 0.852312

4. P. m. totontepecus 0.935581 0.592522 0.852312
Scheffe test; Condylobasal length (CBL). MS = 2.3922, df = 45,000, F(3, 45) = 7.0671, P = 0.00054
1 2 3

4
1. P. m. angelensis 0.999562 0.997178 0.002993
2. P.m. Tuxtlas 0.999562 0.994252 0.034065
3. P.m. putlaensis 0.997178  0.994252 0.148139

4. P. m. totontepecus 0.002993 0.034065 0.148139
Scheffe test; Bullar length (BUL). MS = 0.04468, df = 45,000, F(3, 45) = 0.86974, P = 0.46380
1 4

2 3
1. P. m. angelensis 0.655027 0.999912 0.991626
2. P.m. Tuxtlas 0.655027 0.854812 0.476688
3. P.m. putlaensis 0.999912  0.854812 0.999739

4. P. m. totontepecus 0.991626 0.476688 0.999739
Scheffe test; Shield-bullae depth (SBD). MS = 0.01364, df = 45, F(3, 45) = 8.3869, P = 0.00015
1

2 3 4
1. P. m. angelensis 0.269412 0.083819 0.000259
2. P.m. Tuxtlas 0.269412 0.705678 0.394302
3. P.m. putlaensis 0.083819  0.705678 0.999371

4. P. m. totontepecus 0.000259 0.394302 0.999371
Scheffe test; Diastema length (DIL). MS = 0.28388, df = 45,000, F(3, 45) = 4.3690, P = 0.00878
1 2

3 4
1. P. m. angelensis 0.983444 0.873214 0.071406
2. P.m. Tuxtlas 0.983444 0.965141 0.094982
3. P.m. putlaensis 0.873214  0.965141 0.162949

4. P. m. totontepecus 0.071406 0.094982 0.162949
Scheffe test; Rostral height (ROH). MS = 0.20555, df = 45,000, F(3, 45) = 3.0245, P = 0.03921

1 2 3 4

1. P. m. angelensis 0.980188 0.890212 0.054390

2. P.m. Tuxtlas 0.980188 0.975154 0.350811

3. P.m. putlaensis 0.890212 0.975154 0.913528

4. P. m. totontepecus 0.054390 0.350811 0.913528

Scheffe test; Rostral breadth (BRR). MS = 0.11859, df = 45,000, F(3, 45) = 4.2968, P = 0.00949
1 2 3 4

1. P. m. angelensis 0.637648 0.988851 0.019805

2. P.m. Tuxtlas 0.637648 0.718655 0.667428

3. P.m. putlaensis 0.988851 0.718655 0.228049

4. P. m. totontepecus 0.019805 0.667428 0.228049
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Scheffe test; Palatal bridge length
1

1. P. m. angelensis

2. P. m.Tuxtlas 0.564638
3. P. m. putlaensis 0.978362
4. P. m. totontepecus 0.041395

Scheffe test; Postpalatal length (POL). MS = 0.44998,
1 2

1. P. m. angelensis

2. P. m. Tuxtlas 0.999248
3. P. m. putlaensis 0.937242
4. P. m. totontepecus 0.014157

1. P. m. angelensis

2. P. m.Tuxtlas 0.999905
3. P. m. putlaensis 0.979221
4. P. m. totontepecus 0.006896

Scheffe test; Maxillaty toothrow length
1 2

1. P. m. angelensis

2. P. m.Tuxtlas 0.999929
3. P. m. putlaensis 0.999956
4. P. m. totontepecus 0.759835

1. P. m. angelensis

2. P. m. Tuxtlas 0.996854
3. P. m. putlaensis 0.913134
4. P. m. totontepecus 0.016783

Scheffe test; Postdental breadth
1

1. P. m. angelensis

2. P. m. Tuxtlas 0.418908
3. P. m. putlaensis 0.721256
4. P. m. totontepecus 0.457682

Scheffe test; Zygomatic breadth (ZYB). MS = 0.47597, df = 45,000, F(
1 2 3

1. P. m. angelensis

2. P. m. Tuxtlas 0.234420
3. P. m. putlaensis 0.983462
4. P. m. totontepecus 0.000003

Scheffe test; Braincase breadth (BAB)
1
1. P. m. angelensis

2. P. m.Tuxtlas 0.929012
3. P. m. putlaensis 0.585041
4. P. m. totontepecus 0.855249

Scheffe test; Nasal length (NAL). MS =
1

1. P. m. angelensis

2. P. m. Tuxtlas 0.030782
3. P. m. putlaensis 0.962487
4. P. m. totontepecus 0.000254

1. P. m. angelensis

2. P. m. Tuxtlas 0.219864
3. P. m. putlaensis 0.715751
4. P. m. totontepecus 0.999938

Scheffe test; Nasal breadth
1

1. P. m. angelensis

(PBL). MS = 0.10092, df = 45,000, F(3, 45) = 6.4797, P = 0.00097

2 3 4
0.564638 0.978362 0.041395
0.967061 0.004323
0.967061 0.256875
0.004323 0.256875
df = 45,000, F(3, 46) = 2.8618, P = 0.04694
3 4
0.999248 0.937242 0.014157
0.924564 0.097838
0.924564 0.118085
0.097838 0.118085
Scheffe test; basioccipital length (LCL). MS = 1.4681, df = 45,000, F(3, 45) = 6.4665, P = 0.00098
1 2 3 4
0.999905 0.979221 0.006896
0.988099 0.037844
0.988099 0.133576
0.037844 0.133576
(MTL). MS = 43.900, df = 45,000, F(3, 45) = 0.50259, P = 0.68242
3 4
0.999929 0.999956 0.759835
0.999791 0.888461
0.999791 0.939191
0.888461 0.939191
Scheffe test; Maxillary toothrow breadth (MTB). MS = 0.05356, df = 45,000, F(3, 45) = 5.8606, P = 0.00182
1 2 3 4
0.996854 0913134 0.016783
0.963846 0.048435
0.963846 0.107716
0.048435 0.107716
(PDB). MS = 0.03744, df = 45,000, F(3, 45) = 2.4416, P = 0.07650
2 3 4
0.418908 0.721256 0.457682
0.212796 0.970973
0.212796 0.254528
0.970973 0.254528
3,45) = 14.905, P = 0.00000
4
0.234420 0.983462 0.000003
0.409262 0.069697
0.409262 0.006489
0.069697 0.006489
.MS =0.11106, df = 45,000, F(3, 45) = 1.6007, P = 0.20247
2 3 4
0.929012 0.585041 0.855249
0.858589 0.582648
0.858589 0.319032
0.582648 0.319032
0.59815, df = 45,000, F(3, 45) = 8.6659, P = 0.00012
2 3 4
0.030782 0.962487 0.000254
0.529416 0.949231
0.529416 0.256447
0.949231 0.256447
Scheffe test; Interorbital breadth (I0B). MS = 0.05626, df = 45,000, F(3, 45) = 2.2628, P = 0.09405
1 2 3 4
0.219864 0.715751 0.999938
0.993875 0.169173
0.993875 0.683638
0.169173 0.683638
(NAB). MS = 0.06839, df = 45,000, F(3, 45) = 4.6992, P = 0.00614
2 3 4
0.226058 0.998344 0.010247
2. P.m. Tuxtlas 0.226058 0.704099 0.946611
3. P. m. putlaensis 0.998344 0.704099 0.411315
4. P. m. totontepecus 0.010247 0.946611 0.411315
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Appendix 2

Factorial loads of the Principal Component Analysis on the log-transformed craniodental variables of P. m. angelensis (n =
16), P. m. putlaensis (n = 8), P. m. Tuxtlas (n = 3), and P. m. totontepecus (n = 22). The values with the greatest correlation are
highlighted in bold.

PC1 PC2 PC3 PC4
Greatest length of skull (GLS) 0.76 -0.01 0.04 0.04
Skull height (SKH) 0.28 0.67 -0.23 -0.08
Bullar length (BUL) 0.14 -0.05 0.64 -0.45
Shield-bullae depth (SBD) -0.54 0.20 -0.37 0.19
Diastema length (DIL) 0.90 0.26 0.04 -0.1
Rostral height (ROH) 0.90 0.18 -0.03 -0.03
Rostral breadth (BRR) 0.79 0.26 -0.12 0.25
Palatal bridge length (PBL) 0.65 0.31 0.25 -0.13
Postpalatal length (POL) 0.91 0.17 0.1 -0.02
Basioccipital length (OCL) 0.94 0.23 0.10 -0.05
Maxillary toothrow length (MTL) 0.01 0.09 0.77 0.30
Maxillary toothrow breadth (MTB) 0.69 0.22 0.32 0.17
Postdental breadth (PDB) 0.11 -0.09 0.09 0.86
Zygomatic breadth (ZYB) 0.90 0.18 0.14 0.21
Braincase breadth (BAB) 0.38 0.66 0.32 0.18
Nasal length (NAL) 0.91 -0.09 0.01 0.06
Interorbital breadth (I0B) 0.20 0.83 0.03 -0.11
Nasal breadth (NAB) 0.79 0.10 0.07 0.04
Explained variation 8.28 2.09 1.53 1.29
Prp tot 0.46 0.12 0.08 0.07
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A propaedeutic to the taxonomy of the Eastern cottontail rabbit
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To ascertain the taxonomic identity of cottontail rabbits from Costa Rica, we examined the holotypes of all the taxa of Sylvilagus currently
subsumed within the Sylvilagus floridanus species complex as defined by Philip Hershkovitz. The almost 40 named taxa contained in S. flori-
danus are widespread from northeastern to north-central North America in the north (including southern Canada), through Central America
to northwestern South America. Here, we examine Mesoamerican taxa in the complex, on the basis of holotypes, and test the hypothesis of
conspecificity among them. Our examination of the holotypes, along with uni- and multivariate assessments of mensural variation as well as
character variation in existing and newly acquired specimens from Costa Rica, indicate that S. floridanus (J. A. Allen, 1890) sensu stricto is res-
tricted to North America, with its southern limit at the Isthmus of Tehuantepec. Sylvilagus yucatanicus (Miller, 1899) is limited to the Yucatan
Peninsula. Sylvilagus hondurensis Goldman, 1932 is retained as a species, with S. h. costaricensis Harris, 1933 as a junior synonym. Costa Rica is
revealed to have three described species: S. gabbi (J. A. Allen, 1877), S. hondurensis costaricensis, and S. dicei Harris, 1932. However, there are in-
dications that this taxonomic scheme may in fact underrepresent the existing number of biological species of Sylvilagus present in that country.

Para cerciorarnos de la identidad taxondmica de las especies de conejos silvestres en Costa Rica, examinamos los holotipos de todos los
taxones de Sylvilagus descritos en el grupo Sylvilagus floridanus tal como fuera delimitado por Philip Hershkovitz. El grupo comprende cerca
de 40 taxones nombrados, ampliamente distribuidos a partir del norte entre el noreste y noroeste de Norteamérica (incluyendo el sur del Ca-
nada), a través de Centroamérica, hasta el noroeste de Sudamérica. En la presente obra, examinamos los taxones Centroamericanos, a partir de
holotipos, del complejo S. floridanus para asi poner a prueba la hipétesis que estan todos comprendido en una sola especie. Nuestro examen
de estos holotipos, asi como analisis de caracteres, y andlisis univariado y multivariado de medidas tanto de especimenes en museos como
especimenes resultado a partir de nuevos muestreos en Costa Rica, sugieren que S. floridanus (J. A. Allen, 1890) sensu stricto debe restringirse al
norte del Istmo de Tehuantepec. Restringimos Sylvilagus yucatanicus (Miller, 1899) a la Peninsula de Yucatan. Sylvilagus hondurensis Goldman,
1932 es una especie valida, con S. h. costaricensis Harris, 1933 como subespecie incluida. En Costa Rica, distinguimos tres especies descritas: S.
gabbi (J. A. Allen, 1877), S. hondurensis costaricensis y S. dicei Harris, 1932. Sin embargo, existen indicios que esta hipotesis taxondmica pueda
de hecho infravalorar el actual nimero de especies bioldgicas de Sylvilagus presentes en ese pais.

Keywords: Biogeography; evolution; morphological homogeneity; species limits, taxonomy.
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Introduction to its own discrete species, S. truei [= S. gabbi truei] (Allen,

Because of their conservative morphology, lagomorphs
are notoriously difficult, to dissemble into biologically
realistic evolutionary entities. Bachman (1837:282) nota-
bly stated that, “many of the species so greatly resemble
each other in many particulars that the student in natural
history has sometimes been greatly perplexed in decid-
ing on the exact species referred to by authors” Forty
years later, Allen (1877), in listing examined specimens of
Sylvilagus palustris— currently understood to be circum-
scribed to the southeastern United States (western limit to
Mobile Bay)— listed specimens from Veracruz and Yucatan,
México, as belonging in that species. It was not until the
skull had been removed for examination that Allen instead
admitted that the specimen from Veracruz should belong

1890b:192), noting that “the single record from so remote
a point [i. e., from Florida] as Mirador, México, has of late
seemed open to serious [taxonomic] question” thereby
first remarking on congruence between geographic fea-
tures and taxonomy of Sylvilagus. Taxonomic decisions
at the time were routinely undertaken —with few but
notable exceptions— based on external appearance.
Since that time, increasingly detailed analyses have been
undertaken, and an expanding tool chest of morphologi-
cal characters have successively been employed to more
accurately distinguish among lagomorph taxa (Baird 1857;
Gray 1867; Lyon 1904; Nelson 1909; Thomas 1913; Hum-
melinck 1940; Hershkovitz 1950; Hall 1951; Palacios et al.
1980; Ruedas 1998, 2017; Ruedas et al. 2017).
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TAXONOMY OF Sylvilagus floridanus FROM CENTRAL AMERICA

Philip Hershkovitz's 1950 treatise in particular, nominally
focused on Colombia but in fact covering most, if not all, of
South America, stands apart as the first attempt at a com-
prehensive treatment of the lagomorphs of any continent,
albeit closely followed by E. R. Hall's 1951 synopsis of North
American lagomorphs. The vast scope, both geographic
and taxonomic, of Hershkovitz's work meant that, years
later, the taxonomy he proposed for Central and South
American cottontails remained in force. For example, for
Central American S. brasiliensis, Hall (1951, 1981) showed
no changes relative to the scheme of Hershkovitz (1950).
Cabrera (1961) similarly had few taxonomic changes in
either S. “brasiliensis” or S. “floridanus” (both sensu lato) of
South America, although S. nigronuchalis Hartert, 1894, the
oldest available name for South American taxa considered
to be subsumed within S. floridanus, was inexplicably omit-
ted from Cabrera’s treatment.

However, and notwithstanding its eminent worth,
the passage of time has revealed that some errors made
their way into Hershkovitz’s 1950 treatise. As Musser et al.
(1998:10) pointed out with particular respect to oryzomy-
ine rodents, parts of some of Hershkovitz’s revisions could
represent an “unfortunate example of taxonomic revision
undocumented by specimens or other data and one that
misleadingly simplified a complex reality”. In the case of
the treatment of South American cottontails, for example,
Hershkovitz did not examine all the pertinent holotypes,
and when he did, it is unclear how carefully he scrutinized
key morphological characters that could have led to a more
accurate reflection of the underlying biological reality (Rue-
das 2017). In fact, Hershkovitz's conclusion (1950:327) that
his “review shows [S. brasiliensis and S. floridanus] to be the
only recognizably valid species of leporids indigenous to
South America” could not, in retrospect, have been further
from the mark, given the recognized presence of a much
larger number of species of Sylvilagus: at least 12 in the
“brasiliensis” group alone (Ruedas et al. 2019).

In the present work, we began by questioning the tax-
onomy of individuals in the genus Sylvilagus from Costa Rica.
Costa Rica, at 51,100 km?, covers only 0.034 % of the land
surface of the Earth, but with over 230 species present of ter-
restrial mammals, contains approximately 4 % of the World's
known mammal species: 121 times more than expected by
strict proportionality between area and biodiversity. Insofar
as cottontails (Sylvilagus) are concerned, that is reflected in
the presence of three recognized taxa (Hall 1951, 1981; Mora
2000; Ruedas and Salazar-Bravo 2007; Rodriguez-Herrera et
al. 2014): S. g. gabbi (J. A. Allen, 1877), S. dicei Harris, 1932,
and S. floridanus costaricensis Harris, 1933. In describing S.
f. costaricensis, Harris (1933) undertook comparisons of that
taxon with S. f. aztecus (J. A. Allen, 1890) and S. f. honduren-
sis Goldman, 1932. Goldman in turn, in his description of S.
f. hondurensis, undertook comparisons between that taxon
and S. f. chiapensis (Nelson, 1904).

We accordingly undertook comparisons of taxa in the
Sylvilagus floridanus group present in Costa Rica and the
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region in order to better ascertain their taxonomic identity.
The Costa Rican—and indeed, Central American—taxa of
Sylvilagus remain inadequately described, let alone diag-
nosed. We therefore undertook a detailed analysis of cra-
nial and dental anatomy of Costa Rican taxa of S. floridanus
within the broader context of their current nominal iden-
tification to species, by undertaking comparisons using all
the pertinent holotypes: of S. floridanus (J. A. Allen, 1890):
those of the species and subspecies listed above, and that
of the geographically proximal S. f. yucatanicus (Miller,
1899), thereby enabling us to robustly define the species
of S. floridanus complex in Costa Rica and adjacent areas.
Identification of species is, we believe, critical to generating
phylogenetic trees that bear any semblance to the reality
of life, because accurate trees can only result from the com-
bination of adequate taxon sampling with sufficient data.
Otherwise, one is left with what Coddington and Scharff
(1996:139) so trenchantly remarked: “A fully resolved tree
that makes no sense is still nonsensical.”

Materials and methods

Specimens. Specimens examined are listed in Appendix 1,
with their original taxonomic designation as well as current
taxonomy, localities (georeferenced insofar as possible),
repository, and collection number. For geographic and tax-
onomic reasons, as described above, we chose to focus on
the following taxa: Sylvilagus f. floridanus, S. f. costaricensis,
S.f.hondurensis, S. f. aztecus, S. f. chiapensis, S. f. yucatanicus,
S.gabbi, S. dicei, and S. brasiliensis surdaster (Thomas, 1901).
Sylvilagus b. surdaster was included because, although the
type locality is in Ecuador (Esmeraldas Prov.; Rio Bogot3,
Carondelet; ca. 1° 07" 27" N, 78° 45’ 45" W, ca. 20 m), and
there would be scant probability of conspecificity, it is the
most proximal lowland taxon affine to S. brasiliensis broadly
writ and the name brasiliensis has previously been used for
Costa Rican lowland rainforest rabbits following Hall (1981).

Morphological data: mensural characters. We measured
37 craniodental morphological variables. Terminology
of cranial characters and features generally follows Wible
(2007), and Ruedas (1998); measurements were defined by
White (1987) and Ruedas (1998, 2017), and were extensively
detailed and illustrated in Ruedas et al. (2017). Mensural
characters included: GLS, greatest length of skull; POSTORB,
width of postorbital constriction; BROSTR and DEPROSTR,
breadth and depth (height) of rostrum; BBRAIN, breadth
of braincase; ZYGO1, greatest width across the masseteric
spine; ZYGO2, zygomatic breadth; LZYGO, length of zygo-
matic arch; NASALL, greatest length of nasal bone; NASALW,
greatest width across left and right nasal bones; 12P2, least
alveolar length of 12-P2 diastema; P2M3, greatest alveolar
length of P2-M3 toothrow; HBRAIN, height of braincase;
HBULLA, height of bulla; CONDL, condylopremaxillary
length of cranium; LPALFOR, WPALFOR, length and width
of incisive foramina; PALONG, palatal length; PALBRDGE,
greatest anteroposterior dimension of palatal bridge;
BASIOC, anteroposterior length of basioccipital; WIDBULL,




width of auditory bulla; ANTBULL, anteroposterior length
of auditory bulla, from the most anterior projection of the
ectotympanic to the most posterior point between the
occipital and the paracondylar processes of the exoccipital;
INTBD, least breadth across the basioccipital between the
ectotympanic bones; OCCOND, width across the occipital
condyles; INTBOC, length between the posteriormost edge
of the palatal bridge and the suture between the basioc-
cipital and basisphenoid bones; CHOANA1, breadth of
nasopharynx; CHOANA2, breadth of alisphenoid constric-
tion; MASTOID, greatest breadth across the mastoid expo-
sure of the petrosal; DEPZYGO, least anteroposterior length
across the maxillary bone at the base of the masseteric
spine on the maxillary portion of the zygomatic arch; IP3,
least alveolar length of i-p3; MANDEP, depth of mandibular
body; P3M3, greatest alveolar length of p3-m3; HMAND,
height of the mandible; HPTT, distance from ventral aspect
of angular process (labial to pterygoid shelf) to most dorsal
aspect of pterygoid tuberosity; BCON, length of condyloid
process; WCON, breadth of articular facet of condyloid pro-
cess; LMAND, length of mandibular body.

Statistical analyses were carried out using the Statistical
Analysis System (SAS) software, version 9.4 (2002-2012; SAS
Institute 1988a, 1988b), generally following Ruedas (1995,
1998); significance in all analyses was set at a = 0.05. Due
to the paucity of specimens available, little could be made
to determine presence or extent of sexual dimorphism in
the taxa examined, although sexual dimorphism has been
reported in measurements of Sylvilagus (Orr_1940) and
could affect results of multivariate analyses (Reyment et
al. 1984; Marcus 1990) given the small intraspecific sample
sizes of the present study (Appendix 1). Univariate statistics
(mean, standard deviation) were calculated using the UNI-
VARIATE procedure of SAS. Analysis of variance was carried
out using the GLM procedure, enabling the MEANS routine
with option REGWQ, which uses the Ryan-Eynot-Gabriel-
Welsch multiple range test, and controls for Type | error (Day
and Quinn 1989). A principal component analysis (proce-
dure PRINCOMP) was carried out on the covariance matrix
of log-transformed normalized measurement values data.
Such a posteriori grouping methods are preferred by us
over a priori grouping methods (multiple range tests, dis-
criminant analyses) because there is no prior hypothesis as
to the putative identity of specimens examined. These data
further are useful to examine ontogenetic growth patterns,
which in the sample covariance matrix can be construed as
the dispersion of points along the major long axis of each
sample, with the first eigenvector representing Huxley’s
allometric equation (Voss et al. 1990). We used the broken
stick method of Frontier (1976) as implemented by Jackson
(1993) to assess the significance of each principal compo-
nent’s eigenvalue; broken-stick distributions for principal
component eigenvalues were generated using the “broken.
stick” function of R (v. 3.3.1; R Core Team 2016).

Dental characters. Drawings of p3 were made by trac-
ing from photographs taken using a Canon EOS 30D digital
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camera mated to a Canon MP-E 65 mm /2.8 1-5X Macro
Photo lens, or a Canon EOS 6D mated to the same lens or
an AmScope CA-CAN-SLR-IIl camera adapter for micro-
scopes, shooting either through a camera tube on a bin-
ocular dissecting microscope or an ocular tube with the
ocular removed, also on a binocular dissecting microscope,
as made available by the collections housing the speci-
mens under consideration. Among leporids, p3 generally
constitutes the most informative dental element for taxo-
nomic and systematic purposes (Dalquest 1979; Dalquest et
al. 1989; Hibbard 1963; Palacios and Lépez Martinez 1980;
Ruedas 1998; Ruedas et al. 2017; White 1987, 1991; White
and Morgan 1995; Winkler and Tomida 2011). Discrete char-
acters were deemed the most important in this particular
research; accordingly, resulting figures were oriented and
scaled to the samessize in linear dimensions to carry out size—
independent comparisons of interspecific characters. Char-
acters considered follow the standard terminology of Pala-
cios and Lopez Martinez (1980), were described in Appendix
| of Ruedas (1998) and illustrated here (Figure 1) with some
modifications from Ruedas et al. (2017) in that all cusps are
identified by incorporating features from Lépez Martinez
(1974, 1977, 1980, 1989), Lépez-Martinez et al. (2007), and
Angelone and Sesé (2009). Additional characters useful in
distinguishing among lagomorph species were extracted
from Palacios (1996) and Palacios et al. (2008). The LSID for
this publication is: urn:lsid:zoobank.org:pub:601C073B-
6DFA-421E-8B4B-F7F44BF62D3F.

Results

Statistical analyses of morphology. Univariate statistics
(means + standard deviation, minimum-maximum) for the
variables measured in each individual taxon (represented
in certain taxa only by the holotypes or, in the case of S.
gabbi, by the lectotype) are shown in Table 1. Also shown
in Table 1 are the results of the Ryan-Einot-Gabriel-Welsch
multiple range test. Thirty of the 37 characters examined
showed some level of significance in discriminating among
groups of individuals or taxa. This proportion (81.1 %) is
markedly higher than the two characters that would be
expected to differ significantly by chance alone with sig-
nificance set at a = 0.05. However, some of the variables
that are significantly different among taxa do not discrimi-
nate into distinct groups (e. g., depth of rostrum, mastoid
breadth, length of mandibular toothrow, length of man-
dible). Similarly, most of the significantly different groups
displayed a great deal of overlap. The one consistent result
obtained from the analysis is that S. f. yucatanicus is immod-
erately larger than remaining taxa in almost all characters.
That taxon differs significantly from all taxa but S. dicei in
breadth of braincase, and from all other taxa in breadth of
incisive foramina; it also has the longest skull of any Sylvila-
gus species examined for the present study, and beyond
statistical significance (Moyé 2006; Wasserstein and Lazar
2016; Wassertstein et al. 2019), does not overlap with the
GLS of any of the remaining Sylvilagus taxa.
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Figure 1. Standard nomenclature for dental features of Recent leporid lagomorphs’

third lower premolar (p3, top) and second upper premolar (P2, bottom), adapted from
Figure 1 of Palacios and Lépez Martinez (1980:62), and expanded from Ruedas et al.
(2017) in identifying all cusps by incorporating features from Lépez Martinez (1974, 1977,
1980, 1989) and Angelone and Sesé (2009). The term “anterior loph,” preferred herein,
was used interchangeably with “trigonid” by Hibbard (1963). Lépez-Martinez et al. (2007)
considered only the caudal portion of the anterior loph of pm3 to constitute the trigonid,
with the rostral portion (anterior lobe) instead collectively constituting the anteroconids.

The results of the principal component analysis, carried
out on the covariance matrix of a reduced set of natural log-
transformed variables (n = 22; reduced as a compromise to
embrace as many specimens as possible while maintain-
ing as many measurements as possible), are shown in Fig-
ure 2 and Tables 2 and 3. The principal component analysis
accounts for 15.4 % of the overall variance. Principal com-
ponent 1 accounts for 36.2 % of that variation, with PC 2
accounting for 14.9 %; PCs 1-7 jointly account for >80 %,
and 1-10 for >90 %. Just over half (50.5 %) of the variation
in PC 1 is accounted for by only five of the 22 characters:
width of bulla (13.5 %), width of incisive foramina (11.6 %),
width of nasal bones (11.3 %), length of nasal bones (8.5 %),
and breadth of rostrum (5.6 %). Remaining characters each
contribute less than 5 % to the variation in his principal
component.

Figure 2 shows the great deal of overlap among most
taxa in the floridanus species group. Within the limits
imposed by a reduced number of samples, the major axis
of dispersion for points in these taxa is primarily along prin-
cipal component 1, which in this instance is a size compo-
nent. The major axis of dispersion has been shown to be
associated with age-correlated growth (Voss et al. 1990).
In the particular instance of our analysis, this is borne
out by the relative homogeneity of the magnitude of the
eigenvector scores for PC 1 (Table 3): while some variables
have eigenvector scores that are somewhat low (maxillary
toothrow, interbullar distance, breadth of braincase) or
somewhat high (width of bulla, width of nasal bones, width
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of incisive foramina), the remaining characters are fairly
homogeneous, and eigenvectors average 0.200 + 0.08.
The homogeneity of the eigenvectors exhibited in PC1 is
not evident in PC 2 through 6 or subsequent principal com-
ponents (Table 3). For PC2, these average 0.041, but the
standard deviation jumps to 0.209, with eigenvectors rang-
ing from —0.456 (width of bulla) to 0.625 (breadth of naso-
pharynx). Subsequent principal components show similar
trends with respect to standard deviation, maxima, and
minima, of the characters’ eigenvector scores. Such lack
of homogeneity in eigenvector scores usually is associated
with shape-based, rather than size-based variation.

In Figure 2, principal component 2 (14.9 % of the total
variation) distinguishes primarily between the floridanus
group Sylvilagus species and remaining species, including
S. gabbi and S. dicei. Only two characters contribute well
over half (59.9 %) of the variation to this principal compo-
nent: breadth of nasopharynx (39.1 %) and width of bulla
(20.8 %).

The results of the principal component analysis reinforce
the suggestion derived from the multiple range test that
S. f. yucatanicus is exceptionally distinct from remaining
taxa examined. That taxon is markedly separated in prin-
cipal component 1 from remaining individuals examined
(Figure 2), this despite the fact that we undertook natural
log-transformation of the variables in order to minimize
the effects of size. Width of incisive foramina is the second
most important character in PC1, contributing to 11.6 % of
the variation in that PC. Breadth of braincase in contrast
only contributes to 1.1 % of the variation in PC 1.

Notwithstanding the informative nature of the explor-
atory principal components analysis, we acknowledge that
said analysis is not without issues. Application of the bro-
ken stick method to assess the significance of eigenvalues
suggested that only the first two principal components
contained meaningful information. These two compo-
nents cumulatively accounted for 51.1 % of the variation.
Because the overall PCA accounted for 15.4 % of the vari-
ance, the result is that only 7.9 % of the morphological
variation is accounted for in the PCA as implemented in the
present study. It is possible that more judicious selection
of variables may have influenced the analysis one way or
another (e. g., selecting only those variables found to be
significant in the multiple range test). We chose however
to maintain the variables employed rather than cherry-pick
the data. Our PCA results underscore that the morpho-
logical conservatism manifested in craniodental mensural
variables throughout the genus Sylvilagus—and indeed, in
other lagomorph genera—is not readily tractable to these
morphometric analyses, although the analyses do have cer-
tain illuminative properties.

Taxonomic identity of Sylvilagus floridanus costaricensis
Harris, 1933.

Analysis of morphological data. To ascertain the taxo-
nomic identity of S. f. costaricensis, we undertook compari-
sons between this taxon and all other pertinent regional
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Table 1. Craniodental measurements of holotypes (marked by a superscripted star; S. gabbi has a lectotype) and taxa (means including holotype + SD, minimum-maximum) consid-
ered in this paper, in mm. Variable abbreviations defined in Ruedas et al. (2017). Our sample sizes made impossible the evaluation of sexual dimorphism within species. Sylvilagus boylei

was synonymized with S. floridanus superciliaris by Hershkovitz (1950); S. f. chiapensis was considered a junior synonym of S. f. aztecus by Hoffmann and Smith (2005); S. daulensis was

synonymized with S. brasiliensis surdaster by Cabrera (1961); S. russatus was synonymyzed with S. floridanus by Nelson (1909); “Lepus” [= Sylvilagus] margaritae was synonymized with S.

floridanus by Hershkovitz (1950); S. salentus was synonymized with S. brasiliensis by Hershkovitz (1950); “Lepus” [= Sylvilagus] superciliaris was synonymized with S. floridanus by Hershkovitz

(1950). Superscripts by variable name indicate significance of variable in the Ryan-Einot-Gabriel-Welsch multiple range test, as follows: t: not significant; 0.05 = * > 0.01; 0.01 = ** > 0.001;

0.001 = *** > 0.0001; 0.0001 = **** Means or values indicated by the same superscript letters by the variable indicate groups that are not significantly different (not shown for holotypes

representing sample sizes greater than 1).
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Table 1. Continuation...
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taxa, as noted in the introduction. Figures 3-5 show the
dorsal, ventral, and lateral perspectives, respectively, of
the focal taxa: as one might expect from the results of the
principal component analysis described above, observed
differences among the various taxa are subtle. Neverthe-
less, they are present and telling. Notwithstanding, one
obvious difference between the taxa under consideration
is in greatest length of skull. In this character, our sample
of S. f. floridanus show sexual dimorphism: in males, the
mean in mm = SD (min-max) is 70.8 + 1.1 (69.4 to 72.1),
whilst in females, it is 72.7 £ 0.9 (71.3 to 73.8); t,=2.9125,P
<0.0172,6 . =2.0mm, 95 % Cl=0.4-3.5 mm. However,
our sample of adults of S. f. hondurensis includes only one
female (AMNH 126205); remaining individuals are either
unknown (AMNH 123378) or males (n = 7). Our compari-
sons in measurements are therefore made grouping the
sexes. Between S. f. floridanus and S. f. hondurensis, the
respective data are 72.0 + 1.4 (69.4 to 73.8), versus 76.4 +
1.0 (74.6t077.6),t,,=7.6512,P<0.0001,6__ =4.4mm,95
% Cl=3.1-5.6 mm. The holotype of S. f. costaricensis, at 76.3
mm, is congruent with the mean of S. f. hondurensis. The
same pattern obtains, albeit without sexual dimorphism in
S. f. floridanus (P = 0.1142), in breadth of skull at the zygo-
matic spine: 33.9 + 0.6 (33.0 to 35.0), versus 35.5 + 0.4 (34.9
to 36.1), t,, = 6.033, P < 0.0001,8 =17 mm, 95% Cl =
1.1-2.2 mm.

The region of the frontonasal suture, and the shape of
the latter, is a character that has been used extensively in
previous taxonomic studies of lagomorphs. For a selected
subset of the specimens employed herein, that feature is
shown in Figure 6. The specimens in the top row all are S.

Ruedas et al.

Table 2. Results of the Principal Component analysis showing the eigenvalues for
the first 10 principal components of the correlation matrix of the reduced set (n = 22) of
natural log-transformed variables. The total variance accounted for using the morpho-
metric variables we used was 15.9%.

Principal component Eigenvalue Proportion Cumulative

proportion
1 0.056 0.369 0.362
2 0.023 0.150 0.511
3 0.015 0.010 0.606
4 0.012 0.080 0.684
5 0.008 0.050 0.734
6 0.007 0.048 0.781
7 0.007 0.046 0.827
8 0.005 0.036 0.863
9 0.004 0.026 0.889
10 0.004 0.025 0.914

f. floridanus collected contemporaneously; these all show
the posterodorsal process of the premaxilla extending cau-
dad of the frontonasal suture (even with the terminus in
USNM 76711), along with a short, marked intrusion of the
frontal bone extending between the posterodorsal process
of the premaxilla and the nasal bone. The caudally project-
ing posterodorsal process of the premaxilla is apparent in
Central American taxa only in S. g. gabbi. The nasal bones
themselves are significantly smaller in S. f. floridanus than in
S. f. hondurensis: means in mm * SD (min—-max) are respec-
tively 30.5 + 1.0 (28.4 to 31.9), versus 34.8 mm + 0.9 (33.2
t0 36.3), t,, = 9.2366, P < 0.0001,8 _ =43 mm,95% Cl =
3.3-5.2 mm. The holotype of S. f. costaricensis is congruent
with S. f. hondurensis in nasal bone length (35.3 mm), and in
morphology in that the posterodorsal process of the max-

Figure 2. Graphical results of the Principal Component Analysis undertaken on the correlation matrix of the reduced set (n = 22) of natural log-transformed variables. Letter codes as
follows, a: S. f. aztecus; b: S. f. boylei; c: S. f. costaricensis; d: S. dicei; e: S. g. messorius; f. S. f. floridanus; g: S. g. gabbi; h: S. f. hondurensis; i: S. incitatus; m: S. f. margaritae; n: S. f. connectens; p: S. f.
chiapensis; r: S.f. russatus; s: S. f. superciliaris; t: S. g. truei; u: S. f. daulensis; y: S. f. yucatanicus. Where the labelled polygon encloses its same designation letter (e. g., a, S. aztecus, or f, S. florida-
nus), the enclosed letter shows the location of the holotype in the first two dimensions of multivariate space; otherwise, letters refer to holotype (e. g., m, S. f. margaritae, or y, S. yucatanicus.
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Table 3. Results of the Principal Component Analysis showing the eigenvector scores of principal components 1 through 10 for the reduced set of natural log-transformed variables.

Character PC1 PC2 PC3 PC4 PC5 PCé6 PC7 PC8 PC9 PC10
POSTORB 0.173 0.032 0.135 0.020 0.387 0.291 -0.791 -0.122 0.017 0.106
BROSTR 0.236 0.132 -0.045 -0.153 0.124 0.024 0.226 0.074 0.024 0.187
DEPROSTR 0.225 -0.023 0.198 -0.022 -0.012 0.121 0.002 0.013 -0.353 0.152
BBRAIN 0.104 -0.015 -0.052 0.053 -0.014 -0.040 0.070 -0.037 0.192 -0.067
ZYGO1 0.134 0.110 -0.039 -0.015 0.027 -0.040 0.008 -0.015 0.128 -0.070
NASALL 0.292 0.036 0.218 0.091 -0.154 -0.093 0.014 -0.046 0.052 -0.245
NASALW 0.336 -0.099 0.344 0.146 -0.027 0.300 0.231 -0.044 -0.266 -0.268
12P2 0.167 0.178 0.121 -0.044 -0.119 -0.053 -0.011 -0.069 0.251 0.074
P2M3 0.094 0.143 0.003 -0.065 0.129 0.014 0.201 -0.009 0.042 0.093
HBRAIN 0.181 -0.168 0.123 0.052 -0.224 0.105 0.004 -0.104 -0.110 -0.222
HBULL 0.215 -0.237 -0.215 0.128 0.293 0.075 0.245 -0.207 -0.289 0.555
LPALFOR 0.206 0.161 0.132 -0.078 -0.187 0.132 0.105 -0.434 0.343 0.231
WPALFOR 0.341 0.079 -0.602 0.206 -0.525 0.059 -0.269 0.179 -0.108 0.089
PALLONG 0.175 0.133 0.152 0.017 -0.073 -0.086 0.013 -0.086 0.213 0.110
PALBRIDG 0.149 0.218 0.303 0.235 0.155 -0.582 -0.092 0.392 -0.119 0.175
WIDBULL 0.368 -0.456 -0.078 -0.697 0.075 -0.205 -0.079 0.184 0.149 -0.074
INTBD 0.103 0.141 -0.098 0.103 0.277 0518 0.197 0.579 0.331 -0.082
INTBOC 0.154 0.080 -0.045 -0.046 -0.050 -0.116 0.113 0.165 -0.129 0.125
CHOANAT1 0.136 0.625 -0.292 -0.291 0.265 -0.072 0.039 -0.245 -0.289 -0.344
DEPZYGO 0.222 -0.258 -0.282 0.465 0.366 -0.286 0.064 -0.250 0.291 -0.273
IP3 0.174 0.165 0.120 0.072 -0.112 -0.028 -0.071 0.047 0.211 0.185

illa is retracted rostrally relative to the caudal terminus of
the nasal bone. One might expect that because of the lon-
ger GLS, the Central American taxon would naturally have a
longer nasal bone. However, the Pearson product-moment
correlation coefficients between GLS and NASAL suggest
that this is not necessarily the case: for S. f. hondurensis, R
=0.611 (R*=0.373, P = 0.108), whereas for S. f. floridanus R
=0.753 (R? = 0.567, P = 0.007); the holotype of S. f. costari-
censis is almost identical in these two measurements to S. f.
hondurensis AMNH 126203. We therefore predict that given
larger sample sizes, S. f. costaricensis will be more closely
allied to the pattern displayed by S. f. hondurensis.

A corollary of the shorter nasal bone in S. f. floridanus
is that that bone does not extend as close to the orbit in
S. f. floridanus as in S. f. costaricensis and S. f. hondurensis
(Figure 3). Measured from the most posterolateral point of
the nasal, the distance to the caudalmost point in the notch
between the antorbital process and the frontal bone is 6.3
mm in S. f. floridanus, 3.5 mm in S. f. hondurensis, and 3.8
mm in S. f. costaricensis.

In the holotype of S. f. costaricensis, there is a small intru-
sion of frontal bone, the nasopremaxillary process of the
frontal, separating the caudal tip of posterodorsal process
of the premaxilla from the caudal tip of the nasal bone
(measured from the tip of the posterodorsal process of
the premaxilla, right: 3.3 mm, left: 4.5 mm). This intrusion
is absent from the holotype of S. f. hondurensis and largely
absent from examined specimens in this taxon, although
some (e. g, AMNH 123378, Figure 6) have a minute mani-
festation of this feature. The frontonasal suture also may
vary in shape, being either parallel with a transverse plane
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starting laterally then angling rostrally to meet the oppo-
site nasal bone at the medial plane, or on an approximate
diagonal plane in a caudo-lateral to rostromedial direction.
Sylvilagus f. floridanus displays the former, whereas S. f. cos-
taricensis represents the latter condition; in this character, S.
f. hondurensis is more similar to S. f. floridanus.

Other characters of the dorsal aspect are somewhat
more shrouded. Pitting in the parietal and frontal bones
has for example been employed as a character in distin-
guishing between taxa (Wible 2007; Ruedas et al. 2017;
Ruedas 2017). However, there is a thin layer of tissue cov-
ering this portion of the skull of the holotype of S. f. cos-
taricensis that, despite its slenderness, obscures this charac-
ter. Similarly, the angle of the suture between the parietal
and supraoccipital is somewhat descending ventrally from
external to medial direction in S. f. floridanus, but is hori-
zontal or ascending in S. f. hondurensis. However, it is not
clearly visible in the holotype of S. f. costaricensis.

From a lateral perspective (Figure 5), the length of the
zygomatic arches of S. f. floridanus differ significantly with
little overlap in size from those of S. f. hondurensis: 31.0 +
0.8(29.3t032.2)v.33.0+£1.1(31.0t0 34.3),t,,=4.621,P=
0.0002, 6 . ~=20mm, 95% Cl=1.1-2.9 mm. The zygo-
matic arch of S. f. costaricensis, at 32.2 mm, is at the upper
limit of those of S. f. floridanus, but is firmly ensconced
within those of S. f. hondurensis. The relative brevity of the
zygomatic arch of S. f. floridanus gives it a more robust dor-
soventral appearance than those of S. f. costaricensis and
S. f. hondurensis; however, vertical depth of the zygomatic
arch does not differ significantly among the taxa: 5.3 £ 0.5
(43t06.0)v.5.0+03 (4.6t05.3),t =13771,P=0.1863,
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Figure 3. Dorsal views of the crania of the Central and South American taxa under consideration herein (current nomenclature), scaled to the same greatest length of skull. A: Sylvila-
gus f. floridanus, holotype, AMNH 1890/1155 (), greatest length of skull (GLS): 71.9 mm; B: S. f. costaricensis, holotype, UMMZ 65232 (?), GLS: 76.3 mm; C: S. f. hondurensis, holotype, USNM
257062 (3), GLS: 74.7 mm; D: S. f. aztecus, holotype, AMNH 3116/2438 (), GLS: 72.9 mm; E: S. . chiapensis, holotype, USNM 75953 (), 78.9 mm; F: S. f. yucatanicus, holotype, USNM 37772
(9), GLS: 81.1 mm; G: S g. gabbi, lectotype, USNM 11371/37794 (&), GLS: 70.9 mm; H: S. dicei, holotype, UMMZ 64043 (?), 77.3 mm; I: S. brasiliensis surdaster, holotype, MNH 1901.6.5.16

(9), GLS: 72.7 mm.

6, cane = 0.3 mm, 95 % Cl = —0.21-0.7 mm; the holotype of S.
f. costaricensis has a zygomatic depth of 5.3 mm, congruent
with either taxon. As in length of nasal bones, this likely is a
manifestation of the differences in GLS, given that S. f. flori-
danus and S. f. hondurensis have almost identical zygomatic
length relative to GLS: 43.0 % and 43.2 %; 42.1 % in S. f. cos-
taricensis. Also as in the nasal bones, however, the length
of the zygomatic arch is significantly correlated with GLS in
S.f. floridanus (R = 0.761, R = 0.579, P = 0.006), but not in S.

f. hondurensis (R = 0.384, R>=0.148, P = 0.307).

Analysis of dental morphology. Substantial and sub-
stantive differences are exhibited in the dental morphol-
ogy the taxa under consideration herein (Figure 7). In the
tooth most commonly used to discriminate among species
of lagomorphs, lower premolar 3, S. f. costaricensis differs

from S. f. floridanus in several key features: the anteroflexid
is relatively deep and U-shaped, with a narrow constric-
tion on the rostral surface, whereas in S. f. floridanus, the
anteroflexid is broadly open and V-shaped; S. f. hondurensis
displays a condition similar to S. f. costaricensis. Other Cen-
tral and South American comparator taxa examined here
display a more complex pattern on the rostral surface of
pm3, with multiple anteroflexids or, if single, with a com-
plex internal structure (e. g., S. f. chiapensis). In S. dicei, the
rostral architecture of pm3 is of such complexity that a lin-
gual anteroconid is identifiable as a region only, rather than
as a distinct feature of the tooth.

The central angle, an almost universal feature of the
lagomorph rostral hypoflexid, is present as a singular inflec-
tionin S. floridanus, but as an unusual double inflection in S.
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Figure 4. Ventral views of the crania of the Central American taxa under consideration herein, scaled to the same width. Specimens shown are the same as in Figure 3 and disposed

in the same order.

f. costaricensis. The central angleis indistinct in S. . chiapen-
sis because of the complexity of the enamel pattern, and
possibly double in the lectotype of S. g. gabbi. Sylvilagus
brasiliensis surdaster displays a very weak central angle. The
caudal surface of the hypoflexid is relatively smooth (labial
portion) to somewhat crenulate (lingual portion) in S. f. flor-
idanus versus highly complex and strongly crenulate in S.
f. costaricensis. Other regional taxa display the range from
similarly crenulate morphologies (S. dicei, S. f. yucatanicus)
to somewhat less crenulate (S. f. aztecus, S. f. chiapensis), to
completely smooth (S. b. surdaster).

While S. f. floridanus definitively does not exhibit a paraf-
lexid (being instead convex), there is a slight inflection in
that portion of pm3 of S. f. costaricensis. Sylvilagus f. hon-
durensis has a concavity at the base of the anteroconid that
we likewise interpret as a paraflexid, as does S. b. surdaster.
Otherwise, this surface of the tooth is relatively featureless
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from slightly convex (S. . yucatanicus) to slightly concave (S.
f. aztecus, S. f. chiapensis).

In PM2 of S. f. floridanus, the hypoflexus is marked by
a slight depression, barely demarcating mesial from distal
hypercones. In S. f. costaricensis, there is a distinct, deep,
U-shaped hypoflexus in PM2, resulting in distinct mesial
and distal hypercones. The area of PM2 between postcone
and poststyle PM2 in S. f. floridanus is convex, with no trace
of a metaflexus. In contrast, S. f. costaricensis has a small but
distinct inflection marking the metaflexus.

The first upper incisor, although generally neglected as
featureless among lagomorphes, also is distinct between the
two taxa: in S. f. costaricensis, lingual and labial cusps are sub-
equal in height relative to the rostral groove demarcating
them; S. f. hondurensis is almost identical in the morphology
of its I1. In contrast, the lingual cusp of I1 in S. f. floridanus is
distinctly expanded rostrally relative to the labial cusp.
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Figure 5. Lateral views of the crania of the Central American taxa under consideration herein, scaled to the same width. Specimens shown are the same as in Figure 3 and disposed in
the same order. Inverted for consistency are: S. f. costaricensis and S. f. aztecus. The latter also was not taken on a completely lateral plane, making the profile appear more dorsoventrally

bowed than it is in reality.

An additional, and unusual, feature is present in 12 of
S. f. costaricensis. This tooth is invariably small, cylindrical,
with a circular cross section in every species of Sylvilagus
we have examined to date. However, in S. f. costaricensis, |12
is roughly triangular in cross section, with the base caudal
and apex rostral, and has two distinct grooves on the cau-
dal aspect of the tooth (Figure 8). The only other taxon of
Sylvilagus that we have examined for this study to display
these characters is S. f. hondurensis.

Taxonomic conclusion: identity of Sylvilagus floridanus
costaricensis. In light of the foregoing analyses, particularly
those based on cranial and dental characters, it is clear that
the differences between S. f. costaricensis and S. . floridanus
are interspecific in nature insofar as taxa of Sylvilagus are
concerned. As described above, the skulls differ significantly
in magnitude in a number of measurements; they also dif-

fer significantly in a number of cranial and dental characters.
However, S. f. costaricensis are not distinct from S. f. hondu-
rensis in the same characters. Most significantly, both taxa
share two unique synapomorphies: a triangular cross section
to 12, which is marked by two grooves on its caudal facies.
We therefore consider that S. f. costaricensis are not distinct
from S. f. hondurensis at the species level. Sylvilagus florida-
nus hondurensis was described by Edward A. Goldman on
30 July 1932; S. f. costaricensis by William P. Harris on 28 June
1933. As a consequence, the name hondurensis has priority.
Until a greater number of specimens are available for exami-
nation of population level and broader extent of geographic
variation, there are sufficient differences between the two
taxa—for example, the comparative extent and degree of
crenelation of the caudal aspect of the pm3 hypoflexid—
that we recommend the prudent cause of action to keep
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Figure 6. Detail of the left frontonasal suture and posterodorsal process of premaxillary bone in selected individuals, all scaled to the same anteroposterior length for consistency.
A: Sylvilagus f. floridanus, AMNH 1890/1155 (@, holotype; greatest length of nasal, in straight line from facialmost to caudalmost point: 30.4 mm); B: USNM 70870 (¥; 30.6 mm); C: USNM
76711 (3 29.4 mm); D: USNM 77113 (subadult §; 22.4 mm; note the difference in proportions of dimensions); E: USNM 77114 (2; 31.1 mm); F: USNM 77115 (J; 31.4 mm); G: S. f. hondu-
rensis, USNM 257062 (&, holotype; 34.2 mm); H: S. f. hondurensis, AMNH 126146 (; 35.0 mm); I: S. f. costaricensis, UMMZ 65232 (2, holotype; 35.3 mm); J: S. f. yucatanicus, USNM 37772 (2,
holotype; 37.2 mm); K: S. g. gabbi, USNM 11371/37794 (3, lectotype; 27.9 mm); L: S. dicei, UMMZ 64043 (2, holotype; 33.6 mm). Key features include: caudal terminus of the posterodorsal
process of premaxilla relative to the caudal terminus of the nasal bone, and absence, presence, and rostral extent of process on frontal bone extending between posterodorsal process of

premaxilla and posterolateral margin of nasal bone (nasopremaxillary process of frontal bone).

both names, as Sylvilagus hondurensis hondurensis E. A. Gold-
man, 1932, and S. hondurensis costaricensis Harris, 1933.

Discussion

We consider our study foundational to any future regional
or focused taxonomic study of biogeography, evolution,
and phylogeny of cottontails. Revolutions in the practice of
taxonomy and phylogenetics have led to a more nuanced
understanding of species delimitation and, as a result, of
species boundaries. Ruedas et al. (2017) noted that there is
a lack of cohesion between philosophical and operational
approaches to species; as in that work, we apply what Sang-
ster (2014) called “methodological introgression” of species
concepts applied in an operationally coherent manner to
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“discover, describe, and order into our classification system”
(Mayden 1997:387) the individuals within, or constituting,
the species category, independent of the properties of the
species category. We used previously (Ruedas et al. 2017)
an integrative approach to species delimitation (sensu
Padial et al. 2010; Schlick-Steiner et al. 2010) as imple-
mented by Naomi (2011). This approach, using a morpho-
logical character set vastly expanded over that of Hershko-
vitz (1950), resulted in hypotheses of taxonomic species in
Sylvilagus that reflected the underlying biological reality
imposed by abiotic criteria such as elevation, temperature,
and precipitation regimes, soils, etc., as well as the effects
of those abiotic factors on vegetation, which ultimately is
reflected by the species inhabiting the ecosystems under




consideration. While there have been controversies regard-
ing the application of, for example, the phylogenetic spe-
cies concept to particular instances (e. g., Groves and Grubb
2011 vs. Zachos et al. 2013; Zachos 2015), the integrative
approach yields coherent and biologically relevant taxo-
nomic hypotheses: a single widespread species of Sylvila-
gus (S. “brasiliensis” sensu Linnaeus 1758) distributed from
the Atlantic to the Pacific coasts of South America, from 0

A

Sla
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to >5,000 m in elevation, and from Veracruz, México, in the
north, to Argentina in the south is neither coherent, nor
biologically realistic. The taxonomic hypotheses we pro-
pose herein for S. floridanus follow from Allen’s hypothesis
that geography, while not the ultimate arbiter of taxonomy,
nevertheless strongly affects species limits: “Hence the sin-
gle record from so remote a point [...] has of late seemed
open to serious question” (Allen 1890:192). The biogeo-

=
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Figure 7. Crown views of the enamel structure of lower premolar 3 (upper two rows), upper premolar 2 (middle two rows), and first upper incisor (lower two rows) for the Central
American taxa under consideration herein. Specimens in each triplet are, A: Sylvilagus f. floridanus, holotype, AMNH 1890/1155 (%); B: S. f. costaricensis, holotype, UMMZ 65232 (?); C: S.
f. hondurensis, holotype, USNM 257062 (3); D: S. f. aztecus, holotype, AMNH 3116/2438 (3); E: S. f. chiapensis, holotype, USNM 75953 (9Q); F: S. f. yucatanicus, holotype, USNM 37772 (Q);
G: S g. gabbi, lectotype, USNM 11371/37794 (3); H: S. dicei, holotype, UMMZ 64043 (Q); I: S. brasiliensis surdaster, holotype, MNH 1901.6.5.16 (?). Some images were rotated horizontally
in order for all perspectives to be the same; all images are scaled to the same width so as to show differences in proportion rather than in size. In each image, rostral is to the top of the

figure, labial is to the right of the figure.
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graphic breaks in Central and South America, reflected in
the taxonomy of numerous taxa, are likewise reflected in
Sylvilagus. In South America, rivers have been implicated
in speciation events in small mammals (da Silva and Patton
1998; Matocq et al. 2000; Patton et al. 2000), primates (Wal-
lace 1852; Boubli et al. 2015), and birds (Naka and Brumfield
2018) alike. Sylvilagus are similarly affected by vicariant
effects. In the instance of Sylvilagus, the effects of strong
ecological change brought about by the xeric conditions at
the Isthmus of Tehuantepec also appear important.

From a biogeographic perspective, the patterns of spe-
ciation revealed by our taxonomic framework are congruent
with those of other taxa. For example, Bassariscus astutus is
restricted to the north and west of the Isthmus of Tehuan-
tepec, and its sister species B. sumichrasti, while somewhat
overlapping the range of B. astutus in coastal Guerrero and
Oaxaca, México, largely is restricted to the east and south
of the isthmus. Similarly, taxa in the Reithrodontomys sumi-
chrasti species complex (Rodentia: Cricetidae: Neotominae)
show an analogous distribution and hypothesized relation-
ships (Hardy et al. 2013) as we propose here for Sylvilagus.
In the case of mice of the genus Habromys (Rodentia: Cri-
cetidae: Neotominae), six of the seven species in the genus
are restricted to the north and west of the isthmus, and only
one species, H. lophurus, is restricted to the south and east
of the isthmus (Ledn-Paniagua et al. 2007). This pattern of
sister taxa of mammals exclusively distributed to one or
the other side of the Isthmus of Tehuantepec is a repeating
evolutionary and biogeographic motif (Sullivan et al. 2000;
Rogers et al. 2007).

One result of the integration of distinct data streams to
assess taxonomic relationships is the stark difference in tax-
onomic information content that is brought about by using
morphometric (continuously variable measurement data)
versus discrete character data. Our principal components
analysis (Figure 2) shows that there is substantial overlap
in morphology among the distinct taxa of Sylvilagus when
these are subjected to morphometric analysis. Of note, the
principal components analysis is an a posteriori test, thus
there is no prior hypothesis imposed on the ensuing result.
In contrast, an a priori test such as a discriminant function
analysis essentially “forces” the output to conform to the a
priori hypothesis (i. e., predict group—species—member-
ship) because it describes a function that will distinguish
among the predefined samples groups (i. e., presumptive
taxa). As a result, a posteriori tests are preferable in taxon-
omy because they do not impose a hypothesis on the data,
rather the results derived from the data are a reflection of
the presumptively true nature of the underlying taxonomic
reality. In the present instance, however, the two statistically
significant principal components only accounted for 7.9 %
of the morphological variation among the groups. That is to
say, conversely, that 92.1 % of the mensural variation went
unaccounted for. Thus, either a posteriori or a priori tests
would be on tenuous grounds in terms of establishing—or
even testing—a robust taxonomic hypothesis, no doubt
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because of the morphologically conservative, or strongly
homomorphic nature of cranial morphology in Sylvilagus,
and indeed, in Leporidae in general. Because of this, and
based on the results of our morphometric analysis, taxa
clearly distinguished in the analysis (e. g., gabbi, dicei, yucat-
anicus) are hypothesized to be definitively distinct; however,
taxa in our sample that overlap in multivariate space are
not definitively demonstrated to be the same, i. e., subject
to Type Il error. It is in these circumstances that inspection
of character data becomes increasingly valuable: assess-
ment of discretely variable characters in morphologically
conservative taxa, particularly when such characters may
be discretely distinct in morphometrically indistinguishable
groups, can result not only in identification and discrimina-
tion of different taxa but also in the possibility of inferring
evolutionary relationships among the groups or taxa in
question. Character data (qualitative) can be useful for iden-
tifying and classifying organisms, while morphometric data
(quantitative) may under certain circumstances be useful
for identifying organisms, as well as for studying the physi-
cal (mensural) characteristics of organisms and their varia-
tion. Excessive reliance on either, particularly morphometric
data, may result in erroneous taxonomic hypotheses.

Unanswered, however, remains the question of: why are
there so many species of Sylvilagus present in Costa Rica?
We hypothesize that the present biodiversity is a combina-
tion of the ecological heterogeneity of Costa Rica, along
with its location. We have previously documented, using
molecular approaches (Ruedas et al. 2017), that there were
multiple invasions of South America by Sylvilagus. Some
of the remaining biodiversity of Costa Rican Sylvilagus may
be essentially remnants of these multiple invasions: taxa
that resulted from populations that remained in place as
other populations continued to expand the dispersal front.
As remnant populations, their conservation therefore
becomes ever more imperative.

Figure 8. Occlusal perspective of the first and second right upper incisors of S. f.
costaricensis (left) and S. f. hondurensis (right). Arrows mark the two grooves on the cau-
dal aspect of 12. Note the unusual triangular cross section of 12, rather than the almost
universal condition for Sylvilagus of a circular cross section for this tooth.



Taxonomic Conclusions. On the basis of the foregoing,
we recognize the following taxa in Central America south of
the Isthmus of Tehuantepec to the Panama-Colombia bor-
der: Sylvilagus dicei, S. gabbi, and S. hondurensis.

Sylvilagus hondurensis
Honduras cottontail

Sylvilagus floridanus hondurensis Goldman, 1932:122.
Type locality, “From Monte Redondo, about 30 miles north-
west of Tegucigalpa, Honduras (altitude about 5,100 feet
[1554 m])." The village of Monte Redondo lies at ca. 860 m
rather than, as indicated by Goldman, at 1,554 m. Roads
lead NW from Monte Redondo to higher elevations. The
1,554 m contour on a road emanating from Monte Redondo
isatca. 14°18'42"N, 87° 18' 24" W. We speculate that Gold-
man referred to the higher elevations today contained
within the Reserva de Vida Silvestre Corralitos (Francisco
Morazan, Honduras), just NW from the village of Monte
Redondo. Holotype: USNM 257062.

Sylvilagus floridanus costaricensis Harris, 1933:3. Type
locality, “from Hacienda Santa Maria, Province of Guana-
caste, Costa Rica, altitude 3,200 feet” (975 m). The Hacienda
Santa Maria ranger station, inside Guanacaste National Park
is located at 10°45’'52" N, 85° 18’ 11" W, 844 m, thus corre-
sponding fairly closely with Harris’ description. Holotype:
UMMZ 65232.

Sylvilagus yucatanicus
Yucatan cottontail

Lepus aquaticus: Allen, 1877:365 (part). Not Lepus
aquaticus Bachman, 1837. Allen noted that “In the collec-
tion are quite a number of specimens from the provinces
of Vera Cruz and Yucatan in Southern México. These differ
from specimens from Mississippi and Louisiana in no very
marked degree.” He later revised his opinion (Allen 1890b)
and transferred these specimens to Lepus sylvaticus [= S.
floridanus).

Lepus sylvaticus aztecus: Allen, 1890:191, from “Merida,
Yucatan”; not Allen 1890:188, from “Tehuantepec City".

Lepus floridanus yucatanicus Miller, 1899:384. Type local-
ity, “Merida, Yucatan” (correctly spelled “Mérida, Yucatan” by
Hall 1951:159). Holotype, USNM 11441/37772.

Sylvilagus floridanus yucatanicus: Lyon, 1904:336. Name
combination.
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Appendix 1

Specimens examined:

The taxa below are listed under their original names,
with the currently accepted synonym following in square
brackets. Latitude and longitude coordinates are provided
in datum WGS84. Museum abbreviations as follows, AMNH:
American Museum of Natural History, New York; MCZ:
Museum of Comparative Zoology, Harvard University; MVB:
Museum of Vertebrate Biology, Portland State University,
Portland, Oregon; TTU: Natural Science Research Labora-
tory, The Museum, Texas Tech University, Lubbock, Texas;
UMMZ: University of Michigan Museum of Zoology, Ann
Arbor, Michigan; USNM: United States National Museum—
Smithsonian Institution, Washington, D.C.

Sylvilagus daulensis J. A. Allen, 1914:199 [= Sylvila-
gus brasiliensis surdaster; following circumscription of S.
brasiliensis to the Pernambuco Endemism Center (Ruedas
etal. 2017), we hypothesize that this taxon is unlikely to be
conspecific with S. brasiliensis]. Ecuador: (Guayas Prov.);
Daule [ca. 1° 51" 42" S, 79° 58’ 44" W, ~8 m]: holotype,
AMNH 34671 (Q).

Sylvilagus (Tapeti) fulvescens J. A. Allen, 1912:75 [=
S. fulvescens; see Ruedas et al. 2019]. Colombia: Departa-
mento de Cauca: “Belén (alt. 6000 ft.) Western Andes” [Law-
rence (1993) noted that the label incorrectly gave the alti-
tude as 6,000 feet, and that the actual collecting locality
was “Colombia: Cauca; Belén, west of Papayan [sic.], 10,000
ft (3050 m)." There is a town named Belén (Municipio de
Inz4) ca. 2° 28" 11" N, 76° 02' 21" W, ~1,705 m, some 65 km
airline distance from Popayan (ca. 2° 27' 05" N, 76° 36’ 46"
W, ~1,725 m) with nearby elevations in the range noted by
Lawrence; the eminence closest to Belén of that elevation
(~8 km W) is ca. 2° 27" 40.7" N, 76° 06’ 22.1" W; the AMNH
database lists Belén as Municipio Guapi; however, the Belén
in Mpo. Guapi is at ca. 2° 30" 28" N, 77° 35’ 49" W, and more
pointedly at ~72 m, approximately 173 km (airline distance,
bearing 271°) from Belén, Inza, Caucal: holotype, AMNH
32360 (?).

Sylvilagus kelloggi Anthony, 1923:9 [S. b. kelloggi; fol-
lowing circumscription of S. brasiliensis to the Pernambuco
Endemism Center (Ruedas et al. 2017), we hypothesize that
this taxon is unlikely to be conspecific with S. brasiliensis].
Ecuador: Loja Province; Cordillera Occidental, Guachanamg,
east of Alamor and northeast of Celica, 9,050 ft (2,760 m),
headwaters of the Rio Chira [ca. 4° 25'42"S, 79° 13" 19" W]:
holotype, AMNH 60515 ().

Sylvilagus chillae Anthony, 1923:12 [S. b. chillae; fol-
lowing circumscription of S. brasiliensis to the Pernam-
buco Endemism Center (Ruedas et al. 2017), we hypoth-
esize that this taxon is unlikely to be conspecific with S.
brasiliensis]. Ecuador: El Oro Province; trail between Sal-
vias and Zaraguro, 6,000 ft (1,830 m) SW flank Cordillera
de Chilla [ca. 3° 37" 2"S, 79° 30" 12" W; the AMNH catalog
lists as locality for this specimen:“Ecuador, Salvias”. Salvias
is a rural “parroquia” (administrative subdivision) in Sector

Ruedas et al.

Oriental of Cantén Zaruma, El Oro province]: holotype,
AMNH 60511 ().

Sylvilagus (Tapeti) salentus J. A. Allen 1913:476 [= S.
salentus; see Ruedas et al. 2019]. Colombia: Caldas; Salento,
at head of Rio Quindio, west of Mount Tolima, western Quin-
dio Andes, 7,000 ft [~2,135 m; ca. 4° 38'31.6"N, 75° 33 30.6"
W; AMNH catalogue lists as Dept. Chocé, however, Salento
currently is in Depto. Quindio; the Depto. Caldas is north of
Quindio and separated from the latter by Depto. Risaraldal:
holotype AMNH 33050 (&).

Sylvilagus dicei Harris, 1932:1 [S. dicei; see Diersing,
1981]. Costa Rica: [San José Prov., Cantén de Dotal: El Copey
de Dota [ca. 9° 38’ 50" N, 83° 55" 05" W, ~1,850 m]: holotype,
UMMZ 64043 (). Costa Rica: Provincia de Cartago; 9° 33’
12.3”N, 83° 41" 24.8" W, 2,830 m: TTU 163828 (J). Puntar-
enas: Cedral de Miramar, 10° 12'46.38" N, 84° 40’ 34.28" W,
MVB 5036 (JMM-001-2018; Q). Heredia: Los Cartagos, Santa
Bérbara, 2,080 m, 10° 08'55.7" N, 84° 09’ 11.6”" W: MVB 5065
(JMM-001-2017; &). Heredia: Varablanca, 1,700 m, 10° 11"
05.31"N, 84°09' 18.17" W: MVB 5037 (JMM-002-2017; Q).

Lepus sylvaticus aztecus J. A. Allen, 1890b:188 [= S.
floridanus aztecus]. México: Oaxaca; Tehuantepec City [ca.
16 °20'N, 95° 14 'W, ~50m]: holotype, AMNH 3116/2438, &;
AMNH 143454, 143455, 143457, 143458 (all @), 2439, 2440,
2441, 142550, 143456, 143459, 145166 (all J). México:
Oaxaca; Dist. Tehuantepec, Las Tejas, AMNH 143460 (J).
México: Oaxaca; Juchitan [ca. 16° 26" N, 95° 01" W, ~25m]:
AMNH 186409 (¥). México: Oaxaca; Juchitan, Palomares
[possibly ca. 17° 08" 17" N, 95° 03’ 45" W, ~120 m], AMNH
254522 (sex unknown).

Sylvilagus boylei J. A. Allen, 1916:84 [S. f. supercili-
aris]. Colombia: Departamento del Atlantico; La Playa, near
Barranquilla, 150 ft [46 m; La Playa was originally a “cor-
regimiento” (Puerto Colombia) and is currently a district of
Barranquilla better known as “Eduardo Santos”; an eleva-
tion of ca. 46 m in the vicinity of La Playa could be ca. 11° 01’
04.6" N, 74° 51'52.6" W]: holotype, AMNH 37794 (?). [Allen
(1916:84) noted that the “skull appears to have been lost in
transit.” However, Lawrence (1993) subsequently reported
that the holotype was constituted by a skin and skull; we
examined a Sylvilagus with the number corresponding to
the holotype of this taxon and characteristics definitively
identifying it as a South American species.]

Lepus floridanus chiapensis Nelson, 1904:106 [= S. f.
aztecus]. México: Chiapas; San Cristobal [ca. 16 °43' 57 "N,
92° 38’ 44" W, ~2,160 m. Fisher and Ludwig (2015) noted
that E. W. Nelson and E. A. Goldman, collectors of the holo-
type (Nelson 1904), listed “8,200 ft” (2,499 m) in their field
catalogue]: holotype, USNM 75953 (Q). Guatemala: Dpto.
Totonicapan: Momostenango [ca. 15 °02" 42.5" N, 91° 24’
29" W, ~2,210 m]: AMNH 69275 (%). Guatemala: Jutiapa
Dept.; Municipalidad de Moyuta, Colonia Montufar, Aldea
El Paraiso [Moyuta: ca. 14° 2' 19" N, 90° 4’ 51" W, ~1,276 m]:
AMNH 243827 (). México: Chiapas: 3.5 mi S of Comitan;
[ca. 16°12'28”"N, 92° 06’40”W, ~1,595 m], AMNH 175078 (&).
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Lepus floridanus connectens Nelson, 1904:105 [S. f.
connectens]: México: Veracruz; Chichicaxtle [we located two
localities of this name in Veracruz, only ca. 9.5 km distant
from each other: at ca. 19° 21'24.9" N, 96° 22" 43.2" W, ~30
m, and 19° 20" 32.3” N, 96° 28’ 02.7" W, ~127 m]: holotype,
USNM 63660 (3).

Sylvilagus floridanus costaricensis Harris, 1933:3 [S.
hondurensis costaricensis; this paper]. Costa Rica: Provin-
cia de Guanacaste: Hacienda Santa Maria, 3,200 ft [975 m]
(“a large ranch just within the cloud forest on the western
slope of the Cordillera de Guanacaste, 22 miles northeast of
Liberia”) [ca. 10°45'53"N, 85° 18’ 11.8"W, ~845 m]: holotype,
UMMZ 65232 (). Costa Rica: Provincia de Guanacaste:
Parque Nacional Palo Verde, Bagaces, 15 m. 10° 20"40.46" N,
85°20'21.83"W: MVB 5066 (MVB JMM-003-2016; ?). Costa
Rica: Provincia de Puntarenas: Chomes, 11 m. 10° 02'35.91"
N, 84° 54’ 32.77” W: MVB 5056 (JMM-015-2017; ). Costa
Rica: Provincia de Puntarenas: Chomes, 7 m. 10° 02'26.77"
N, 84° 54’ 35.55"W: MVB 5067 (JMM-016-2017). Costa Rica:
Provincia de Guanacaste: close to Parque Nacional Rincon
de la Vieja, 724 m. 10° 46’ 15.87" N, 85° 21" 30.78" W: MVB
5057 (JMM-017-2017). Costa Rica: Provincia de Guanacaste:
close to Parque Nacional Rincén de la Vieja, 720 m. 10° 46’
05.77"N, 85°21'21.87"W: MVB 5058 (JMM-018-2017). Costa
Rica: Provincia de Guanacaste: Cafas, 57 m. 10° 24’ 52.71"
N, 85° 06'33.91"W: MVB 5059 (JMM-019-2017). Costa Rica:
Provincia de Cartago: El Silencio, La Suiza, Turrialba, 897 m.
9°52'27.75" N, 83° 36’ 50.4” W: MVB 5048 (JMM-020-2017;
Q). Costa Rica: Provincia de Guanacaste: Cafas, 61 m. 10° 25’
17.43"N, 85°06'35.91"W: MVB 5068 (JMM-021-2017). Costa
Rica: Provincia de Guanacaste: Canas, 68 m. 10° 24'02.23"N,
85° 06’ 06.67” W: MVB 5060 (JMM-022-2017; &). Costa Rica:
Provincia de Guanacaste: Cafas, 43 m. 10° 24’ 10.84" N, 85°
07'12.45"W: MVB 5061 (JMM-023-2017; Q). Costa Rica: Pro-
vincia de Guanacaste: main road, 50 m before the entrance
to Parque Nacional Rincén de la Vieja, 797 m. 10° 46' 25.22"
N, 85°20'58.20"W: MVB 5062; JMM-024-2017 &).

Lepus sylvaticus floridanus J. A. Allen, 1890a:160
[= Sylvilagus floridanus floridanus]. United States: Florida:
Brevard Co., San Sebastian River, near Micco [ca. 27° 50’ 04"
N, 80° 30" 24.2" W, ~2 ml: holotype, AMNH 1890/1155 (2Q).
United States: Florida: Brevard Co.; Micco, Oak Lodge, topo-
type: USNM 70870 (?). United States: Florida: Brevard Co.;
Micco, topotypes: USNM 77114 (Q),76711,77113,77115 (all
3). United States: Florida: Seminole and Volusia counties;
Lake Harney [ca. 28° 46" 36" N, 81° 03’ 19" W, ~1 m]: USNM
78756, 78757, 80334, 80335 (all @), 78754, 78755 (all 3).

Sylvilagus floridanus hondurensis Goldman, 1932:122
[S. hondurensis hondurensis; this paper]. Honduras: [Depar-
tamento de Francisco Morazan]; Monte Redondo, about
30 miles northwest of Tegucigalpa (altitude about 5,100
feet) [the bearing and distance from Tegucigalpa and ele-
vation suggest this locality may more likely be located in
the Reserva de Vida Silvestre Corralitos, perhaps ca. 14° 18’
46" N, 87° 18’ 18" W1: holotype, USNM 257062 (&). Hondu-
ras: Francisco Morazan: Distrito Central; Comayaguela [ca.
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14° 06" 38" N, 87° 13’ 57" W, ~1205 m]: AMNH 123378 (sex
unknown). Honduras: Francisco Morazan; Orica, El Caliche
Cedros [Orica is at ca. 14° 42’ 56" N, 86° 56" 36.5” W, ~860
m. We were able to locate a nearby locality called Cedros,
some 23 km, bearing 235°, at ca. 14° 35’ 44" N, 87° 07’ 08"
W, ~950 m]: AMNH 127564 (J). Nicaragua: Departamento
de Managua; Managua, Laguna de Jilod [ca. 12° 12"31.5"N,
86° 18" 14" W, ~52 m]: AMNH 176699 (9). Honduras: Fran-
cisco Morazan; Las Flores, Archaga [Goodwin (1942:110)
specified that “Las Flores Archaga” corresponded to La Flor
Archaga, “(4500-5000 ft.), a small village on the Talanga
road east of Archaga.” Archaga is located ca. 14°17'7"N, 87°
13'45" W, ~865 m; Talanga is at ca. 14° 23’ 55" N, 87° 04' 57"
W, ~ 810 m]: AMNH 126144, 126145, 126146, 126147 (all 3).
Honduras: Departamento Intibucd; La Florida [specimen
label reads “La Flor Intibuca” but Goodwin (1942:110) listed
alocality in Intibuca as“La Florida”; La Floridais ca. 14° 11'N,
87° 56’'W, ~1,800 m; notwithstanding, Goodwin (1942:150)
did not list any Sylvilagus with that locality, but did list 8
with a provenance of “La Flor Archaga”]: AMNH 126203 ().
Honduras: Departamento Intibuca; El Horno [we could only
find “Cerro El Horno", a 1,516 m mountain, in Intibuca at
ca. 14° 03’ 13" N, 88° 12’ 26" W; Goodwin (1942:109) listed
a locality with the name of El Horno as being “(4000 ft.),
Dept. La Paz, 5 miles north of Marcala!” That would situ-
ate this locality at ca. 14° 13'48"N, 88° 02'36" W, ~1,345m]:
AMNH 126205 (9), 126206 (&). Nicaragua: Departamento
de Chontales: AMNH 28482 (9). Nicaragua: Departamento
de Jinotega; San Rafael del Norte [ca. 13° 12'46" N, 86° 06’
39”W, ~1085 m]: AMNH 29229 (9); 29230 (J). Nicaragua:
Departamento de Ledn; Ledn [ca. 12°26'06” N, 86° 52'44" W,
~105 m]: AMNH 28325 (). Nicaragua; Departamento de
Nueva Segovia: Jalapa [ca. 13° 55" 01" N, 86° 07’ 37" W, 685
m]: AMNH 29228 ().

Lepus margaritae G. S. Miller, 1898:97 [= S. f. margatri-
tael. Venezuela: Nueva Esparta; Isla Margarita [Isla Margar-
ita is a ca. 1,020 km? island off the coast of Venezuela, cen-
tered at ca. 10° 56’ 11" N, 64° 02’ 17" W, rising to 920 m, and
containing highly varied terrain; it is unclear where, beyond
“Isla Margarita,” the type locality might be]: holotype, USNM
63217 (&).

Lepus (Sylvilagus) russatus J. A. Allen, 1904:31 [=S. 1.
russatus]. México: Veracruz; Pasa Nueva [= Paso Nuevo, fide
Lawrence (1993),ca. 18°36'22.8"N, 96° 34'35.3"W, ~167 m]:
holotype, AMNH 17203 ().

Lepus (Sylvilagus) superciliaris J. A. Allen, 1899:196
[= S. f. superciliaris]. Colombia: Departamento de Mag-
dalena: Distrito de Santa Marta; Bonda [ca. 11° 14" 05" N,
74° 07' 32" W, ~65 m]: holotype, AMNH 15428 (), 15426,
15429 (all &), 23569 (Q), 14634 (sex unknown). “Colom-
bia, S[outh]. A[merica].’ [likely near Bonda, “250 ft” (76 m)]
AMNH 14848 (Q).

Lepus floridanus yucatanicus G. S. Miller 1899:388 [=
S. yucatanicus; this paper]. México: Yucatan; Mérida [envi-
rons of ca. 20° 58'01.5” N, 89° 37" 25.5"W, ~14 m]: holotype,
USNM 37772 (Q).




Lepus brasiliensis var. gabbi J. A. Allen, 1877:349 [=S.
g. gabbi; see Ruedas and Salazar-Bravo, 2007]. Costa Rica:
Talamanca. Further defined by Hershkovitz (1950) as: “Tala-
manca (= Sipurio, Rio Sixaola, near the Caribbean coast),
Costa Rica.” [Sipurio is located ca. 9° 32" 3" N, 82° 56" 58" W,
~71 meters, but Puerto Viejo de Talamanca, ca. 7.5 Km N/
NE of the Sixaola River at its closest, is at ca. 9° 39 20" N, 82°
45’13"W, ~5 m]: lectotype, USNM 11371/37794 (3). Here-
dia; Isla Verde, Chilamate, Sarapiqui, 103 m, 10° 26’ 38.83"
N, 84° 05’ 16.16" W: MVB 5069 (JMM-001-2016; ¢). Here-
dia: Isla Verde, Chilamate, Sarapiqui, 102 m; 10° 26’ 38.83"
N, 84° 05’ 16.59”W: MVB 5041 (JMM-002-2016; &). Heredia:
Chilamate, Sarapiqui, 101 m, 10° 26"39.69" N, 84° 05’ 16.53"
W: MVB 5042 (JMM-003-2017; &). Heredia: Chilamate, Sara-
piqui, 95 m, 10° 26’ 48.00” N, 84° 05’ 21.05” W: MVB 5043
(JMM-004-2017; &). Heredia: Chilamate, Sarapiqui, 101 m,
10°26'39.75"N, 84° 05’ 16.40”W: MVB 5044 (JMM-005-2017;
Q). Alajuela: Guacalito, Las Armenias, Upala, 509 m, 10° 48’
45.4"N, 85° 06’ 34.8” N: MVB 5049 (JMM-012-2017; &). Ala-
juela: Esterito, Poco Sol, San Carlos, 10° 38'57.28" N, 84° 29’
57.32" W, MVB 5050 (JMM-013-2017; &). Alajuela: Esterito,
Poco Sol, San Carlos, 10°39'48.30” N, 84° 32'20.51” N, MVB
5051 (JMM-014-2017; Q).

Lepus (Tapeti) incitatus Bangs, 1901:633 [= S. incita-
tus; see Ruedas et al. 2019]. Panama: Archipiélago de las
Perlas; San Miguel Island [= Isla del Rey; this island, centered
at ca. 8°2120.4" N, 78° 55’ 58" W, covers ca. 234 km?, with
elevations ranging from sea level to ~212 m; Bangs (1901)
provided no additional information as to the provenance
of what remains the only specimen of the taxon]: holotype,
MCZ, Bangs Collection no. 8441 (9).

Sylvilagus gabbi messorius Goldman, 1912:13 [=S. g.
messorius]. Panama: Darién; [Santa Cruz de] Cana, altitude
1,800 ft [549 m], eastern mountains of Panama. [ca. 7° 45’
25"N, 77° 41'02"WT]: holotype, USNM 179569 (.

Lepus truei J. A. Allen, 1890b:192 [=S. g. truei]. México:
Veracruz; Mirador [the exact location of Mirador in Veracruz
has never been able to be ascertained: there are numerous
locations with that name in Veracruz; it is not our desire in
this work to speculate]: holotype, USNM 6357/34878 (sex
undetermined) [Allen (1890b:194) listed the number of
the skull of the type specimen as 25953; Fisher and Ludwig
(2015:30) pointed out that Allen’s identification was due
to a cataloguing error and that the correct number for the
skull is 34878, as listed here].

Sylvilagus surdaster Thomas, 1901:543 [= Sylvilagus
surdaster; see Ruedas et al. 2019]. Ecuador: Esmeraldas; Rio
Bogotd, Carondelet, 20 m [ca. 1°07°26.6" N, 78° 45'45.4"W]:
holotype, MNH 1901.6.5.16 [not listed in original descrip-
tion but so designated, presumably by Thomas, in the MNH
collection: data in specimen tags match those in the origi-
nal description].

Ruedas et al.
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The taxonomy of Neotropical bats is constantly changing, with new species being described and junior synonyms elevated, while other
taxa are relegated to junior synonyms or subspecies. The genus Platyrrhinus has followed this trend, with some issues persisting about the
current status of its subspecies. Here we evaluate variation in cranial shape and size based on geometric morphometric analyses of Platyrrhinus
dorsalis and P. umbratus. P. dorsalis occurs at elevations from sea level to above 2,000 m and is found from southern Panama southward into
Colombia and along both slopes of the Andes in Ecuador. P. umbratus occurs at elevations from 400 m to above 3,150 m in the Andean from
Colombia south through Bolivia and Caribbean Mountain systems of Venezuela and Colombia. Our analyses did not support the recognition
of subspecies in either species. The difference in skull size and shape between populations of P. dorsalis is associated with elevation, suggesting
that this species exhibits an altitudinal clinal variation, with individuals being larger in the lower elevation and smaller in higher elevations.
In P. umbratus the difference in skull size and shape between populations is associated with a latitudinal cline, with individuals tending to be
larger in the northern part of their range. Our analyses did not reveal the existence of secondary sexual variation in P. dorsalis nor in P.umbratus.

La taxonomia de murciélagos Neotropicales estd en un estado de constante cambio, con algunas especies siendo descritas, sindonimos me-
nores siendo elevados o especies siendo reconocidas como sinénimos menores o subespecies. El género Platyrrhinus no ha sido la excepcién a
esta tendencia, y presenta una larga historia de cambios taxonémicos persistiendo algunas dudas acerca del estado actual de sus subespecies.
Evaluamos la variacién en forma y tamano del craneo en Platyrrhinus dorsalis y P. umbratus basdandonos en andlisis de morfometria geométrica.
P. dorsalis se encuentra presente en elevaciones desde el nivel del mar hasta por encima de los 2,000 m y se distribuye desde Panama al sur
hasta Colombia, y a lo largo de ambas vertientes de los Andes en Ecuador. P. umbratus se encuentra presente en elevaciones desde 400 m
hasta los 3,150 m, con distribucién en los Andes de Venezuela a Bolivia y el Sistema Montafioso del Caribe de Venezuela y Colombia. Nuestros
analisis no apoyan el reconocimiento de subespecies en P. dorsalis o P. umbratus. La diferencia en el tamafio y forma del craneo entre poblacio-
nes de P. dorsalis esta asociada con la elevacién, sugiriendo que esta especie presenta una variacién clinal altitudinal, con individuos grandes
a elevaciones menores y pequefos en las altas. En P. umbratus también el tamafio y forma del craneo esta asociada con una clina latitudinal,
con los mas grandes en la parte septentrional de la distribucién. Nuestros analisis no revelan la presencia de variacién sexual secundaria en
ninguna de las dos especies.

Keywords: Andes, cline, neotropics, Platyrrhinus dorsalis, Platyrrhinus umbratus, subspecies, taxonomy.
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Introduction Simmons (2005) recognized subspecies in three Plat-
The Neotropical bat genus Platyrrhinus is one of the most  yyrhinus species (e. g., helleri [helleri and incarum], lineatus
speciose phyllostomid genera (Simmons and Cirranello  [jineatus and nigellus], and umbratus [aquilus, oratus, and
2022). Members of the genus, also known as broad-nosed  ymbratus]). However, after several revisionary studies, all
bats, are widely distributed from Mexico to northern Argen-  of those subspecies were elevated to full species, except

tina, with most species found in the Andes region (Velazco  for P umbratus oratus which was regarded as a junior syn-
and Patterson 2008; Velazco and Gardner 2009; Velazcoand  onym of P. umbratus (Velazco 2005; Velazco and Gardner

Lim 2014; Velazco et al. 2018; Palacios-Mosquera et al. 2020). 2009: Velazco and Patterson 2008). Velazco et al. (2018)
Over the past two decades, numerous taxonomic changes  ysed phylogenetic, linear morphometrics, and ecological
have been made within the genus, and only since 2005,  njche modeling analyses to review the systematics and
recognized diversity increased from ten to nineteen spe-  taxonomy of Platyrrhinus nigellus and P. umbratus. The
cies, nearly doubling the number of taxa (Simmons 2005,  authors suggested that nigellus should be recognized as
Simmons and Cirranello 2022; Velazco 2005; Velazco and a junior synonym of umbratus. Nonetheless, populations
Gardner 2009; Velazco and Lim 2014; Velazco et al. 2018;  of nigellus and umbratus can be differentiated by subtle
Palacios-Mosquera et al. 2020). external and craniodental morphological differences indi-
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GEOGRAPHIC VARIATION IN PLATYRRHINUS

cating the possible existence of subspecies or clinal geo-
graphic variation (Velazco and Gardner 2009). On the other
hand, currently, only subspecies in Platyrrhinus dorsalis (P.
d. dorsalis and P. d. chocoensis) are recognized in the genus,
but their subspecific status is still controversial. Platyrrhi-
nus dorsalis is polytypic, with chocoensis and dorsalis recog-
nized based on the geographic structure of the morpho-
logical variation (Palacios-Mosquera et al. 2020).

Neotropical bat distribution ranges sometimes encom-
pass a variety of biomes, which expose these species to a
variety of environments (e. g., climate, vegetation, elevation,
etc). Due to this variety of factors some of these species
present different degrees of geographic variation through-
out their distribution range. These patterns of geographic
variation have been suggested to be the result of subspe-
cies (e. g., Molinari et al. 2017; Garbino et al. 2020; Pavan et
al. 2021; Tavares et al. 2022), altitudinal (e. g., Moratelli et
al. 2013; Castillo-Figueroa 2022), or latitudinal clines (e. g.,
Nargosen and Tamsitt 1981; Kelly et al. 2018; Méndez-Rodri-
quezetal. 2021).

Herein we analyzed 2D geometric morphometric data
to evaluate whether the populations of P. dorsalis and P.
umbratus deserve subspecific recognition or that the exter-
nal and craniodental morphological differences between
the populations of these two species is the result of an alti-
tudinal or latitudinal cline.

Material and methods

Specimens examined. Our assessment of the taxonomy of
Platyrrhinus dorsalis and P. umbratus was based on the 2D
geometric morphometric analyses of the skulls of museum
specimens from the following museums: Field Museum
of Natural History (FMNH), Chicago, lllinois, United States;
Instituto de Investigacién de Recursos Bioldgicos Alexan-
der von Humboldt (IAvH), Villa de Leyva, Boyaca, Colombia;
Instituto de Ciencias Naturales (ICN), Universidad Nacio-
nal de Colombia, Bogotd, Colombia; Muséum National
d’'Histoire Naturelle (MNHN-CG), Paris, France; Museo de
Historia Natural de la Universidad Nacional Mayor de San
Marcos (MUSM), Lima, Peru; Museum of Zoology (UMMZ),
University of Michigan, Ann Arbor, Michigan, USA; National
Museum of Natural History (formerly U.S. National Museum-
USNM), Smithsonian Institution, Washington, D.C., United
States; and Seccién de Zoologia, Departamento de Biologia,
Universidad del Valle (UV), Cali, Colombia.

Geometric morphometrics analyses. We used 376 skulls
of adult individuals from the entire distribution range of
Platyrrhinus dorsalis and P. umbratus (Appendix 1). Dorsal
and ventral pictures of the skulls were taken with a Kon-
ica Minolta DIMAGE Z6 digital camera. The images were
processed with Adobe Photoshop CC. Coordinates of the
morphological landmarks (Figure 1) were recorded for each
image using tpsDIG version 2.31 (Rohlf 2001). We defined
the landmarks based on homology, consistency of relative
position, coverage of the form, and repeatability (Zelditch
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etal. 2012). Specimens of P. dorsalis and P. umbratus were
grouped into two set of populations (dorsalis and chocoen-
sis or nigellus and umbratus) based on external and cranio-
dental morphological differences that distinguished those
taxa (Velazco 2005; Velazco and Gardner 2009; Velazco et al.
2018; Palacios-Mosquera et al. 2020). Hereafter, we use dor-
salis and chocoensis or nigellus and umbratus to refer to the
morphological diagnosable groups within each species.

We analyzed a total of 281 images (dorsal view) of Plat-
yrrhinus dorsalis (61 from populations assigned to dorsalis
and 114 from populations assigned to chocoensis) and P,
umbratus (58 from populations assigned to nigellus and
48 from populations assigned to umbratus; Appendix 1).
Dorsal-view landmark definitions were as follows: (1) ante-
riormost point of the premaxilla; (2) medial point of the
anterior edge of the nasal bones; (3) most distal point of
the postorbital process; (4) meeting point between the
braincase and the anterior edge of the posterior root of the
zygomatic arch; (5) posteriormost point of the zygomatic
arch opening; (6) meeting point between the braincase and
the posterior edge of the posterior root of the zygomatic
arch; and (7) posteriormost point of the occipital region
(Figure 1A). Landmarks were digitized on the right side of
each dorsal image of the skulls, and all the analyses were
performed using this configuration.

We analyzed a total of 382 images (ventral view) of Plat-
yrrhinus dorsalis (52 from populations assigned to dorsalis
and 145 from populations assigned to chocoensis) and P.
umbratus (56 from populations assigned to nigellus and 129
from populations assigned to umbratus; Appendix 1). Ven-
tral view landmark definitions were as follows: (1) anterior-
most point of the premaxilla; (2) most posteromedial point
on the margin of the incisive foramen; (3) most anterointer-
nal point on M1; (4) most anterolabial point on M2; (5) most
antero-internal point on M2; (6) most anterior point on the
posterior edge of the palatine; (7) meeting point between

Figure 1. Dorsal (A) and ventral (B) views of a Platyrrhinus cranium illustrating the
landmarks used in geometric morphometric analyses.



the anterior section of the glenoid fossa and squamosal; (8)
most external point on the posterior section of the postgle-
noid fossa; (9) squamosal lateral extremity, behind the audi-
tory region; (10) most medial point on the margin of the
basicochlear fissure; (11) anteriormost point on the margin
of the foramen magnum; (12) posteriormost point on the
margin of the foramen magnum (Figure 1B). Landmarks
were digitized on the left side of each ventral image of the
skulls, and all the analyses were performed using this con-
figuration.

The landmark coordinates datasets were converted into
Procrustes distances using a Generalized Procrustes Analy-
sis (GPA) that removes undesirable effects of scale, position,
and orientation using the gpagen function in the R pack-
age ‘geomorph’ (Adams et al. 2021; Baken et al. 2021). We
acquired Procrustes shape coordinates, and a size proxy
called centroid size (CS) as the square root of the sum of
squares of the distance of each landmark to the centroid
(mean of all coordinates) of the configuration (Bookstein
1997). Additionally, consensus shapes summarizing the
dorsal and ventral views of the skull shape variation among
groups were generated. Here, each individual was com-
pared against the consensus shape, which allowed us to
visualize differences between groups. Afterwards, we
checked the GPA for outliers using the plotOutliers function
in the ‘geomorph’ package. Outliers were removed from
the analysis and the GPA’s were rerun.

Differences in centroid size between females and males
(sexual dimorphism) and also among groups were graphi-
cally summarized using a series of boxplots in each view.
The effects of size, sex, and groups on the dorsal and ventral
views of the skull shape and its interactions was tested by
evaluating the fit of models using the randomized residual
permutation procedure (RRPP) with the Im.rrpp function
in the R package ‘RRPP’ (Collyer and Adams 2018, 2022).
Using the same function, we quantified the differences in
size among groups, employing the (log) centroid size of the
specimens as the response variable, and sex and groups as
independent predictors. All models were fit using the type-Ii
(hierarchical) sum of squares, and its significance was based
on 10,000 permutations of residual randomization. We used
the anova.Im.rrpp function to compute analysis of variance
(ANOVA) tables for each model, which are based on random
statistical distributions and use the F distribution to calcu-
late effect sizes. Pairwise comparisons were conducted on
significant factors using the pairwise function in the R pack-
age ‘RRPP’ (Collyer and Adams 2018, 2022).

Differences in the dorsal and ventral views of the skull
shape among groups were also explored using ordina-
tion methods. First, we performed principal component
analyses (PCA) on the Procrustes-aligned data using the
gm.prcomp function in the R package ‘geomorph’ (Adams
et al. 2021; Baken et al. 2021). Of the PCs produced, we
chose those that contained significant cumulative variance
of shape in each view. Then we generated deformation
grids with the extremes (maximum and minimum) of shape
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variation along the principal components 1 and 2 (PC1 and
PC2). Second, we used a linear discriminant analysis (LDA)
using the Ida function in the R package ‘MASS’ to deter-
mine whether the groups could be reliably distinguished
(Venables and Ripley 2002). Jackknife cross-validation was
used to estimate the probability of a specimen belong-
ing to any of the predefined groups. Matrices and scripts
associated with analyses in this study have been deposited
on GitHub (https://github.com/pvelazco/Platyrrhinus
GM.git). The LSID for this publication is: urn:Isid:zoobank.
org:pub:4D40F6B2-A27E-461B-8087-401702F7757A.

Results

Platyrrhinus dorsalis variation in skull size. We did not find
evidence of sexual dimorphism in size in any of the views
examined (Table 1; Figure 2A, B). The two-sample t-test
between male and female specimens assigned to chocoen-
sis found no statistically significant differences (t = -0.701,
d. f.=112, P=0.484 [dorsal view]; t = -0.035, d. f. = 143, P
= 0.971 [ventral view]). Similarly, the two-sample t-test
between male and female specimens assigned to dorsalis
found no statistically significant differences (t = 0.046, d. f.
=56, P =0.963 [dorsal view]; t = 0.233, d. £ = 50, P=0.816
[ventral view]). Finally, the two-sample t-test using all the
specimens from both groups found no statistically signifi-
cant differences between male and females of P. dorsalis (t =

Table 1. ANOVA results regarding effects of sex, groups, and their interaction on
centroid size (log CS).

Df SS Ms R? F Y4 P

Centroid Size (CS)

(A) Dorsal view - Platyrrhinus dorsalis

Sex 1 0.273 0.273  0.002 0329 -0.149 0.563
Groups 1 20.718 20.718  0.129 24923 3580 <0.01
Sex x Groups 1 0.162 0.162  0.001 0.195 -0.447 0.672
Residuals 168  139.660 0.831 0.867

Total 171 161.040

(B) Ventral view - Platyrrhinus dorsalis

Sex 1 0.009 0.009  0.000 0.009 -1.506 0.924
Groups 1 0.872 0.872  0.005 0.889 0453 0.350
Sex x Groups 1 0.049 0.049  0.000 0.050 -1.002 0.821
Residuals 193 189315 0981  0.995

Total 196  190.236

(C) Dorsal view - Platyrrhinus umbratus

Sex 1 1.083 1.083 0.014 1674 0.878 0.206
Groups 1 9.236 9236 0.121 14273 2919 <0.01
Sex x Groups 1 1.280 1.280 0.017 1978  1.027 0.160
Residuals 100 64.713 0.647 0.846

Total 103 76.531

(D) Ventral view - Platyrrhinus umbratus

Sex 1 0.128 0.128  0.001 0.137 -0.592 0.714
Groups 1 27.719 27719 0142 29636 3.887 <0.01
Sex x Groups 1 1.515 1.515  0.008 1619 0876 0.204
Residuals 177 165.555 0935 0.848

Total 180  195.321
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Figure 2. Box plots of the centroid size by species/sex. (A) dorsal view of Platyrrhinus dorsalis, (B) ventral view of P. dorsalis, (C) dorsal view of P. umbratus, and (D) ventral view of P.
umbratus. Sex: females = gray and males = light blue. Color box limits indicate the first (25%) and third (75%) quartile, the thick black line indicates the median centroid size, and open

circles represent outliers.

-0.732,d.£.=170,P=0.465 [dorsal view]; t =0.009, d. f. = 195,
P =0.992 [ventral view]). The centroid size (CS) in the dorsal
view of the cranium was significantly different between the
two groups, showing that individuals of dorsalis are smaller
than chocoensis (P < 0.01; Table 1; Figure 3A). The variance
of the factors tested, represented by mean squares value
and the R?, showed that most of the variance in cranium
size is found between groups (Table 1). However, the cen-
troid size (CS) in the ventral view of the cranium was not
significantly different between the two groups (P = 0.350;
Table 1; Figure 3B).

Platyrrhinus dorsalis variation in skull shape. The ANOVA
did not find evidence of sexual dimorphism in cranium
shape in either view (Table 2). There were significant dif-
ferences on both views of the cranial shape variation in the
entire Procrustes shape space between the two groups (P <
0.05; Table 2). Fitted linear models exhibited significant
effect of size on the shape variation in both views; how-
ever, the morphological variation explained by size was low
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(< 3% in all cases; Table 2) so the allometric effect was not
considered, and analyses and graphical representations
were carried out on the original shape coordinates.

The PCA showed a clear ordination in both views of the
cranium (Figure 4). The first three PC scores accounted for
73 % (dorsal view) and 47 % (ventral view) of total shape
variation. Results are shown from the first two PCs, which
accounted for 64 % (dorsal view) and 37 % (ventral view) of
the variation respectively (Figure 4).

The DFA showed a small overlap between the groups
indicating that they are different in the shape of the cranium.
Specimens were correctly assigned in high percentages to
chocoensis (93 % - dorsal view and 97 % - ventral view) and
dorsalis (71 % — dorsal view and 90 % - ventral view).

Platyrrhinus umbratus variation in skull size. We did not
find evidence of sexual dimorphism in size in any of the views
examined (Table 1; Figure 2C, D). The two-sample t-test
between male and female specimens assigned to nigellus
found no statistically significant differences (t =-0.897, d. f. =
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Figure 3. Box plots of the centroid size by groups, showing dorsal (A) and ventral (B) views of Platyrrhinus dorsalis, and dorsal (C) and (D) ventral views of P. umbratus. Groups:
chocoensis = gray, dorsalis = red, nigellus = black, and umbratus = blue. Color box limits indicate the first (25 %) and third (75 %) quartile, the thick black line indicates the median centroid

size, and open circles represent outliers.

54, P =0.374 [dorsal view]; t =-0.832, d. f. = 54, P = 0.409 [ven-
tral view]). Similarly, the two-sample t-test between male and
female specimens assigned to umbratus found no statistically
significant differences in the ventral view of the cranium (t =
0.983, d.f. =123, P=0.328). We were not able to run a similar
test for the dorsal view since we did not have enough male
specimens (n = 1) of umbratus. The two-sample t-test using
specimens from both groups found no statistically significant
differences between males and females of P umbratus (t =
1.161,d.f =101, P=0.248 [dorsal view]; t = 0.650, d. f. = 179,
P =0.516 [ventral view]). The centroid size (CS) in the dorsal
and ventral views of the cranium were significantly different

between the two groups showing that individuals of umbra-
tus are larger than nigellus (P < 0.01 in both views; Table 1;
Figure 3C, D). The variance of the factors tested, represented
by mean squares value and the R? showed that most of the
variance in cranium size is found between groups (Table 1).

Platyrrhinus umbratus variation in skull shape. The
ANOVA did not find evidence of sexual dimorphism in cra-
nium shape in either view (Table 2). There were significant
differences on both views of the cranial shape variation in
the entire Procrustes shape space between the two groups
(P <0.05;Table 2). Fitted linear models exhibited significant
effect of size on the shape variation in the dorsal view of the
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Table 2. ANOVA results regarding effects of size (allometry), sex (sexual dimor-
phism), groups and their interactions on shape.

Df SS Ms R? F z P
Shape

(A) Dorsal view - Platyrrhinus dorsalis
Size 1 0.003 0.003 0.017 3.215 1.999 0.025
Sex 1 0.000 0.000 0.003 0.564 -0.498 0.694
Groups 1 0.013 0.013 0.084 15964 4382 <0.01
Size x Sex 1 0.000 0.000 0.003 0583 -0.435 0.665
Size x Groups 1 0.002 0.002 0.010 1.983 1.345 0.097
Sex x Groups 1 0.001 0.001 0.004 0.719  -0.136 0.550
Size x Sex x Groups 1 0.001 0.001 0.005 0.991 0.337 0.361
Residuals 164  0.134 0.001 0.863
Total 171 0.155

(B) Ventral view - Platyrrhinus dorsalis
Size 1 0.004 0.004 0.029 6.716 5234 <0.01
Sex 1 0.001 0.001 0.004 0.974 0.092 0.466
Groups 1 0.020 0.020 0.147 34584 9.196 <0.01
Size x Sex 1 0.000 0.000 0.003 0.808 -0.361 0.641
Size x Groups 1 0.001  0.001  0.007 1.660  1.482 0.066
Sex x Groups 1 0.000 0.000 0.003 0.641 -0.946 0.828
Size x Sex x Groups 1 0.001 0.001 0.005 1.190 0.598 0.275
Residuals 189 0108 0.001 0.805
Total 196  0.135

(C) Dorsal view - Platyrrhinus umbratus
Size 1 0.002 0.002 0.025 2.760 2.028 0.022
Sex 1 0.000 0.000 0.002 0.260 -1.864 0.969
Groups 1 0.002 0.002 0.033 3677 2575 0.005
Size x Sex 1 0.000 0.000 0.006 0.669 -0.388 0.652
Size x Groups 1 0.000 0.000 0.006 0.700 -0.306 0.621
Sex x Groups 1 0.001 0.001 0.010 1.145 0.518 0.299
Residuals 97  0.054 0.001 0873
Total 103 0.062
(D) Ventral view - Platyrrhinus umbratus

Size 1 0.001  0.001 0.007 1430 1.074 0.141
Sex 1 0.001 0.001 0.008 1.600 1.419 0.079
Groups 1 0.004 0.004 0.040 7655 5887 <0.01
Size x Sex 1 0.001  0.001  0.007 1.402 1.038 0.149
Size x Groups 1 0.001 0.001 0.011 2.063 2.077 0.019
Sex x Groups 1 0.001 0.001 0.007 1380 1.012 0.155
Size x Sex x Groups 1 0.001 0.001 0.005 1.012 0.196 0.424
Residuals 173 0,102 0.001 0.898
Total 180  0.113

cranium; however, the morphological variation explained
by size was low (< 3 %; Table 2) so the allometric effect was
not considered, and analyses and graphical representations
were carried out on the original shape coordinates.

The PCA did not show a clear ordination in both views of
the cranium (Figure 5). The first three PC scores accounted
for 68 % (dorsal view) and 42 % (ventral view) of the cra-
nium total shape variation. Results are shown from the first
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two PCs, which accounted for 55 % (dorsal view) and 32 %
(ventral view) of the variation respectively (Figure 5).

The DFA showed a small overlap between the groups
indicating that they differ in cranial shape. Specimens were
correctly assigned to nigellus (73 % - dorsal view and 46 %
- ventral view) and umbratus (75 % — dorsal view and 90 %
- ventral view) in high percentages.

Discussion

In the past decade, recognized bat diversity has increased
due to new species descriptions and taxa raised from
synonymy (Burgin et al. 2018). Within Phyllostomidae,
examples include Lophostoma nicaraguae (Esquivel et
al. 2022), Glossophaga bakeri (Velazco et al. 2021), Tona-
tia bakeri, and T. maresi (Basantes et al. 2020). In a few
other cases, species have been downgraded to junior
synonyms or subspecies (e. g., Chiroderma vizottoi [Gar-
bino et al. 2020]; Vampyressa sinchi [Tavares et al. 2022];
Lophostoma yasuni [Camacho et al. 2016]). This was the
case of Platyrrhinus chocoensis that was regarded as a
subspecies of P. dorsalis based on linear morphometrics
and genetic analyses (Palacios-Mosquera et al. 2020), and
P. nigellus that was regarded as a junior synonym of P.
umbratus based on linear morphometrics, genetic data,
and ecological niche modeling analyses (Velazco et al.
2018). Our geometric morphometric analyses support
the recognition of two morphological groups in P. dor-

Figure 4. Principal Component Analysis (PCA) of Platyrrhinus dorsalis obtained from
the (A) dorsal and (B) ventral views of the cranium. Specimens of each group is repre-
sented by a dot (chocoensis: gray; dorsalis: red).



salis (chocoensis and dorsalis) and in P. umbratus (nigellus
and umbratus), but does not support the recognition of
these groups as subspecies.

The recognition of subspecies in phyllostomid species
has been on the rise in recent years. To mention some
examples, Garbino et al. (2020) performed a comprehensive
revision of Chiroderma and recognized subspecies in Chiro-
derma doriae (doriae and vizottoi) and C. villosum (jesupi and
villosum); Molinari et al. (2017) described Sturnira adrianae
with two subspecies (adrianae and caripana) from montane
populations in Colombia and Venezuela; and more recently,
Tavares etal. (2022) suggested that Vampyressa sinchibe rec-
ognized as a subspecies of V. melissa and not as a separate
species based on genetic analyses. One characteristic that
all of the aforementioned cases have in common is that the
subspecies in each species are not reciprocally monophy-
letic (Molinari et al. 2017; Garbino et al. 2020; Tavares et al.
2022). However, Patten (2015) proposed that a morpholog-
ically diagnosably distinct, geographically circumscribed
group that does not form a distinct genetic clade or is not
reciprocally monophyletic in relation to other such clades
in the same species could be considered a subspecies. The
two morphological groups in P. dorsalis (chocoensis and
dorsalis) and P. umbratus (nigellus and umbratus) fulfill all
the requirement for subspecies proposed by Patten (2015),
with the exception that the groups are geographically cir-
cumscribed from each other. In both species there is some
overlap in the geographic ranges of both group pairs.

The recognition of chocoensis as a subspecies of Plat-
yrrhinus dorsalis as suggested by Palacios-Mosquera et
al. (2020) was not supported by our analyses. Genetic
analyses did not recover the two groups of dorsalis to be
reciprocally monophyletic (Palacios-Mosquera et al. 2020).
The linear and geometric morphometric analyses showed
that populations of chocoensis and dorsalis are statistically
significantly different, with individuals of dorsalis being
smaller than chocoensis. However, chocoensis and dorsalis
occur in sympatry in several localities in Colombia in the
departments of Boyacd, Cundinamarca, Meta, Santander,
and Valle del Cauca (Velazco and Gardner 2009; Palacios-
Mosquera et al. 2020), precluding their recognition as sub-
species of P. dorsalis. We found that the difference in skull
size and shape between the two groups is associated with
elevation, suggesting that this species exhibits an altitudi-
nal clinal variation, with populations of chocoensis (larger
individuals) being distributed in lowland habitats and dor-
salis (smaller individuals) in mid to high elevations habitats.
Both groups, chocoensis and dorsalis, exhibit some external
and craniodental differences (see below). Furthermore,
the linear and geometric morphometric analyses did not
reveal the existence of secondary sexual variation among
populations of P. dorsalis or its groups (this study; Palacios-
Mosquera et al. 2020).

Our results also do not support the recognition of sub-
species in P.umbratus. As in P. dorsalis, the genetic analyses
did not recover the two groups of umbratus to be recipro-
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Figure 5. Principal Component Analysis (PCA) of Platyrrhinus umbratus obtained
from the (A) dorsal and (B) ventral views of the cranium. Specimens of each group is
represented by a dot (nigellus: black; umbratus: blue).

cally monophyletic (Velazco et al. 2018). The geometric mor-
phometric analyses showed that populations of nigellus and
umbratus are statistically significantly different, with indi-
viduals of umbratus being larger than nigellus. This indicates
that P umbratus tend to be larger in the northern part of
their range, suggesting that this species exhibits a latitudi-
nal clinal variation. Both groups exhibit some external and
craniodental differences (see below). Furthermore, the lin-
ear and geometric morphometric analyses did not reveal the
existence of secondary sexual variation among populations
of P.umbratus or its groups (this study; Velazco et al. 2018).

Our findings indicate that the features used to delineate
subspecies within P. dorsalis and P. umbratus were not phy-
logenetically relevant but rather represented geographical
variation along a cline. Clinal variation in bats has been
subject of debate and it has been reported in several neo-
tropical species such as Myotis nigricans (Moratelli et al.
2013), M. albescens (Moratelli and Oliveira 2011), Anoura
cultrata (Nagorsen and Tamsitt 1981), Carollia perspicillata
and Artibeus lituratus (Castillo-Figueroa 2022) among oth-
ers. Nevertheless, its presence in morphology along envi-
ronmental gradients must be interpreted with caution, due
to the taxonomy of many groups may be heavily impacted
by this phenomenon.

Taxonomy. Based on the results of this contribution and
other articles (e. g., Velazco and Gardner 2009; Velazco et al.
2018; Palacios-Mosquera et al. 2020) we present a revised
taxonomy of Platyrrhinus dorsalis and P. umbratus.
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Platyrrhinus dorsalis (Thomas, 1900)
Synonyms
Vampyrops dorsalis Thomas, 1900:269. Type locality:
“Paramba, [Imbabura,] N. Ecuador. Alt. 1,100 m.”

Platyrrhinus chocoensis Alberico and Velasco, 1991:238.
Type locality: Quebrada El Platinero, 12 km W Istmina (by
road), Department of Chocé, Colombia.

Distribution. Platyrrhinus dorsalis occurs at elevations
from sea level to above 2,000 m from southern Panama
southward into Colombia and along both slopes of the
Andes in Ecuador.

Diagnosis. Lowland populations assigned to chocoen-
sis are medium-size bats (FA [forearm length] 46.9-50.7
mm; CIL [condyloincisive length] 24.3-26.6 mm; Velazco
and Gardner [2009]: table 3) characterized by a pale brown
dorsal coloration, brownish and bicolored ventral fur; well-
marked folds in the pinnae; fossa on the squamosal end of
the zygomatic arch lateral to the glenoid fossa absent or
almost imperceptible; stylar cusp on the lingual face of the
M2 metacone absent; only the labial cingulid present on the
second lower premolar; and stylid cusp between the meta-
conid and protoconid of the m2 usually absent. In contrast,
mid to high elevation populations assigned to dorsalis are
medium-size bats (FA 46.6-49.5 mm, CIL 24.1-26.3 mm;
Velazco and Gardner [2009]: table 3) characterized by a dark
brown dorsal coloration, brownish and tricolored ventral
fur; poorly marked but distinguishable folds in the pinnae;
deep fossa on the squamosal end of the zygomatic arch
lateral to the glenoid fossa; stylar cusp on the lingual face
of the M2 metacone present; both labial and lingual cingu-
lids present on the second lower premolar; and stylid cusp
between the metaconid and protoconid of the m2 present.

Remarks. Linear morphometric analyses did not reveal
secondary sexual variation among populations of chocoen-
sis or dorsalis (Palacios-Mosquera et al. 2020). The PCA
showed that populations of chocoensis and dorsalis form
two clusters in morphospace (Palacios-Mosquera et al.
2020: fig. 2), with individuals of chocoensis being larger
than dorsalis. Molecular analyses recovered specimens of
chocoensis nested within a larger clade that included speci-
mens only of dorsalis (Palacios-Mosquera et al. 2020).

Platyrrhinus umbratus (Lyon, 1902)
Synonyms
Vampyrops umbratus Lyon, 1902:151. type locality: “San
Miguel, La Guajira, Colombia.

Vampyrops oratus Thomas, 1914:411. type locality:
“Galifari, Sierra del Avila, [Distrito Federal] N. Venezuela. Alt.
6500’ " [emend to “Galipan (10° 33'N, -66° 54’ W, 1,980 m),
Cerro Avila, 5.7 km NE Caracas, Vargas, Venezuela”].

Vampyrops nigellus Gardner and Carter, 1972:1. type
locality: “Huanhuachayo (12° 44’S, -73° 47" W), about 1,660
m, Departamento de Ayacucho, Peru.”
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Distribution. Platyrrhinus umbratus occurs at elevations
from 400 m to above 3,150 m in the Andean and Caribbean
Mountain systems of Venezuela and Colombia, and along
the Andes in Ecuador, Peru, and Bolivia.

Diagnosis. Southern and some northern populations
(nigellus) of the species are medium-size bats (FA 40.6-
48.0 mm, CIL 21.9-25.2 mm; Velazco and Gardner [2009]:
table 4) characterized by a tricolored ventral fur; densely
haired fringe on the edge of the uropatagium; postorbital
process absent or poorly developed; M1 protocone moder-
ately developed; stylar cusp on the lingual face of the M2
metacone absent; m2 hypoconid absent; and stylid cusp
between the metaconid and protoconid of the m2 present.
In contrast, northern populations (umbratus) of the spe-
cies are medium-size bats (FA 42.0-47.8 mm, CIL 23.4-25.1
mm; Velazco and Gardner [2009]: table 4) characterized by
a bicolored ventral fur; margin of the uropatagium usually
hairy, sometimes sparsely haired; postorbital process mod-
erately developed; M1 protocone well developed; stylar
cusp on the lingual face of the M2 metacone present; m2
hypoconid present; and stylid cusp between the metaconid
and protoconid of the m2 absent.

Remarks. Analyses of linear measurements of nigel-
lus populations did not reveal secondary sexual variation
among populations (Velazco and Solari 2003). Linear mor-
phometric analyses recovered a high overlap between
specimens of nigellus and umbratus, indicating similarities
in size and shape (Velazco et al. 2018). Molecular analyses
recovered specimens of nigellus and umbratus clustering
together, forming non monophyletic groups (Velazco et
al. 2018). Ecological niche modeling analyses found that
the potential distributions of umbratus and nigellus in the
geographic space were highly similar, suggesting that both
groups exhibit broadly overlapping climatic niches with no
ecological differentiation (Velazco et al. 2018).
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Appendix 1
List of Platyrrhinus dorsalis and P. umbratus voucher specimens used in the geometric morphometric analyses and their asso-
ciated localities. Collection acronyms are provided in the material and methods section.

Platyrrhinus dorsalis [chocoensis] (n = 122) —— COLOMBIA: Chocé (IAvH 3316; UV 3645, 3647, 3648, 3817-3823, 7446, 7447,
7449, 10100-10103, 11289, 11302, 11310, 11332). Narifio (USNM 309018). Valle del Cauca (MNHN_CG 1989-1; USNM
339395, 339396, 483533-483552, 483554-483567, 483569-483572; UV 281, 972, 2153, 2162-2164, 2167, 2287-2291, 2294,
2810-2812,3183-3185,3707-3709,4257,4259,5566-5575,5748-5751,5754,5755, 10539, 10540). PANAMA: Darién (USNM
309601-309616).

Platyrrhinus dorsalis [dorsalis] (n = 62) —— COLOMBIA: Cauca (IAvH 3313; UV 2165). Chocé (UV 4559-4561, 4571, 4575,
7448, 10034, 10035, 10837). Cundinamarca (ICN 8742). Meta (UV 3851). Narifio (UV 2942, 2943, 2947, 2948, 2950, 2953-
2955, 2957, 3050, 3052-3055). Quindio (IAvH 7040). Risaralda (UV 2519). Santander (ICN 17502, 17503, 17583). Valle del
Cauca (UV 806, 1243, 3419-3423,3521,3523,3528,7175,7177,7178,7180, 7529, 7530, 10578-10580, 10833-10835, 11223,
11224,11701,11728, 11952, 12110, 12239, 12305).

Platyrrhinus umbratus [nigellus] (n = 63) — BOLIVIA: La Paz (UMMZ 127174). COLOMBIA: Boyaca (ICN 15066). Cauca
(IAvH 3315). Cesar ((FMNH 69484). Cundinamarca (ICN 5293). Huila (IAvH 3311). Meta (ICN 14800). Norte de Santander
(IAvH 6631-6637, 6672, 6678, 6685, 6689, 6702, 6704, 6710, 6715, 6719, 6722, 6734, 6739). Putumayo (IAvH 6819, 6825).
Quindio (ICN 12442, 12448). Risaralda (ICN 11934). Santander (ICN 8972, 17585-17587). Valle del Cauca (UV 12243,
12302, 12304, 12306, 12522, 12559). ECUADOR: El Oro (USNM 513465). Pastaza (USNM 548189, 548190, 548192, 548194).
PERU: Cuzco (FMNH 93589, 93592, 93593, 93595-93597, 93599, 93600, 93604, 93606; MUSM 8857, 8858, 8860, 9975). Madre
de Dios (MUSM 9955). San Martin (MUSM 7295, 7296).

Platyrrhinus umbratus [umbratus] (n = 129) —— COLOMBIA: Chocé (UV 4149, 4150, 4152). Cundinamarca (ICN 5292, 5294,
5537,5538). Magdalena (ICN 5388-5391). Meta (UV 3850). Risaralda (UV 2517, 2520). Santander (ICN 6695-6697). Valle
del Cauca (UV 769, 1234). VENEZUELA: Aragua (USNM 370514, 370515, 517465, 517466). Carabobo (USNM 440651-
440656). Distrito Capital (USNM 370407-370416, 370418, 370429, 370431-370433, 370435-370440, 370442-370444,
370446, 370447, 370452-370456, 370462, 370470, 370472, 370473, 370478, 370480-370492, 370494, 370500-370511,
372128, 408559, 408560, 408562-408564, 562985). Mérida (USNM 373837-373839, 387110-387114, 387117, 387118,
387129, 387132, 387137, 387138). Miranda (USNM 387126-387128, 387134-387136, 387139-387141; UV 11468). Mona-
gas (USNM 408566-408568). Trujillo (USNM 373834-373836). Yaracuy (USNM 440647).
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The Little pocket mouse (Perognathus longimembris) encompasses 15 to 16 currently recognized subspecies, six of which are restricted to
southern California and adjacent northern Baja California. Using cranial geomorphometric shape parameters and dorsal color variables we
delineate six regional groups of populations from this area that we recognize as valid, but these differ in name combination and geographic
range from the current taxonomy. We resurrect two names from their current placement in synonymies, synonymize two currently recognized
subspecies, and we reassign a third. Importantly, we restrict the U. S. Federally endangered Pacific pocket mouse (P. . pacificus Mearns) to the
vicinity of its type locality at the mouth of the Tijuana River in the southwestern corner of San Diego County and resurrect P. I. cantwelli von
Bloeker for the other two population segments along the coast, those that span the northwestern corner of San Diego County and adjacent
Orange County and that in coastal Los Angeles County. The name cantwelli would now apply to the only extant populations of the Pacific poc-
ket mouse, a reassignment with obvious management implications. Our taxonomic decisions also reconfigure the ranges of other subspecies
of conservation concern, notably P. I. bangsi Mearns and P. . brevinasus Osgood.

Para el ratéon de abazones menor (Perognathus longimembris) se tienen reconocidas quince o dieciséis subespecies, de las cuales seis de
ellas tienen una distribucién restringida al sur de California y la parte colindante del norte de Baja California. Haciendo uso de parametros
geométricos de la forma craneal y variables en la coloraciéon dorsal, delimitamos y reconocimos como validos seis grupos regionales de pobla-
ciones, los cuales difieren en el nombre y area geogréfica de su actual clasificacién taxonémica. Reincorporamos dos nombres de las actuales
sinonimias, combinamos dos subespecies que se encuentran actualmente reconocidas y reasignamos una tercera. Es importante destacar
que para el ratén de abazones menor (P. I. pacificus Mearns), que se encuentra en peligro de extincion a nivel federal de E.U.A., restringimos su
distribucion a la vecindad de su localidad tipo en la boca del Rio Tijuana, localizada en la esquina suroeste de San Diego County. Asimismo,
reincorporamos a la subesepcie P. I. cantwelli von Bloeker a los otros dos segmentos de la poblaciéon a lo largo de la costa, abarcando la esquina
noroeste de San Diego County, colindante con Orange County y la costa de Los Angeles County. El nombre cantwelli ahora se aplicaria a las
Unicas poblaciones del ratén de bolsillo del Pacifico, un reasginamiento con notorias impicaciones en su manejo. Nuestras decisiones taxo-
ndmicas también incluyen la reconfiguracién en los rangos de otras subespecies que son preocupantes para la conservacién, como lo son P. /.
bangsi Mearns y P. . brevinasus Osgood.

Keywords: Biogeography; colorimetrics; geomorphometrics; management; taxonomy; aestivus; arenicola; bangsi; brevinasus; bombycinus; can-
twelli; internationalis; pacificus.
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Introduction synonyms. A thorough review of the species using modern

The Little pocket mouse, Perognathus longimembris Coues,
occupies desertscrub habitats throughout the Great Basin,
Mojave, Colorado, and western parts of the Sonoran des-
erts in western North America (Hall 1981). It also has a very
limited occurrence in the California Floristic Province (CFP)
along the Pacific coast in California (Cooper 1869). Infra-
specific taxonomy has not been reviewed across the entire
range since Osgood (1900); the only treatments subsequent
to the last subspecies description (Hall 1941) are those for
taxa occurring within Nevada (Hall 1946), Utah (Durrant
1952), and Arizona (Hoffmeister 1986). Of the 22 nominal
taxa assigned to the species, recent taxonomic synopses
have recognized either 15 (Patton 2005) or 16 (Williams et
al. 1993; Hafner 2016) as valid, treating the remainder as

morphological and molecular approaches is long overdue
and also the subject of a larger review of the complex by
one of us (JLP and collaborators).

Herein we examine the morphological disparity of Lit-
tle pocket mice in one relatively small area of the species’
range, that across southern California and adjacent north-
ern Baja California. In part, our treatment serves as a com-
panion to available mitochondrial DNA views of population
diversity across this same region (Swei et al. 2003). It also,
hopefully, will serve as a taxonomic guidepost for popula-
tion-level genomic studies now initiated by researchers at
the San Diego Zoo Wildlife Alliance (Wilder et al. 2022) and
the University of California Museum of Vertebrate Zool-
ogy, through the California Conservation Genomics Project
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(https://www.ccgproject.org/) and a refocus on taxa and
areas of conservation concern for coordinated manage-
ment decisions at the local, state, and federal levels.

Our area of interest includes six currently recognized
subspecies: aestivus Huey, bangsi Mearns, bombycinus
Osgood, brevinasus Osgood, internationalis Huey, and paci-
ficus Mearns. This number represents 37.5 to 40 % of the
valid infraspecific taxonomic diversity within P. longimem-
bris but represents only about 10 % of the total species’
range (approximately 22,000 mi? compared to 213,000 mi?).
Despite the small encompassing area, high taxonomic
diversity across this region is perhaps not surprising, as
was found in a larger analysis of mammal “evolutionary
hotspots” in California (Davis et al. 2008). Both ecological
and topographic diversity are extreme, with five (of the 17)
California ecoregions and four (of 11) geomorphic prov-
inces included all or in part. The area also includes the only
U.S. federally endangered pocket mouse (the Pacific pocket
mouse, P. . pacificus Mearns), now limited to only two small
areas along the central coast in Orange and San Diego
counties, and three of five other subspecies listed by the
California Department of Fish and Wildlife as State Species
of Special Concern, with a rank of S1 (Critically Imperiled) or
S2 (Imperiled; CNDDB 2022).

Two of our six target taxa (pacificus Mearns and bom-
bycinus Osgood) were originally described as distinct spe-
cies and two were arranged under different specific epi-
thets (arenicola Stephens and brevinasus Osgood allocated,
as subspecies, to P. panamintinus Merriam); Williams et al.
(1993) included all within their concept of P. longimem-
bris. These authors also placed arenicola Stephens (fol-
lowing Grinnell 1913, 1933 and Huey 1928) and cantwelli
von Bloeker (following Huey 1939 and Hall 1981) as junior
synonyms of bangsi Mearns and pacificus Mearns, respec-
tively. Of the six taxa Williams et al. (1993) treated as valid
(pacificus Mearns, bangsi Mearns, brevinasus Osgood, bom-
bycinus Osgood, aestivus Huey, and internationalis Huey),
these authors regarded only internationalis as of equivocal
validity. While California samples along the lower Colo-
rado River are currently assigned to bombycinus Osgood
(see Grinnell 1913, 1914, 1933; Hall 1981; and Williams et al.
1993), the type locality of this taxon is Yuma, Yuma County,
Arizona, on the opposite bank. This river forms the dividing
line between multiple subspecies and sister species of het-
eromyid and other rodents (e. g., Grinnell 1914; Hoffmeister

future” At the molecular level, Swei et al. (2003) showed
that mitochondrial DNA diversity, while extensive within
local populations, failed to recover any phylogeographic
lineage structure among geographic samples assigned to
pacificus Mearns, bangsi Mearns, brevinasus Osgood, and
internationalis Huey. Species-wide mitochrondrial data
now available (JLP, unpublished data) place the California
populations allocated to bombycinus Osgood within the
same mitochondrial group as those reported by Swei et
al. (2003) yet indicate that this group of subspecies differs
from topotypic and other samples of bombycinus across the
lower Colorado River in Arizona. Unfortunately, no molecu-
lar data are yet available for aestivus Huey.

Huey’s “distant future” is today. The population-level
genomic studies mentioned above will undoubtedly inform
important issues of demographic history while identifying
areas of isolation and/or genetic connectedness among
extant populations. Eventually, these studies may also
identify the underlying genetic basis for key morphological
characters we describe below and provide a window into
the role that selection has played in generating that diver-
sity. We include analyses that center on colorimetric as well
as standard mensural data of the skin and skull, to allow
comparison to the limited published studies, and expand
cranial analyses by using two-dimensional geometric mor-
phometric approaches to delineate explicit shape differ-
ences. Our goal is to describe disparity among available
population samples for each of the six taxa in our study
area, to assess if the current taxonomy actually reflects
geographically defined patterns of character variation, and
to inform conservation understanding and management
decisions if not.

Materials and methods

We examined a total of 721 museum specimens, of which
we digitized 672 intact, adult skulls from 123 separate
localities. These we grouped into 20 geographic samples
(map, Figure 1; Appendix 1 provides provenance and cata-
log numbers) based on preliminary analyses that assigned
nearby small samples into larger non-significant subsets as
determined by oneway ANOVA and Tukey-Kramer post hoc
tests. Seven of these samples comprise only the holotype
(pacificus Mearns, 1898 [USNM 61022], bangsi Mearns, 1898
[MCZ 5304; incorrectly listed as AMNH 5304 in Williams et al.
1993], arenicola Stephens, 1900 [USNM 99828], brevinasus

and Lee 1967; Riddle et al. 2000).

Diversity among population samples of P. longimembris
across the area has been examined, at least limitedly, by
morphologicaland molecular characters. Over 80 years ago,
Huey (1939), for example, compared adult specimens of all
forms named above and provided tables of mensural char-
acter data, but his analyses were limited by small sample
sizes, geographic coverage, and analytical scope. He noted
(p. 49), however, while “an ultimate revision of the group”
was required that“such a work is, owing to the considerable
amount of material yet to be gathered, still in the distant
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Osgood, 1900 [USNM 186515], aestivus Huey, 1928 [SDNHM
6110], cantwelli von Bloeker, 1932 [MVZ 74680], and inter-
nationalis Huey, 1939 [SDNHM 11971]) and topotypes of
each of the nominal taxa that have been described from
our study area. We initially allocated samples to recognized
subspecies following range limits given by Grinnell and
Swarth (1913) and Grinnell (1933) rather than by Williams et
al. (1993), who assigned specimens from San Gorgonio Pass
(Banning east to Cabazon) to P. I. brevinasus not P. I. bangsi.
We treated specimens from localities not included within
each sample (black circles in Figure 1) as unknown.
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Figure 1. Individual localities allocated to 20 regional samples of Perognathus longimembris across southern California and northern Baja California, color coded by subspecies al-
location, and population within subspecies by symbol shape. Small black circles are localities with few, mostly singleton, specimens treated as unknown in canonical variate analyses.
Arrows and asterisks identify the type locality of each of the seven named taxa allocated to P. longimembris in this area (listed by date and page priority: a = pacificus Mearns, b = bangsi
Mearns, ¢ = arenicola Stephens, d = brevinasus Osgood, e = aestivus Huey, f = cantwelli von Bloeker, g = internationalis Huey). Inset drawing of a Pacific pocket mouse by Tristan Edgarian.

Age criteria. We categorized age classes by maxillary
tooth wear similar to the scheme employed by Hoffmeis-
ter (1986: Figure 5.131) for Arizona samples of P. longimem-
bris, respectively: age class 0 — deciduous premolar 4 still
in place or, if gone, permanent PM4 has not reached the
molar occlusal plane; age class 1 - PM4 has reached occlu-
sal plane of molar series but all cusps lack evidence of wear;
age class 2 — cusps of PM4 and M1-M3 exhibit wear but
remain separate or, if partially coalesced, have not unified
into complete transverse lophs; age class 3 - cusps of pos-
teroloph of PM4 and anterior and posterior lophs of M1 and
M2 have coalesced into separate lophs that remain uncon-

nected on their lingual boundary; age class 4 - anterior
cusp of PM4 has coalesced with the posteroloph, lophs of
M1-M3 are connected at their lingual border; and age class
5 - the occlusal surface of all teeth are “dished”, with enamel
present only around the tooth’s border (occlusal patterns
for age classes 2-5 are illustrated in Figure 2c).

Age classes 0 and 1 are considered to be juvenile ani-
mals based on porous auditory bullae and unfused basi-
cranial sutures; age class 0 individuals are uniformly still
in juvenile pelage and, for those specimens for which nec-
ropsy data are available, had not attained sexual maturity
(i.e., females with thin and translucent uteri and males with
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very small, non-vascularized testes). Age class 1 individu-
als varied from still in juvenile pelage, in molt, or already
with adult pelage; available necropsy data indicate that
none had reached reproductive maturity. All specimens
in age classes 2 through 5 had adult pelage and, especially
in spring months, nearly all specimens with necropsy data
exhibited signs of present or recent reproductive activity
(females with enlarged, swollen uteri, embryos present, or
embryo scars visible; males with enlarged, scrotal, and vas-
cularized testes, and enlarged vesicular glands).

Non-geographic variation. To examine sex and age
effects, we performed generalized least squares analyses of
the 32 linear distance measurements for adult specimens
of two samples: pacificus-1 (type and topotypes of pacifi-
cus Mearns; n = 66) and pacificus-3 (type and topotypes of
cantwelli von Bloeker; n = 78). Application of Bonferroni
corrections for multiple comparisons yielded no detect-
able sexual dimorphism nor significant interaction terms
in either sample; significant age effects were found for four
variables (nasal length, zygomatic breadth, upper incisor
breadth, and mesopterygoid width) only in the pacificus-1
sample (Appendix 2). As a result, we combined sexes and
ages in all analyses.

Cranial morphological character sets. We photographed
the dorsal and ventral aspects of each skull examined using
a Nikon D3200 or Nikon D850 digital camera fitted with
AF-S AV Micro Nikkor 105 mm lens. Establishing a com-
mon plane for all photographed skulls is essential, whether
photographs are used to calculate traditional linear mea-
surements or digitized landmarks for geometric morpho-
metrics. To maintain planar uniformity across specimens,
we used a bubble level placed on the camera viewfinder
and the platform upon which the skull was placed. For the
dorsal view, the ventral surfaces of the bullae and the inci-
sor tips established a common 3-point plane. A common
plane for the ventral surface was more difficult to establish,
as skulls were too small to use a bubble level laid across
the molar rows, for example, and the age-related flatten-
ing of the dorsal profile made positioning each skull in a
consistent position difficult. We thus placed each skull on
a bit of putty and positioned the toothrows to a horizontal
plane by eye. Damaged skulls that precluded digitizing all
landmarks or accurate measurements, such as those with
chipped incisors or broken parts, were excluded.

We digitized 28 landmarks (LM) on the dorsal surface of
the skull and 25 on the ventral surface (Figure 2a, b) using the
on-line XYOM-CLIC module (http://xyom-clic.eu/; Dujardin
and Dujardin 2019). Most landmarks were Type 1 in Book-
stein’s (1991) terminology - those where the intersection of
bony sutures is locally defined; others conform to Type 2 as
per Bookstein - those defined, for example, by the tip of a
structure (dorsal LM 9, L26) or bulge (LM 6). In addition, we
placed 21 semilandmarks (SL) along the lateral border of the
auditory capsule, nine SL with uniform spacing between LM
13 and 14 along the edge of the epitympanic portion and 12
between LM 14 and 15 on the edge of the mastoid portion.
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We then used Morphol, version 1.07a (Klingenberg 2011;
available at https://morphometrics.uk/Morphol) page.html)
to generate matrices of Procrustes coordinates, or residuals,
that result from superimposition, and principal components
of the set of Procrustes residuals (or relative warp scores).
MorpholJ uses the latter in canonical variate comparisons of
a priori defined samples and to compute matrices of Mahala-
nobis distances among them. We also used MorphoJ to con-
struct wireframes (sets of lines linking landmarks in a prede-
termined configuration) and deformation grids to visualize
shape changes among taxon samples.

We also took 20 linear measurements from the dorsal sur-
face, including the area (mm?) of the bullar capsule, and 12
measurements from the ventral surface from each skull pho-
tograph using ImageJ, version 1.46r (Abramoff et al. 2004;
Schneider et al. 2012; available at http://imagej.nig.gov/if/
download.html). Image) measurements were given to three
decimals; these we rounded to two places, which is consis-
tent with repeated measures of the same variable. Dorsal
variables included: occipital-nasal length (1-ONL - midline
distance from distal tip of ex-supraoccipital to anterior tip
of nasal bones); nasal length (2-NL — midline length of nasal
bones); frontallength (3-FL - midline length of frontal bones);
parietal length (4-PL — midline length of parietal bones);
interparietal length (5-IPL — midline length of interparietal
bone); premaxilla tip length (6-premax-ExtL — midline mea-
surement from the distal nasal bones to a line tangential to
the two distal premaxillary extensions); rostral width (7-RW
—width across the anterior rostrum at the nasal-premaxillary
boundary); maxillary width (8-MW - width across the pos-
terior rostrum at the maxillary-premaxillary boundary); pre-
maxillary extension width (9-premax-tipW - width across
the most distal portion of the premaxillary distal extensions);
interorbital constriction (10-I0C - least width across the
interorbital region); zygomatic breadth (11-ZB - maximum
width across the zygomatic arches); anterior parietal width
(12-antParietalW — maximum width of the parietal bones
at their suture junction with the frontal and squamosal ele-
ments); anterior interparietal width (13-IPW-ant — maximum
width taken at the suture junction with the parietal and ex-
supraoccipital); posterior interparietal width (14-IPW-post —
maximum width taken across the posterior corners of the
interparietal); ex-supraoccipital width (15-exOccW - width
across the exposed ex-supraoccipital elements); bullar
width (16-bullarW — maximum width across the two bullae);
bulla length (17-bullaL — maximum length from the ante-
rior portion of the epitympanic and posterior portion of the
mastoid portions); bulla width (18-bullaW - perpendicular
width across the left bulla from the epitympanic-mastoid
junction to the inner border with the ex-supraoccipital and
parietal); bulla perimeter (19-bulla perimeter - the distance
of a line circumscribing the left bulla); bulla area (20-bulla
area — calculated for the area circumscribed by bulla perim-
eter, in mm?). Ventral variables included: anterior nasal
extensions (21-anterior border of the upper incisors to the
tip of the nasal bones); palatal length (22-posterior border
of upper incisors to anterior end of mesopterygoid fossa);
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mesopterygoid length (23-anterior end of fossa to a line
tangential to the posterior end of the hamular processes);
foramen magnum length (24-midline measurement); max-
illary toothrow length (25-alveolar length from upper pre-
molar to third molar), incisor breadth (26-alveolar distance
from the lateral margins of the incisors); palatal breadth (27-
width across outside of maxilla between first and second
molars); squamosal width (28-distance between the squa-
mosal extensions); distal width of mesopterygoid (29-across
the end of the hamular processes); stylomastoid foramina
width (30-across the two stylomastoid foramina), occipital
condyle width (31-across the distal ends of each condyle);
ex-supraoccipital width (32-distance between the lateral
projections of left and right ex-supraoccipital bones). Exter-
nal measurements of total length (TOL), tail length (TAL),
hindfoot length, including claw (HF), and ear length, from
notch (E) were taken from specimen labels; we calculated
head-and-body length (HBL) by subtracting TAL from TOL.

We obtained dorsal and ventral landmark datasets for
all digitized specimens of each taxon, although the final
number in each differs slightly after removal of outliers.
Sample sizes for ventral measurements were often smaller
than those from the dorsum due to damaged structures (e.
g., the hamular processes). In general, we employed linear
variables primarily for comparisons to previously published
studies that reported differences in cranial dimensions or
to test character differences identified in diagnoses of taxa
when initially described or subsequently compared.

Patton and Fisher

Dorsal colormeasurement. Of the 721 specimens examined,
565 had preserved skins. These we photographed to obtain
measures of the three Commission internationale de |'éclairage
(CIE) color variables L* (lightness, measured on a scale from 0
[= black] to 100 [= diffuse white]), a* (the position on the color
spectrum between red/magenta and green [negative values
indicate green while positive values indicate magenta]), and b*
(the position on the color spectrum between yellow and blue
[negative values indicate blue and positive values indicate yel-
low]). To obtain these values, we first took photographs of the
dorsal aspect of each skin at a distance of 25 cm using a Nikon
DX SWM micro 1:1 lens and under standard lighting conditions
at 4600°K; each photograph was then manipulated to yield an
approximate uniform white background with L* = 90, a* = 0,
and b* = 1. We then recorded, and averaged, color values at
three points along the mid-dorsum from each specimen using
the Lab Color Mode in Adobe PhotoShop CC™ (Adobe Sys-
tems Inc,, San Jose, California). Since pelage color at any spot
on the dorsum is variable due to a mixture of dark brown or
black intertwined with yellow, individual measurements were
an average of a 5 x 5 pixel area.

We converted values of a* and b* to C* (chroma, or rela-
tive saturation, which is measured on a scale from 0 to 100),
as the square root of a*? + b*?, and h° (hue, or angle of the
hue in the CIELab color wheel), measured as the arctangent
of (b*/a*). Ared hue s at 0°, yellow at 90°, green at 180°, and
blue at 270°, with orange, yellow-green, cyan, and magenta
at 45°,135°, 225°, and 315°, respectively).

Figure 2. (a) Dorsal view of a skull of Perognathus longimembris (MVZ 240590; from East Stone Cabin Valley, Nye Co., Nevada) illustrating the position of 28 dorsal landmarks (LM - red
circles) and the 21 semilandmarks (SL - yellow circles) that define the outer margin of the epitympanic (9 SL, black arc) and mastoid (12 SL, black arc) portions of the auditory bulla; (b)
ventral view of the same skull with the positions of the 25 ventral landmarks indicated; and (c) maxillary toothrow occlusal surface wear age classes.

www.mastozoologiamexicana.org 135



TAXONOMIC REASSESSMENT OF Perognathus longimembris

Statistical procedures. We performed all multivariate
analyses of landmark-semilandmark coordinates in Mor-
phoJ but used JMP Pro16™ (SAS Institute Inc., Cary, North
Carolina) for univariate character or multivariate specimen
score comparisons among samples for morphometric and
colorimetric data. We used oneway ANOVAs followed by
Tukey-Kramer pairwise post hoc tests (with Bonferroni cor-
rected P-values for multiple comparisons) in all compari-
sons of samples to delimit non-significant sample subsets.
We also used the hierarchical clustering routine in JMP
Pro16, with the Ward algorithm, to generate dendrograms
from matrices of sample Mahalanobis distances and the
canonical variates routine to obtain posterior probabilities
for assignment for unknown specimens, those not allo-
cated a priori to one of the 20 samples. The latter provided
an unbiased assessment of each specimen phenetic rela-
tionship to a priori samples based on posterior probabili-
ties of assignment. As multivariate ordinations of dorsal
and ventral landmark datasets yielded similar patterns of
sample dispersion in multivariate space, we present only
those derived from the dorsal landmarks and semiland-
marks. We performed all MorpholJ canonical analyses with
permutation tests for pairwise distances with 10,000 itera-
tions. The LSID for this publication is: urn:lsid:zoobank.
org:pub:83CCE2F4-CE8C-4DB7-8116-50C83DA819F2.

Results

We begin by using the 32 linear variable dataset to exam-
ine character differences among the seven samples, which
include the respective holotype and set of topotypes, or
near-topotypes, of each nominal taxon in our study area.
Here we wish only to evaluate the univariate characters
used in the original descriptions or subsequent reviews
upon which the current taxonomy has been based. We
then examine disparity among all 20 samples mapped in
Figure 1 and follow with analyses focused on more limited
geographic areas where multivariate patterns of sharp
transition are indicated in the global analysis. For these
we employ only the dorsal landmark data since, as noted
above, both dorsal and ventral landmark data illustrated
the same ordination of samples. As we are interested in the
phenetic relationships among samples, we only present
results from canonical variates analyses.

Cranial characteristics of type and topotypic series. There
are seven nominal taxa whose type localities are within
the geographic area of our study (aestivus Huey, arenicola
Stephens, bangsi Mearns, brevinasus Osgood, cantwelli von
Bloeker, internationalis Huey, and pacificus Mearns), each
within a separate sample (aestivus, bangsi-7, bangsi 2,
brevinasus-1, pacificus-3, internationalis-1, and pacificus-1,
respectively) that also contain the type series (if identified
in the original description) and subsequently collected
topotypes.

Earlier comparisons among these taxa centered on
body and cranial size as well as the degree of mastoid bulla
expansion with concomitant changes in lateral width of
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the interparietal and ex-supraoccipital bones. A few other
cranial elements are mentioned in some accounts (for
example, length and breadth of the nasals, or rostrum,
and interorbital region), but these are limited to specific
pairs of taxa and have not been reviewed across them
all. In these limited comparisons, however, the series
representing pacificus Mearns are uniformly stated to
be exceedingly small in body and skull, darker in dorsal
color, and with much smaller mastoid bullae, much wider
interparietals, shorter rostra or nasals, and wider interor-
bital regions. In contrast, the series representing aestivus
Huey is notable for being larger in body and cranial size,
with much larger and inflated mastoid bullae that give a
greater width to the posterior skull while compressing the
interparietal into an almost equal-sided pentagon (e. g.,
Huey 1928). The other taxa fall varyingly with intermedi-
ate character states between the extremes represented by
pacificus and aestivus.

Huey (1939:49) noted “structurally, there is found to be
an entirely different trend of development”among the taxa
he examined. Specifically, in contrasting samples from the
coast and interior valleys through this region, he wrote
“forms living nearest the ocean, such as pacificus near the
shores of the Pacific and bombycinus ... near the shores of
the Gulf of California, have the smallest skulls. In fact, the
mice themselves are the smallest members of the species.
Those occupying the mountain areas are larger and show
generally increasing size from north to south. The maxi-
mum size of the cranium is found in the specimens of aesti-
vus, which occupies the western slopes of the Sierra Juarez
and eastern end of El Valle de la Trinidad... Similarly, in the
case of altitude, it is found that the greater the elevation,
the greater the development of the bullae”

These general observations are upheld in our compari-
sons among the type-topotypic series, as evidenced by
the minimally non-significant sample subsets for external
and selected cranial variables, along with character means,
standard errors, and sample sizes provided in Appendix 3.
In external characters, Mearn’s pacificus is the smallest in
total length (mean = 119.64 mm), but Huey’s aestivus is
largest only in hind foot length (mean 18.83 mm). There
is, however, less uniformity among those cranial charac-
ters identified by describers and reviewers in the separa-
tion of these taxa. Both pacificus and cantwelli do have the
smallest skulls (mean ONL = 19.83 and 19.76 mm, respec-
tively; not significantly different from one another) with
especially small bullae, but significantly smaller from one
another (mean bulla perimeter = 17.32 and 16.61 mm); the
interparietal of pacificus is especially wide (mean IPW-ant
= 3.85 mm) but that of cantwelli is not (mean 3.55 mm).
Conversely, aestivus does possess the largest skull (mean
ONL =21.57 mm) and largest bullae (mean bulla perimeter
= 21.44 mm), significantly so, but shares long nasals with
bangsi and internationalis (mean NL = 7.70 mm versus 7.67
and 7.57) and the narrowest interparietal with arenicola
(both with mean IPW-ant =3.10).



Global cranial disparity among all samples. We illustrate
differences in dorsal cranial shape in Figure 3a, a biplot of
canonical variate scores for the first two CVA axes. Below
and to the left of these axes we present deformation grids,
with vectors indicating compression or expansion of spe-
cific areas of the skull, and wireframe diagrams that com-
pare the resulting shape differences between the most dis-
parate samples aligned on each axis. In Figure 3b, we show
the dendrogram of Mahalanobis distances among samples
to illustrate hierarchical relationships among them.

The first two CV axes combine to explain 54.8 % of the
total pool of variation; each additional axis explains < 8 %.
Samples (Figure 3a) are ordered diagonally into three gen-
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eral groups that align separately on the two axes: (1) all
Colorado Desert floor samples of bangsi and bombycinus
plus aestivus; (2), interior basin samples of brevinasus and
internationalis along with bangsi samples from San Gorgor-
nio Pass; and (3) coastal samples of pacificus. The degree
of overlap among samples differs but is notably divergent
for the southern (pacificus-1) versus central and northern
samples (pacificus-2 and -3) of pacificus. Both deforma-
tion grid and wireframe diagram for CV1 emphasize the
correlated expansion of the bulla and compression of the
posteromedial portion of the braincase, with the pacificus
samples sharing a small bulla and wide interparietal and ex-
supraoccipital relative to desert samples of bangsi, bomby-

Figure 3. (a) Biplot of canonical variate scores (CV) for the first two axes of dorsal skull landmarks for all 20 samples of Perognathus. longimembris from southern California and north-
ern Baja California; data are presented as sample means (+) and ellipses that encompass 50 % of specimen scores. Below and to the left are deformation grids for the left side of the skull,
which contains the semilandmarks conforming to the bulla perimeter, and wireframe diagrams of the entire skull, excluding the semilandmarks, with colored highlights of cranial areas
of major change that compare samples from the extremes on each axis. (b) Dendrogram of Mahalanobis distances depicting hierarchical similarities among all samples. Symbols and

colors are those in the map, Figure 1.
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cinus, and aestivus. In contrast, CV2 emphasizes shape dif-
ferences in the rostrum, notably contrasting the elongated
nasals and narrowed distal premaxillary tips of bangsi sam-
ples with short nasals and wider premaxillary tips of paci-
ficus. The dendrogram separates samples into the desert
samples of bangsi (bangsi-1, -6, -7, and -8) and bombycinus
plus aestivus versus all others. The latter is further subdi-
vided, notably with all three pacificus samples grouped
together, all northern bangsi samples (bangsi-2, -3, -4, and
-5) grouped, and those allocated to brevinasus and inter-
nationalis split. Centroid size orders samples from largest
(aestivus) to smallest (all three pacificus and the two bomby-
cinus samples). Among-sample significant differences are
present, but overall samples are ordered from large to small
with overlapping non-significant subsets.

The combination of CV1 scores and centroid size
(log CS; Figure 4) cleanly separates those samples from the
desert floor from those of the coast and interior valleys in
y-intercept and slope (z=5.31, P <0.001 and 2.19, P < 0.01).
The single exception is Huey’s aestivus, which, while occu-
pying the western base of the Sierra Juarez in northern Baja
California, shares characteristics of the desert samples. This
relationship is contrary to that posited by Huey (1939:49)
in his contrast of coastal and interior populations and taxa.

Cranial disparity across transition areas. Three features

of the landmark analytical results deserve comment. First,
morphological disparity across the entire sample area

reveals two primary groupings of samples: those of the
coast, interior valleys, and San Gorgonio Pass and those of
the lowland deserts to the east, including the sample from
northern Baja California (Figures 3 and 4). Second, there are
several geographic areas of sharp transition, both within and
between these two geographically structured groups, but
also among samples allocated to the same subspecies. And
third, samples bordering these sharp transition areas often
contain individual specimens that span the mean morpho-
logical gap, suggesting phenotypic intermediacy derived
from gene flow. Here we examine more closely these tran-
sitional areas through CVA. These analyses also permit us to
allocate those unknown specimens listed in Appendix 1 by
their posterior probabilities to one of the included a priori
samples. We organize these analyses by focusing first on
transitional areas between the two primary sets of samples
identified in figures 3 and 4, specifically (1) internationalis
versus adjacent bangsi samples and (2) bangsi versus desert
samples. We then consider transitional areas within each of
the two global subsets, between (3) coastal pacificus versus
interior basin brevinasus + internationalis, (4) brevinasus ver-
sus bangsi samples across San Gorgonia Pass, and (5) north-
ern Baja California aestivus versus desert samples of bangsi
+ bombycinus. The degree of differentiation across each of
these transitions will inform a concluding set of systematic
decisions regarding units that warrant taxonomic recogni-
tion as well as the geographic range of each. In turn, our

Figure 4. Plot of CV1 scores on log centroid size (log CS) for the 20 samples of Perognathus longimembris depicted in Figure 3. Regression lines, with 95% confidence limits, and

equations are provided. Symbols and colors are those in the map, Figure 1.

138 THERYA Vol.14(1):131-160



suggested taxonomic units will inform conservation status
of some, notably pacificus and bangsi.

1-Southern interior valleys and adjacent desert floor. This
area encompasses the phenotypic disparity among the
three, southern-most bangsi (-6, -7, and -8) and the three
internationalis samples that are geographically adjacent on
the desert floor and interior valleys, respectively (Figure 1).
We used the same approach as above, deriving CV scores
from CVA in Morphol for those specific samples. The combi-
nation of CV1 and CV2 scores separates the two taxa on the
first axis and orders within-taxon samples geographically
(bangsi samples from north to south, internationalis sam-
ples from south to north) on the second (Figure 5a); these
two axes combine to explain 70 % of the variation. Samples
of bangsi have a proportionally longer but posteriorly nar-
rowed rostrum, narrowed frontal and parietal elements,
and larger bullae coupled with narrowed interparietal and
ex-supraoccipital bones in comparison to those of interna-
tionalis (see Figure 5a, wireframe diagram). Regression rela-
tionships of centroid size (log CS) on CV1 scores separates
the pooled taxon samples (Figure 5b), with significant dif-
ferences in mean values, y-intercepts, and slopes. The inter-
nationalis samples are significantly larger in centroid size
(pooled internationalis log CS mean = 3.609, pooled bangsi
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=3.573; oneway ANOVA P < 0.001); the two separate along
CV1 (mean eigenvector 1.761 versus -1.952, respectively;
P < 0.001; y-intercept (34.549 versus -16.504; P < 0.01); and
slope -9.084 versus 4.073; P < 0.01).

The two northern-most bangsi samples, however, do
broadly overlap with their geographic internationalis coun-
terparts, with specimens from each spread across their
respective 75 % inclusion ellipses (Figure 5a). This suggests
either past and/or present gene exchange between Mason
Valley (internationalis-2) and San Felipe Valley (internationa-
lis-3) with San Felipe Narrows (bangsi-7) and Borrego Valley
(bangsi-6), perhaps along San Felipe Creek, which connects
these areas today. In contrast, there is no overlap of 75 %
inclusion ellipses nor are specimens of either misplaced
between the southern-most internationalis sample (inter-
nationalis-1), which contains the holotype and type series
from the vicinity of Jacumba, and the few available speci-
mens from localities in the Yuha Desert region that span the
international border (bangsi-8). The samples of bangsi and
internationalis thus become progressively more differenti-
ated from north to south along their respective ranges.

2-San Gorgonio Pass and Colorado Desert samples. Here
we examine the relationships among samples of bangsi
Mearns (bangsi-1 through -8) and bombycinus Osgood

Figure 5. (a) Biplot of canonical variate scores of the first two axes of dorsal cranial landmarks for southern samples of bangsi and geographically adjacent samples of internationalis;
data are presented as sample means (+) and ellipses that encompass 75 % of specimen scores (open ellipses) and 95% confidence limits around the mean (colored ellipses). Below is the
wireframe diagram depicting areas of dorsal cranial differentiation highlighted in color comparing bangsi (dashed lines, cranial elements in pale orange) with the combined internationalis
samples (solid lines). (b) Linear regression, with 95% confidence limits, of CV1 scores on log centroid size (log CS); large crosses indicate mean values. Symbols and colors are those in the

map, Figure 1.
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(bombycinus-1 and -2) from San Gorgonio Pass east through
desertscrub vegetation on the floor of the Colorado Desert of
southeastern California (Figure 1). As above, we conducted
CVA and illustrate the biplot of CV1 and CV2 scores (which
combine to explain 71.2 % of the total variation; note that
CV1 alone explains 60.3 %) in Figure 6a. Desert floor sam-
ples of bangsi and bombycinus have much larger bullae that
project distally from the occiput and, conversely, laterally
compressed interparietal and ex-supraoccipital elements
(Figure 6a, wireframe diagram). Regression relationships
of centroid size (log CS) on CV1 scores again separates the
pooled taxon samples (Figure 6b), with significant differ-
ences in mean values, y-intercepts, and slopes. San Gorgonio
Pass samples of bangsi are significantly larger in centroid size
(pooled samples bangsi-2 through -5, log CS mean = 3.597;
pooled desert samples = 3.569; oneway ANOVA P < 0.001);
the two separate along CV1 (mean eigenvector -2.074 ver-
sus 2.547, respectively; P < 0.001; y-intercept (-8.695 versus
38.390; P < 0.05); and slope 1.840 versus -10.040; P < 0.01).
The ordination of samples, however, is less discrete than
in the previous transition zone analysis, with broader over-
lap of specimens among samples from the San Gorgonio

Pass (bangsi-3 through -5) and the geographically adjacent
type and topotype series from Palm Springs (bangsi-2). The
bangsi samples on the desert floor to the immediate east
(bangsi-1) and south (bangsi-6 and -7) along the desert side
of the Peninsular Ranges overlap partially with the cluster
of bangsi-2 through -5, with the two bombycinus from the
western side of the lower Colorado River, and the bangsi-8
sample from the Yuha Desert region. There is broad overlap
between desert floor bangsi (bangsi-1, -6, -7, and -8) and
the two eastern bombycinus samples along the first CV axis.
Despite the overlap of adjacent sample individual speci-
mens, there remains clear separations between the north-
western bangsi samples (bangsi-2 through -5) and all sam-
ples from the floor of the Colorado Desert, with a relatively
sharp transition in shape of the distal cranial elements of
the bulla, interparietal, and ex-supraoccipital (Figure 6a,
wireframe diagram).

3-Coastal versus interior valley samples. This analysis
includes the three coastal samples (pacificus-1, -2, and
-3) and six from interior valleys (brevinasus-1, -2, -3 and
internationalis-1, -2, and 3) that separate from all desert
samples further to the east across southern California (see

Figure 6. (a) Biplot of canonical variate scores of the first two axes of dorsal cranial landmarks for San Gorgonio Pass and lowland desert samples of bangsi and the desert bombycinus;
data are presented as sample means (+) and ellipses that encompass 75 % of specimen scores (open ellipses) and 95 % confidence limits around the mean (colored ellipses). Below is the
wireframe diagram depicting areas of dorsal cranial differentiation highlighted in color comparing northwestern bangsi (samples bangsi-2, -3, -4, and 5; dark orange circles, dashed lines,
and orange cranial elements) with the combined desert samples of bangsi and bombycinus (pale orange circles, solid lines). (b) Linear regression, with 95 % confidence limits, of CV1 scores
on log centroid size (log CS); large crosses indicate mean values. Symbols and colors are those in the map, Figure 1.
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Figure 3 and Figure 4). We again used canonical analyses
to compare the nine samples and then samples pooled by
subspecies allocation (Figure 1). We included all unknown
specimens (Appendix 1) to determine their respective
assignments in the two analyses.

The first two CVA analyses separate the three coastal
samples and those from the interior valleys; for simplicity,
we present data for only the 9-group analysis (Figure 7a).
The first two axes are nearly equivalent in the percentage
of the variation explained (32.1 and 29.1 %, respectively, or
62.2 % combined). While the ordination of samples is simi-
lar to that depicted in Figure 3, and with the same cranial
features emphasized in this separation (compare wireframe
in Figure 7a with that in Figure 3a), the degree of disparity
in dorsal shape attributes is much less. These differences,
nonetheless, do emphasize the smaller auditory bullae with
the laterally expanded interparietal and ex-supraoccipital
region along with the short and distally broader rostral ele-
ments of the coastal samples, pacificus-1, -2, and -3. Note
the distinction between the pacificus-1 (which contains
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the type of pacificus Mearns) and paired pacificus-2 and -3
samples (the latter which contains the type of cantwelli von
Bloeker). The two samples of pacificus versus brevinasus +
internationalis also differ in their relationship of centroid
size (log CS) and CV1 scores (Fig 7b; mean log CS coastal
= 3.786, interior = 3.838; mean CV1 coastal = 1.483, coastal
=-1.620; ANOVA P < 0.001 in each comparison), similar to
that of the global analysis (Figure 4). In contrast, pooled
samples of brevinasus and internationalis share the same
means, y-intercepts, and slopes (P > 0.05), with each of
those measures, except regression slope, differing from
those values for the pooled pacificus samples (P < 0.001 in
each comparison).

Assignments of unknown specimens are unambigu-
ous. The three specimens from San Fernando, Los Angeles
County (Appendix 1), are assigned to pacificus, specifically
sample pacificus-3, at posterior probabilities above 0.948
in the 9-sample and pooled-taxon analyses. In contrast, all
specimens from Riverside (Eden Hot Springs, Hemet, Tem-
ecula, and Vallevista) and San Diego (McCain Valley and

Figure 7. (a) Biplot of canonical variate scores of the first two axes of dorsal cranial landmarks for coastal pacificus samples and interior valley samples of brevinasus; data are presented
as sample means (+) and ellipses that encompass 75 % of specimen scores (open ellipses) and 95 % confidence limits around the mean (colored ellipses). Below is the wireframe diagram
depicting areas of dorsal cranial differentiation highlighted in color comparing pacificus (solid lines, elements in blue) with the combined brevinasus and internationalis samples (dashed
lines). (b) Linear regression, with 95 % confidence limits, of CV1 scores on log centroid size (log, CS); large crosses indicate mean values. Symbols and colors are those in the map, Figure 1.
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Warner Pass) counties are assigned to the combination of
brevinasus and internationalis samples at posterior prob-
abilities > 0.861. The placement of each is illustrated in Fig-
ure 7a, b (black circles are individuals from San Fernando
assigned to pacificus-3; black squares are those from River-
side and San Diego counties).

The separation of the three coastal samples into two
quite distinct geographic groupings was unexpected. All
are currently allocated to the endangered Pacific pocket
mouse (P. I. pacificus) yet, importantly, all three currently
known localities of this mouse are located within the pacifi-
cus-2 sample area (two on Camp Pendleton and Dana Point),
which aligns with the northern part of this subspecies range
(the pacificus-3 sample, which contains the holotype of
cantwelli von Bloeker) rather than with the southern-most
area (pacificus-1 sample) where Mearn’s holotype of paci-
ficus was collected. We thus wished to ascertain to what
degree, if any, the pacificus-2 sample might be divided into
southern (pacificus-1 = pacificus) and northern (pacificus-3
= cantwelli) sets of individuals. We thus performed a CVA
with these two sample sets as a priori groups and treated
all specimens from the pacificus-2 sample as unknown.
Only singleton specimens from either the pacificus (n = 63,
Appendix 1) or cantwelli (n = 78) samples were misclassi-
fied. Among the 48 pacificus-2 specimens, 41 (85.4 %) were
assigned to cantwelli at posterior probabilities > 0.70 (mean

posterior probability assignment = 0.9796). Seven speci-
mens were assigned to pacificus at posterior probabilities
of 0.775 or higher (mean assignment = 0.9231). All assign-
ments to pacificus came from the southern-most localities
in the pacificus-2 sample (Oceanside [3 of 26 specimens],
4 mi N Oceanside [1], Santa Margarita River [1], and Santa
Margarita Ranch [2]). The four specimens from the north-
ern-most locality of Dana Point were each assigned to
cantwelli at posterior probabilities > 0.996.

4-San Gorgonio Pass transect. Here we examine phenetic
relationships among the type and topotypic specimens
of brevinasus from the vicinity of San Bernardino (sample
brevinasus-1) east across San Gorgonio Pass (the three sam-
ples of bangsi from Banning [bangsi-5], Cabazon [bangsi-4],
and then Whitewater-Snow Creek [bangsi-3]) plus the type
and topotypic specimens of bangsi from the vicinity of Palm
Springs (bangsi-2). Given differences in subspecies alloca-
tion of this set of samples by Grinnell and Swarth (1913; see
also Grinnell 1933) and Williams et al. (1993), we are specifi-
cally interested where phenotypic gaps might be found.

The first two CV axes combined explain 76.4% of the
variation (Figure 8a) with the brevinasus sample separating
from the four samples from San Gorgonio Pass along the
first axis and the latter ordered from east (bangsi-2, top) to
west (bangsi-5, bottom) on the second axis. Skulls of the
different sample sets exhibit more subtle shape differences

Figure 8. (a) Biplot of canonical variate scores of the first two axes of dorsal cranial landmark for brevinasus and bangsi samples west to east across San Gorgonio Pass; data are pre-
sented as sample means (+) and ellipses that encompass 75 % of specimen scores (open ellipses) and 95 % confidence limits around the mean (colored ellipses). Below is the wireframe
diagram depicting areas of dorsal cranial differentiation highlighted in color comparing brevinasus (brevinasus-1; purple circles, solid lines, and colored cranial elements) with samples of
bangsi from the Palm Springs area (bangsi-2) west across those within San Gorgonio Pass (bangsi-3, -4, and -5; orange circles and dashed lines). To the left is the wireframe comparing the
bangsi-2 (orange circles and solid lines) sample with the other three (orange squares, dashed lines, and colored cranial elements). (b) Regression plot of CV1 scores on log centroid size
(log,CS). Regression lines, with 95% confidence limits, and equations are provided. Symbols and colors are those in the map, Figure 1.
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despite the separation of brevinasus from all four bangsi
samples (Figure 8a, bottom wireframe diagram), with lim-
ited specimen overlap between brevinasus and its immedi-
ate bangsi neighbor from the vicinity of Banning (bangsi-5).
Differences among the bangsi samples along CV2 separate
bangsi-2 from the three samples located within San Gorgo-
nio Pass, each geographically adjacent pair of samples with
more substantial specimen overlap, mostly by changes in
the posterior parts of the skull (bullae, interparietals, and
ex-supraoccipitals; Figure 8a, wireframe diagram to the
left), the same traits that continue the east to west trend
illustrated in Figure 6a. The degree of the bangsi sample
differences along CV2 is nearly as great as that between the
two presumptive subspecies (CV1).

The relationship of centroid size (log CS) to CV1 scores
separates the sample of brevinasus from the pooled sam-
ples of San Gorgonio bangsi (Figure 8b). The bangsi sam-
ples are marginally larger in centroid size (pooled bangsi
log, CS mean = 3.598, brevinasus = 3.590; one way ANOVA P
=0.03) and the two separate along CV1 (-0.991 versus 2.764,
respectively; P < 0.001; y-intercept (-5.253 versus -27.453; P
< 0.01) but not in slope 8.409 versus 1.184; P > 0.05).

As a final comment, the type-topotypic series of brevi-
nasus (sample brevinasus-1) do not have the shorter nasal
bones implied by their name. ANOVA comparisons of the
nasal length of brevinasus-1 with each bangsi sample in this
transect, as well as those of internationalis, are universally
non-significant (pairwise P-values range from 0.546 to 1.000);
in comparison to pacificus, brevinasus has longer nasals, actu-
ally and proportionally (P < 0.001 in each comparison).

5-Relationship of aestivus to desert bangsi and bomby-
cinus. This final set of comparisons focuses on the desert
samples of bangsi and bombycinus plus the northern Baja
California aestivus, those samples that collectively contrast
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with coastal and interior ones in a dendrogram of among-
sample Mahalanobis distances (Figure 3) and in relation-
ships of their centroid sizes with CV1 scores (Figure 4). Huey
(1928:87) diagnosed aestivus by its large and inflated mas-
toid bullae that gave it “a much greater width to the skull
posteriorly and compressing the interparietal into an almost
equal-sided pentagon” While Huey was certainly cor-
rect, these same traits apply to desert bangsi samples (the
eastern-most bangsi-1 and southern bangsi-6, -7, and 8) as
well as the two bombycinus samples. The major difference,
however, is that the skulls of aestivus are largest, bombyci-
nus are smallest, and bangsi samples are intermediate in size
(mean + standard error for log CS: aestivus = 3.623 + 0.006,
pooled desert bangsi = 3.579 + 0.003, and pooled bombyci-
nus =3.529 £ 0.006). Furthermore, aestivus is broader across
the mastoids (bullarW mean = 12.60 mm) than either bangsi
(range 11.87 mm [bangsi-1]to 11.58 mm [bangsi-6]) or bom-
bycinus samples (11.48 mm and 11.33 mm, respectively).

The CVA comparing these seven samples provides lim-
ited resolution among them. It takes the first four axes to
explain nearly 75 % of the total variation. The first three
axes individually explain only 28.5, 18.8, and 15.0 %, respec-
tively. In the biplots of CV1 and CV2 or CV1 and CV3 (Figure
9a, b), most samples align from left to right, along the first
CV axis while CV2 and CV3 separate the aestivus and one
bangsi (bangsi-8) samples, respectively. Other combina-
tions of CV axes simply shuffle the positions of these two
samples with respect to the core group illustrated in Fig-
ure 9 (data not shown). Overall, there is limited resolution
on any pair of axes and no clear, well-supported separation
among this set of samples.

Pelage color disparity. We provide means, standard
errors, sample size, and non-significant sample subsets
based on Tukey-Kramer pairwise comparisons in Appen-

Figure 9. Biplots of canonical variate scores of dorsal cranial landmarks for lowland desert samples of bangsi and bombycinus plus the northern interior valley sample of aestivus; data
are presented as sample means (+) and ellipses that encompass 75 % of specimen scores (open ellipses) and 95 % confidence limits around the mean (colored ellipses): A-CV1 and 2 plot;

B - CV1 and 3 plot. Symbols and colors are those in the map, Figure 1.
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dix 4. All three color variables (lightness, chroma, and hue)
vary significantly across the sampled populations (oneway
ANOVAs, P < 0.001 for each). Lightness varies from quite
dark (mean L* = 13.99 [pacificus-1]) to very pale (46.53
[bangsi-1]) and chroma is ordered in the same way, from
lower (in the pacificus-1 sample, mean chroma = 9.442) to
higher purity (in bangsi-1, 21.855). Hue varies only negli-
gibly among samples (lowest for pacificus-1 [mean 1.083]
and highest in bangsi-6 [1.378]), with all specimens within
the red spectrum (sample descriptive statistics in Appen-
dix 3). Overall, the pacificus samples differ significantly
from interior and, especially, desert samples in all three
attributes; visually these are easily distinguished by their
very dark overall tones; interior samples are intermediate,
and desert ones are distinctly lighter.

In PCA and CVA analyses, the first axis explains the vast
majority of the total pool of variation (PC1 = 94.75 %; CV1
= 88.31 %), with lightness the only variable that loads sig-
nificantly on each axis (PC1 eigenvalue = 0.9541 [versus
-0.2996 and -0.0041] for chroma and hue, respectively; CV1
standardized scoring coefficient = 0.9867 [versus 0.0246
and 0.001]). These two multivariate methods display the
same ordination of samples, whether these are determined

a posteriori (PCA) or a priori (CVA); correlation of specimen
PC1 and CV1 scores = 0.998, ANOVA P < 0.001. Unsurpris-
ingly, specimen lightness also predicts their individual PC1
and CV1 scores with high efficiency with correlations of
0.997 and 0.999, respectively. One does not need multi-
variate statistics to see, by eye, differences in pelage light-
ness among these samples, which we depict as box plots
in Figure 10. While some samples are hampered by low
numbers of available skins (notably eastern and south-
ern desert bangsi-1 and -8, and bombycinus-1 and -2),
the pattern of increasing lightness from coast to desert is
obvious. Coastal samples are uniformly darkest but still
separate into two significant groups, southern pacificus-1
versus central and northern pacificus-2 and -3 (Figure 10,
black bars, which depict non-significant subsets based on
Tukey-Kramer HSD). The color separation of these samples
mirrors that of their cranial shape (Figs. 3 and 7). Interior
basin samples of brevinasus and internationalis, individu-
ally and as a group, are also dark, significantly lighter than
coastal pacificus but statistically uniform; samples of bangsi
from west to east across the San Gorgonio Pass form a cline
between darker interior and the very light desert samples.
Regression of specimen L* values for the San Gorgonio

Figure 10. Box plots of pelage lightness, with means and specimen values, for samples of Perognathus longimembris from southern California. Samples are arranged from left to right:
coastal (pacificus), interior valleys (internationalis and brevinasus), San Gorgonio Pass (bangsi, samples 2 through 5), and desert (bangsi, samples 1, 6, 7, and -8, bombycinus, and including
aestivus from interior valleys of northern Baja California). Separate heavy lines above samples groups are non-significant subsets (oneway ANOVA, Tukey-Kramer HSD P > 0.05). Symbols

and colors are those in the map, Figure 1.
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Pass localities against longitude is significant (R* = 0.307,
df, ., F =6293, P < 0.001). This observation is consis-
tent with Grinnell and Swarth’s (1913:360) statement that
some specimens from Banning (sample bangsi-5; Figure 1)
“show slightly the darkest coloration, perhaps indicating
intergradation towards brevinasus” and, along with cranial
uniformity (Figure 8), support these authors’ allocation of
specimens from San Gorgonio Pass to bangsi rather than to
brevinasus (contra Williams et al. 1993).

Discussion

We organize this section around two important, and inter-
related, components of systematic research. The first
addresses broad patterns, and degrees, of cranial and color
disparity across the sampled region based on the sepa-
rate transitional area analyses. This is a necessary first-step
before tackling the second component, that of the opti-
mal taxonomy that expresses the disparity of the patterns
observed. Following these two components, we then posit
historical biogeographic factors that might underly the
cranial and pelage color disparities we recovered. We then
end with potential management considerations as a result
of our suggested taxonomic changes, and with a lament
that so much of the original ranges of several of the taxa we
include have disappeared under concrete and buildings, or
been impacted by recent fires, each of which have changed
the landscapes and habitats available for pocket mice and
many other organisms, some irreversibly. Nonetheless, we
believe it important to describe original patterns and pro-
cesses of organismal diversification even if these exercises
are only depictions of the past, not the future.

Synthesis of morphological disparity among samples. Sam-
ples of Perognathus longimembris from southern California
and northern Baja California are diverse in cranial shape and
pelage color, but the patterns are somewhat complex yet
still geographically ordered. Here we map (Figure 11a) the
major axes of cranial shape differentiation that derive from
the global analysis (Figs. 3 and 4) and those of the individual
transition areas (Figs. 5 — 9). The major axis of differentia-
tion (heavy solid line in Figure 11a) separates eastern (desert
plus aestivus) samples from those of the coast and interior
valleys. Bridges between these two groups are evident in
samples bangsi-2 vis-a-vis adjacent samples bangsi-1 to the
east, bangsi-3 to the west, and bangsi-6 to the south (Fig-
ure 6), and between bangsi-6 and internationalis-2 (Figure
5). Secondary axes of differentiation occur between sam-
ples of coastal pacificus relative to the interior brevinasus
and internationalis (Figure 7), and brevinasus (from the San
Bernardino Valley) and bangsi samples (from San Gorgonio
Pass; Figure 8). Tertiary levels of divergence occur among
the three pacificus samples, which separate pacificus-1 (the
type and topotypic series) from pacificus-2 and -3 from the
central and northern coast, respectively (Figure 7). The array
of brevinasus and internationalis samples, while grouped
together, do not exhibit an expected clinal phenetic pat-
tern but rather present as coupled pairs (Figure 7). Eastern
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desert samples of bangsi and bombycinus, including aesti-
vus, are collectively less cohesive but, at least with available
samples, they are not subdivided (Figure 9).

Dorsal pelage color, dominated by lightness (L*), exhib-
its the same geographic pattern as cranial shape (compare
Figure 10 with Figs. 4 - 9). We have cranial and color data
for 358 specimens. For these, we used linear regression to
examine the correspondence between individual speci-
men cranial shape and color CV1 scores (Figure 11b). The
relationship between these independent traits is strong (R?
=0.4473,df ,,F=288.13,P<0.001); specimens from each
sample group together and array along the regression line
in the consistent coastal to interior to desert pattern.

Taxonomic implications. As the existing subspecific tax-
onomy implies (Williams et al. 1993, Patton 2005, Hafner
2016), phenotypic diversity across the entire sample area
is substantial. In our opinion, available data support the
recognition of four to six infraspecific units, listed below,
but also a reshuffling of the current assignments of several
populations. Coastal pacificus possess the most distinctive
skull, with its small overall size, very small bullae and con-
comitant wide interparietals and supraoccipitals, and short
rostrum; its recognition should certainly be retained. A lin-
gering question, however, is whether this taxon should be
subdivided, with the name pacificus Mearns applied only to
the area around its type locality in extreme southwestern
San Diego County, and cantwelli von Bloeker resurrected to
encompass the coastal samples in northwestern San Diego
and southwestern Orange counties and those around its
type locality of Hyperion (= El Segundo) in Los Angeles
County. We believe subdivision is warranted as pacificus
(sensu stricto) and cantwelli differ in multiple morphomet-
ric, shape, and color attributes, and at a degree consistent
with differences among other subspecies recognized (see
Figures. 3 and 7, Appendix 3 and 4).

Lacking any clear distinction between the six interior
samples into northern and southern units that would map
to the current taxa brevinasus Osgood and internationalis
Huey, respectively, as well as the broad overlap among them,
we recommend placing both under the earlier described
brevinasus Osgood. Such action is consistent with the sug-
gestion of equivocal recognition of the two by Williams et al.
(1993). We suggest that samples allocated to bangsi Mearns
be restricted to those in San Gorgonio Pass and the White-
water River outwash, which includes the type locality of Palm
Springs. Even though the type and topotypic series share
phenetic similarities with samples to the immediate east
(Shavers Valley) and south (Borrego Valley), those relation-
ships are more distant than between the Palm Springs and
San Gorgonio Pass samples. Eastern and southern bangsi
samples, which grade into those allocated to bombycinus
Osgood in the low eastern desert along the western margin
of the lower Colorado River, are best considered a single unit.
Given that the type locality of Osgood’s bombycinus is from
Yuma, on the Arizona (eastern) side of the lower Colorado
River, samples of which are molecularly and phenotypically
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Figure 11. (a) Isophenes of cranial differentiation among samples of Perognathus longimembris from southern California and northern Baja California derived from canonical variate
analyses presented in Figures 3 through 9. Differentiation is hierarchical, with the heavy line separating regional samples, light solid lines separating units within the western region, and
dashed lines separating or grouping samples within current subspecies, but names are provided for infraspecific units we recognize herein. Symbols and colors are those in the map,
Figure 1. (b) Regression plot, with 95 % confidence limits around the slope, illustrating the correspondence of individual specimens, as assigned to samples, for dorsal pelage color and

cranial shape. Symbols and colors are those in the map, Figure 1.

distinct (JLP, unpublished data), the southeastern California
samples cannot be referred to bombycinus. Fortunately,
the bangsi-7 sample includes the holotype of arenicola Ste-
phens; this name is available for these desert populations.
As noted by Stephens in his original description, arenicola
differed from typical bangsi by more swollen mastoids that
project further posteriorly from the occiput, key features that
are demarcated in our analyses (e.g., see wireframe diagram
in Figure 6a). Until molecular data are available, we would
provisionally retain gestivus Huey despite its cranial pheno-
typic overlap with these desert samples. We note that these
suggested rearrangements will impact current conserva-
tion strategies for several of these pocket mice. Taxonomy
is meant to inform, not to be derivative of those needs. A
shortened listing of the valid taxa in southern California and
northern Baja California, with range limits, is the following:

Perognathus longimembris pacificus Mearns, 1898
1898. Perognathus pacificus Mearns, Bull. Amer. Mus.
Nat. Hist., 10:299, 31 August.

1932. Perognathus longimembris pacificus: von Bloeker,
Proc. Biol. Soc. Washington, 45:127 (first use of current
name combination).

Type locality. “Edge of the Pacific Ocean, at the last Mex-
ican boundary monument (No. 258), [San Diego County,
California]”

Range. Currently limited to the estuary of the Tijuana
River in immediate vicinity of Boundary Monument 258
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to 3.2 km north of the monument, San Diego Co., Califor-
nia; likely extends, or used to, even further north along the
coast and possibly eastward up the Tijuana River drainage,
including into extreme northwestern Baja California, Mex-
ico. Includes localities in sample pacificus-1 (Appendix 1).

Remarks. To our knowledge, this taxon was last col-
lected in the wild in July (von Bloeker 1931b) and October
of 1931 (W. H. Burt, Dickey Collection, University of Califor-
nia, Los Angeles).

Perognathus longimembris bangsi Mearns, 1898

1898. Perognathus longimembris bangsi Mearns, Bull.
Amer. Mus. Nat. Hist., 10:300, 31 August.

1900. Perognathus panamintinus bangsi: Osgood, N.
Amer. Fauna, 18:29.

Type locality. “Palm Springs, Colorado Desert [Riverside
Co.], southern California.”

Range. Limited to San Gorgonio Pass (the vicinity of Ban-
ning east to Cabezon, Snow Creek, and Whitewater) and out-
wash of the Whitewater River to the vicinity of Palm Springs,
Riverside Co., California. Includes localities of samples
bangsi-2, bangsi-3, bangsi-4, and bangsi-5. Localities from
San Gorgonio Pass were allocated to brevinasus Osgood by
Williams et al. (1993) but to bangsi by Grinnell and Swarth
(1913); some, but not all, specimens from Banning share the
darker pelage characteristic of that subspecies but cranially
pool with other bangsi samples from the Pass.




Perognathus longimembris arenicola Stephens, 1900

1900. Perognathus panamintinus arenicola Stephens,
Proc. Biol. Soc. Washington, 13:153, 13 June.

1918. Plerognathus]. llongimembris]. arenicola: Osgood,
Proc. Biol. Soc. Washington, 31:96 (first use of current name
combination).

Type locality. “San Felipe Narrows, San Diego Co., California.’

Range. Colorado Desert of eastern California and north-
eastern Baja California, from Shavers Valley east to Blythe
(Riverside County) and Borrego Valley south to the Yuha
Basin and east to Pilot Knob (Imperial County); range in Baja
California unclear but probably extends south along the
coast of the Sea of Cortez at least to San Felipe. Includes
localities in samples bangsi-1, bangsi-6, bangsi-7, bangsi-8,
bombycinus-1, and bombycinus-2.

Remarks. Treated as a synonym of P. I. bangsi by Grin-
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Range. Known only from the type locality and Valle de
la Trinidad (localities listed in sample aestivus).

Perognathus longimembris cantwelli von Bloeker, 1932,
1869. Perognathus parvus, Cooper, Amer. Nat., 3:183

1932. Perognathus longimembris cantwelli von Bloeker,
Proc. Bio. Soc. Washington, 45:128, 9 September.

1939. Perognathus longimembris pacificus: Huey, Trans.
San Diego Soc. Nat. Hist., 9(11):49 (first use of synonymy for
cantwelli).

Type locality. “Hyperion [= El Segundo], Los Angeles
County, California.”

Range. Currently known from two disjunct areas along
the coast of southern California: (1) from Oceanside (San
Diego Co.; see von Bloeker 1931b, Bailey 1939) north to Dana
Point (Orange Co.; Swei et al. 2003) and continuing to New-
port in the San Joaquin Hills historically (M'Closkey 1972,
Meserve 1976) and (2) the vicinity of the type locality south

nell (1913, 1933), Hall (1981), and Williams et al. (1993). May
include aestivus Huey, pending molecular data if and when
available. Grinnell (1914) assigned specimens from the
vicinity of Pilot Knob to P. . bombycinus, the type locality of
which is in Arizona (see above).

Perognathus longimembris brevinasus Osgood, 1900

1900. Perognathus panamintinus brevinasus Osgood, N.
Amer. Fauna, 18:30, September.

1928.  Perognathus longimembris brevinasus: Huey,
Trans. San Diego Soc. Nat. Hist., 8:88 (first use of current
name combination).

1939. Perognathus longimembris internationalis: Huey,
Trans. San Diego Soc. Nat. Hist.,, 9(11):47. 31 August; type
locality “Lower California side of the International Boundary
at Jacumba, San Diego County, California,’ Baja California.

Type locality. “San Bernardino, [San Bernardino Co.], Cal.
[California]” Stated by Grinnell (1933) to be “about 2 miles
east of present city center”

Range. Interior valleys of southern California from the
vicinity of the type locality in San Bernardino County suc-
cessively south through the interior San Jacinto, Menifee,
Aguanga, Oak Grove, Warner, San Felipe, Mason, and
McCain valleys to the Jacumba Valley that straddles the
international border. Includes localities in samples brevina-
sus-1,-2,and -3, and internationalis-1, -2, and -3. For assign-
ment of specimens from localities across San Gorgonio Pass
(Williams et al. 1993) see comment under P. |. bangsi.

Perognathus longimembris aestivus Huey, 1928.
1928. Perognathus longimembris aestivus Huey, 1928,
Trans. San Diego Soc. Nat. Hist., 5:87, 18 January.
Type locality. “Sangre de Cristo in Valle San Rafael on the

western base of the Sierra Judrez, Lower [Baja] California, Mex-
ico (upper Sonoran zone), lat. 31°52'north, long. 116°06'west.’

along the coast to Wilmington (Cooper 1869) but herein
extended to include specimens from San Fernando, Los
Angeles County, that others had previously assigned to P. /.
brevinasus (e. g., von Bloeker 1932; Grinnell 1933; Huey 1939;
Williams et al. 1993). These two areas correspond to samples
pacificus-2 and -3, respectively. When describing this form,
von Bloeker (1932) referred the San Fernando samples to P,
I. brevinasus based on skull characteristics and size although
he pointed out it was like his cantwelli based on color.

Remarks. Treated as a valid subspecies by Grinnell
(1933:148) but as a synonym of P. I. pacificus Mearns by
most subsequent authors (e. g., Hall 1981; Williams et al.
1993). So far as known, today this taxon is limited to small
areas on Camp Pendleton Marine Corps Base (San Mateo/
San Onofre, and Oscar One and Edson training areas, San
Diego County) and Dana Point (Orange County). Bailey
(1939) kept two living individuals collected at Oceanside in
August of 1931 at his home; one died in December 1935
(Bitty) and the other (Bobbity) on 29 June 1937; see photo-
graphs (Figure 12) and accompanying poem, below.

Coming together, falling apart, and loss. The populations
of Perognathus longimembris we studied form a natural
monophyletic group that invaded the Pacific Plate and the
Salton Sea trough (Rift Zone) from the east on the Conti-
nental Plate, where the species is much more widespread,
and then diversified into multiple taxa in various habitat
types (Swei et al. 2003 and herein). There are multiple other
taxa that spread to the Pacific Plate and then diversified; an
excellent example is within the plethodontid salamander
Batrachoseps major complex (Jochsuch et al. 2020; see also
Gottscho 2016). This contrasts with the Perognathus parvus
complex that is widespread to the northeast in the Great
Basin but only gets into southern California on the rim of
the Continental Plate where it diversified (i. e., Perognathus
alticola) but didn't invade the Pacific Plate at all (Riddle et
al. 2014). Reptiles also have multiple lineages in southern
California that are specialized for psammophilus habitats;
Perognathus longimembris is the best example of a small
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mammal that shares this niche (Mosauer 1932). These rep-
tile species tend to show regional speciation patterns due to
the regionalization of habitats; they serve as useful hypoth-
eses to test our taxonomy (Wood et al. 2008; Leaché et al.
2009; Parham and Papenfuss 2009; Gottscho et al. 2017).
Thus, within the Pacific Plate and Rift Zone these mice seg-
regate clearly into five well defined habitat features, and six
taxa: San Gorgonio Pass-Coachella Valley (bangsi), Colorado
Desert (arenicola), interior northern Baja valleys (aestivus),
headwater washes (brevinasus), and coastal dunes, washes,
and marine terraces (pacificus and cantwelli). Below we
evaluate the biogeography of these major habitat features.
Next, we provide a brief history of the focal distributional
areas of these mice.

1-San Gorgonio Pass-Coachella Valley: This area at the
upper end of the San Andreas Rift Zone is part of the White-
water-San Gorgonio River system and is bounded on the
south by the head of the Salton Trough, and is a region
identified in multi-species genetic hotspots analyses (Davis
et al. 2008; Wood et al. 2013). There were expansive dunes
in this landscape and high levels of endemism across taxa
including additional mammals like the ground squirrel,
Xerospermophilus tereticaudus chlorus. For psammophilus

reptiles the best example is Uma inornata that is restricted
to this area but also the snake Chionactis annulata/occipita-
lis that was shown to have a high endemic divergence here
as well (Wood et al. 2008, 2014; Gottscho et al. 2017). Vari-
ous invertebrates also show high levels of endemism to the
dunes and washes including the beetle Dinacoma caseyi
and the cricket Ammopelmatus cahuilaensis (Tinkham
1968; Rubinoff et al. 2020). Thus, our revised definition of P
I. bangsi geographically fits well within this landscape with
high endemism of dune evolved species.

2-Colorado Desert: This area borders the Salton Sea
(Lake Cahuilla) on both sides and extends into desert val-
leys around Anza Borrego and the dune fields bordering
the Chocolate Mountains and across to the Chuckwalla Val-
ley but does not cross the Colorado River; rather, it heads
south towards San Felipe in Baja California. Little pocket
mice were probably continuous across the basin prior to
the 1905 flood that formed the present Salton Sea. This
area was also identified in Wood et al. (2013); the species
most closely overlapping P. I. arenicola in distribution is the
lizard Uma notata (Gottscho et al. 2017). Much of the north-
eastern part of the mouse’s range is bounded by the Bouse
Formation (Buising 1990). There are genetic breaks in two

Figure 12. Photographs of Bobbity, Vernon Bailey’s pet P. I. cantwelli collected at Oceanside, San Diego County on 20 August 1931 and that died on 29 June 1937 at a weight of “26
navy beans” (V. Bailey fieldnotes, Mammal Division archives, National Museum of Natural History, Smithsonian Institution, Washington, D.C.).
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different species of horned lizards that match well with this
landscape (Phrynosoma mcallii and Phrynosoma platyrhi-
nos) and occupy the pocket mouse habitats (Mulcahy et
al. 2006). The San Andreas fault-line passes through here
but both sides of the rift zone are occupied by the same
taxa. The eastern margin is the lower Colorado River, which
forms a barrier for some taxa, including P. I. arenicola and
other heteromyids as noted above, but not all. Both Phry-
nosoma mcallii and Chionactis annulata cross the river into
the Yuma Desert and eastward to the Pinacate region in
Sonora, Mexico (e. g., Mulcahy et al. 2006; Wood et al. 2014).

3-Interior northern Baja California valleys: The Trinidad
and Ojos Negros/San Rafael valleys are connected to the
lower part of the Colorado Desert region via the Paseo de
San Matias where there is leakage from the desert to these
inland xeric valleys for many taxa (Grismer 1994). The darker
pelage of P. . aestivus appears convergent with the darker
coloration of the P. I brevinasus further north in similar
headwater wash situations on both sides of the Peninsular
Ranges. Other desert species leak into these valleys from
the desert such as the reptiles Sceloporus magister, Xantusia
wigginsi, and the mammal Dipodomys merriami trinidaden-
sis (Lidicker 1960; Grismer 1994; Alvarez-Castafeda et al.
2009). Although these valleys are on the western aspect
of the Baja California Peninsula they maintain a more xeric
landscape then other coastal areas in northern Baja Cali-
fornia. Other valleys to the north and west seem to have
appropriate habitat for Perognathus longimembris but lack
records (Guadalupe Valley and Valle de las Palmas) despite
field work conducted by prominent field mammalogists
including S. B. Benson, L. M. Huey, and F. Stephens.

4-Headwater washes: These are a set of alluvial fans/
basins that extend from north to south along the higher
slopes of the Transverse and Peninsular ranges on both
coastal and desert slopes. The distribution of P. . brevinasus
extends south along the western slope in the upper Santa
Ana, Santa Margarita, and San Luis Rey rivers but switches
to the eastern slope of the Peninsular Ranges along San
Felipe Creek, Vallecito Creek, and Carrizo Creek washes
terminating near Jacumba and Mountain Springs on both
sides of the international boundary. It is separated spatially
from P. I. arenicola, occurring at higher elevations within
the mountains in appropriate habitat rather than on the
Colorado Desert floor. Although this subspecies occurs on
coastal and desert slopes, it maintains its phenology along
this distribution. A surprising spatial gap in distribution
is in the foothills of the San Gabriel Mountains where P. .
brevinasus terminates in the west around Etiwanda Wash
rather than extending farther to Cucamonga or San Anto-
nio washes where seemingly continuous and appropriate
habitats occur. The lack of records from this area across
to the San Fernando Valley supports the break we find in
our morphologic assessment, where specimens from San
Fernando (Lower Big Tujunga Wash) are assigned to P. I.
cantwelli and not P. |. brevinasus. Evidence that this gap is
real comes from MacMillen's (1964) Ph.D. thesis studies in
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the San Antonio alluvial fan and our recent trapping work
at San Antonio and lower San Gabriel River washes where
we also failed to detect any Perognathus longimembris. In
the northern part of its range, P. I. brevinasus closely tracks
the highly endemic and endangered San Bernardino kan-
garoo rat (Dipodomys merriami parvus) in the Santa Ana
Watershed, then overlaps with the endangered Stephens
kangaroo rat (Dipodomys stephensi) more broadly in the
Perris Plain south to Temecula, and lastly switches in the
upper Santa Margarita Watershed near Aguanga and over-
laps Dipodomys merriami collinus and tracks the range of
this subspecies into San Felipe Creek (Lidicker 1960) and
then south into Mason Valley. Farther south, P. . brevinasus
overlaps Dipodomys merriami trinidadensis possibly in the
Jacumba Valley. This overlap with three different subspe-
cies of Dipodomys merriami is worth further investigation,
as these overlap combinations coincide with several of the
evolutionary hotspots identified in Vandergast et al. (2008).

5-Coastal dunes, washes, and marine terraces: This is
a complex of geologically divergent areas that are tied
together by being coastal (with the exception of San Fer-
nando Valley, discussed last), extending along the coastline
from Playa del Rey in Los Angeles County to the Tijuana
River wash just north of the Mexican border. The areas
are/were occupied by P. I. cantwelli except the Tijuana site
that was occupied by P. . pacificus. There is a set of coastal
dunes that extended in patches from north to south with
the most extensive being the high El Segundo sand dunes
feature. This area was known for extreme endemism in
invertebrates (Mattoni 1992). Most of this feature is now
gone except for a 300+ acre portion on Los Angeles World
Airways property that is managed as a reserve. Immedi-
ately to the south is the prominent feature of Palos Verdes
Peninsula that lacks any appropriate habitat for pocket
mice. South of these hills is Wilmington, where three speci-
mens were collected in 1865 (Cooper 1869; now MVZ 5633
to 5635). This area comprises large riverine sandy alluvium
and low elevation marine terraces that extend to Newport
Back Bay. All three major rivers (Los Angeles, San Gabiriel,
and Santa Ana) once terminated in this region and often
flooded a large landscape as they merged during big storm
events. This area has not only the earliest record for mice,
but subfossil records are known from Huntington Beach
(Tom Wake, pers. comm.); the region is now almost entirely
developed.

South of Newport Bay are the San Joaquin Hills where
pocket mice have occupied patchy, specific marine ter-
race features (M'Closkey 1972; Meserve 1976; no museum
vouchers exist for these sites). Much of this landscape is
now protected but the likely mouse habitats are now hous-
ing developments. These hills continue south to Dana Point
where pocket mice still persist on top of a small coastal bluff
on a paleobeach habitat surrounded by housing (Brehme
etal. 2021). South of there the mice occurred in patches in
Camp Pendleton on other paleobeach formations (Brehme
et al. 2017) and then were common on the sand dune for-
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mation on the north side of Oceanside where Bailey (1939)
was easily able to capture mice by digging them out of the
sand. South of Oceanside there are a few possible records
and some paleorecords but no museum vouchers until
the Tijuana Estuary where P. I. pacificus was apparently
endemic. This population was discovered in 1894 by E.
A. Mearns and F. X. Holzner but not found again until J. C.
von Bloeker rediscovered them in July 1931 on river bot-
tom sand (von Bloeker 1931a). Previous effort centered on
the small mesa-tops by the international border based on
Mearns’ locality description. At the time of rediscovery in
the river valley, mice were abundant and easily collected
but abruptly disappeared within a year or so. They have not
been documented from this general area for over 90 years.
The river valley is very dynamic and experiences large flood
events but also became extensively cultivated (Safran et
al. 2017). Small patches of native habitat still occur there
with appropriate forbland species that P. I. pacificus and P. |.
cantwellj prefer (see von Bloeker 19314, b; Iwanowicvz et al.
2016). Historical reconstructions of the pre-development
habitats based on the mid-1800's survey maps, in part,
show extensive river wash/riparian scrub habitats that P
I. pacificus could have occupied in this valley; Safran et al.
(2017) estimate this was approximately 1,800 hectares, with
89 % of this habitat lost to date. Additionally, the Pleisto-
cene (glacial maximum) extent of sandy habitats extended
well offshore heading towards Coronado Canyon, ~15 km
west of the current Tijuana Estuary dune system, greatly
extending the potential P. . pacificus habitats historically
available in this area (Graham et al. 2003).

Lastly, we have the isolated population in the upper
Los Angeles River tributary of Big Tujunga wash. This very
sandy wash bisected the San Fernando Valley and histori-
cally P. . cantwelli here were probably continuous along the
Los Angeles River as it passed Burbank and headed south
into the Los Angeles Basin. As discussed below, much of
this basin habitat was broadly underwater for months in the
1860s due to massive flooding, resulting in likely periodic
extirpations of populations of low elevation mice. The upper
section in San Fernando Valley apparently persisted until
the entire area became urbanized. Recent surveys in the
Hansen Dam area in sandy soils in lower Big Tujunga wash
have failed to detect this species (Hitchcock et al. 2022).

We end this section posing two questions: First, why is
P. longimembris lacking from the washes connecting the
inland alluvial fans and the coastline dunes and terraces?
Surprisingly there is a big gap in many species distribu-
tions between the coastal zone and inland occurrences in
the upper watersheds of the main Los Angeles Basin drain-
ages, exemplified by the subspecies of the giant fly Rhaphi-
omidas terminatus, where one is endemic in the El Segundo
sand dunes and the other is endemic inland in the Colton
dune system (George and Mattoni 2006), a contrast similar
to the current distribution of P. . cantwelli and P. I. brevina-
sus. This appears to be the result of a combination of poten-
tial historic and current events. Historic events like the 100
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and 1,000 year flood events (in particular the1862 flood;
Engstrom 1996) drove the shape and structure of the Los
Angeles, San Gabriel, and Santa Ana river washes and the
flooding of the Los Angeles Basin. Higher areas of marine
terraces and hills like San Joaquin Hills and El Segundo
dunes must have been important for long term persistence
of the psammophilus species, including the mice, by act-
ing as island refugia. The San Fernando Valley records for
P. I. cantwelli are thus quite important in showing that this
taxon remained connected upstream towards the alluvial
fan of Big Tujunga Wash as the San Fernando Valley did not
flood during the 1862 event (see Figure 1 in Engstrom 1996)
and persisted there at least until the 1930s. Cooper’s speci-
mens from Wilmington in 1865 for P. I. cantwelli post-date
the 1862 flood, so while the landscape was likely inundated
by the flood event (Cooper 1869, Engstrom 1996), clearly
not all mouse habitat was lost. Currently the areas between
coastal occurrences of the mice and inland alluvial fans are
primarily urbanized and lack almost any suitable habitats.

Second, why are there two different coastal mice in
southern California? Multiple studies of wide-ranging spe-
cies show that the coastal occurrences of these species at
El Segundo dunes are independent lineages from other
dunes in southern California, including dunes to the north
(Dupuis et al. 2020) or those to the south such as the Tijuana
River wash (Vandergast et al. 2008; Leache et al. 2009; Par-
ham and Papenfuss 2009). There are a few species that are
coastal dune specific specialists that only occur along the
coast; beetles and spiders have, in particular, been stud-
ied phylogenetically in this context. These studies show
that there is typically isolation by distance in the respec-
tive groups with potential north-south speciation between
some sets of populations (Bond et al. 2001; Chatzimanolis
and Caterino 2008). Chatzimanolis and Caternino (2008)
stated “It is evident that all the dune systems studied har-
bor great genetic diversity and the protection of one sys-
tem cannot act as a surrogate for another.” Thus, the find-
ing of two similar but different coastal mice, pacificus and
cantwelli, is not surprising but has important evolutionary
and conservation implications.

The lament. Close to 28 million people live in southern
California and northern Baja California today. As a conse-
quence, this great diversity of pocket mice has been, and
continues to be exposed to many stressors. Although
these taxa occur in very different habitats, several of them
are threatened by the same factors that will likely impact
their long-term persistence. Many of these threats have
been identified in various planning documents, such as the
recovery plan for the Pacific pocket mouse (U.S. Fish and
Wildlife Service 1998), and various actions, such as reserve
planning (Chase et al. 2000; Barrows et al. 2011; Miller et al.
2017) and management (Brehme et al. 2017; Miller et al.
2017; Brehme et al. 2021), are helping to mitigate and man-
age for these stressors. Critically, the Central Coastal NCCP,
Western Riverside County MSHCP, Coachella Valley MSCP,
SBVWCD, and other entities such as the Camp Pendleton




MCB INRMP all work towards these goals (Chase et al. 2000;
U.S. Fish and Wildlife Service 2010; Barrows etal. 2011; Chock
etal. 2022). We include a potential threats matrix (Table 1)
as a useful platform for continued conservation planning
for these taxa and the habitats in which they occur (Miller
etal. 2017). Sadly, our evidence that Perognathus I. pacificus
as we define it here (as opposed to recent taxonomy) was
endemic to only the Tijuana Watershed and has not been
detected since the 1930's supports that this is now the
third subspecies of mammal endemic to southern Califor-
nia that is now extinct. Thus, P. . pacificus joins Perognathus
a. alticola and Vulpes m. macrotis as a previously localized
endemic in this dynamic and complex habitat to befall the
same fate (Davis et al. 2008).

We en d on the hopeful note that populations of P. /.
cantwelli (as defined here as opposed to recent taxonomy
in which these populations were considered P. I. pacificus)
are the focus of conservation efforts by various agencies
and landowners (e. g., U.S. Fish and Wildlife Service 2010;
Brehme et al. 2017; Miller et al. 2017; Brehme et al. 2021;
Chock et al. 2022). First collected in 1901 by Frank Ste-
phens (at San Onofre), viable populations remained in the
Oceanside area at least until the late 1930s, and continue,
as noted above, at sites on Camp Pendleton and at Dana
Point. This animal was special to Vernon Bailey, one of the
most eminent mammalogists and naturalists of the early
20th century, who kept a pair at his home in Washington,
D.C. Below is a poem, penned by Bailey and edited by his
wife, Florence Merriam Bailey, about “Bobbity,” their name
for the mouse that lived the longest. One of us (RNF) found
this document, along with an accompanying set of photo-
graphs with Bailey’s hand-written notes (Figure 12) in the
archives of the National Museum of Natural History, Smith-
sonian Institution, Washington, D.C.
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Bobbity
Dear little mouse with shiny coat
Bright black eyes and dainty hands
Watching us with a wistful look
And a far away gaze that understands
More than we think of our intent
And more than we know of distant lands.
Deserts and wastes of sandy soil
Where treasures of seeds in a cool deep cell,
The rich rewards of nights of toil
With the dainty foods that pleased him well.
But when he came to share our life
And freely his valued trust to give
To accept from our hands protection and care
And teach us how his people live
It was only for us to understand

And write his life with a friendly hand.
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Appendix 1
List of measured specimens organized by the sample groups mapped in Figure 1. Sample sizes for each group are given
separately for shape and distance data for the dorsal and ventral aspects of the skull (n, . n, . n. . N .)and

dorsal color (n). The total sample sizes, museum acronyms, and catalog numbers are given for each locality, even if some
individuals were not included in every analysis. Specimens not assigned to a sample group are listed at the end as unknown.

aestivus (nshape-d = 19’ nshape-v =1 9’ ndistance-d = 20’ ndistance-v = 19’ r'|c = 8)

MEXICO.—Baja California; Sangre de Cristo (n = 5, SDNHM 6050-1, 6098, 6120, 22079); Sangre de Cristo, Valley San
Rafael (n =1, SDNHM 6110 [holotype of aestivus Huey]); Valle de la Trinidad (n =9, SDNHM 6208, 6323, 6338, 11504, 11642,
11643, 11664-11666); Valle de la Trinidad, Aguajito Spring (n=4, SDNHM 11563, 11591-11593); Valley La Trinidad, La Zapopita
(n=1,LACM 13677) - total n= 20.

bangsi-1 (n =17,n =15,n

shape-d shape-v distance-d = 22’ ndistance-v = 23’ nc = 1)
CALIFORNIA.—Riverside Co.; Colorado Desert, Dos Palmas (n = 1, LACM 4346); Desert Center, 9.4 mi S, 9.8 mi W, Salt
Creek Wash (n=21, LACM 80544-80549, 85070, 86352, 86354-86361, 86363-86364, 86366, 86369); 0.2 mi W Rancho Dos Pal-
mas (n =1, MVZ 195955); Shavers Valley, ca. 9 mi E Cactus City (n =1, MVZ 195954) - total n = 24.

bangSi-z (nshape-d = 32’ r\shape-v = 30’ ndistance-d = 34’ r1distance-v = 32’ nc = 27)

CALIFORNIA.—Riverside Co.; Garnet (n = 2, MVZ 90652, 90655); Indio Hills, Pushawalla Canyon, 3.5 mi NW junction
of Berdoo Canyon road and Dillon road (n = 1, MVZ 184650); Palm Springs (n = 14, MCZ 5304 [holotype of bangsi Mearns];
LACM 3233,3291, 3294-3295, 3298, 30072; MVZ 31839; SBMNH 6663-6664, 6666; SDNHM 6666-6667, 22081); Palm Springs, 5
mi NW (n =1, LACM 10352); Santa Rosa Mts.; Deep Canyon (n =1, LACM 20676); 3 mi E Thousand Palms (n =1, LACM 90123);
2.5 mi Eand 0.5 mi S Whitewater (n =6, MVZ 85064-85069); 2.5 mi E and 1 mi S Whitewater (n =12, MVZ 85050-85057, 85060-
85063) — total n=38.

bangSi-3 (nshape-d =41 ! r]shape-v = 37’ ndistance-d =41 4 r]distance-v = 37’ nc = 20)

CALIFORNIA.—Riverside Co.; 5 mi E Cabezon (n =8, MVZ 84352-84357,84373-84374); 7 mi Eand 1.2 mi S Cabezon (n
=2, MVZ 84358, 84360); 0.5 mi W and 0.1 mi S Palm Springs Station (n =1, MVZ 184651); 2 mi W Palm Springs Station (n=1,
MVZ 84363); San Gorgonio River, 0.33 mi S, 0.41 mi W Whitewater (n = 7, LACM 80550-80556); Snow Creek, near Whitewater
(n=11, MVZ 1471, 1473-1474, 1485-1486, 1492-1493, 1495, 1497, 1499, 1502); 0.95 mi S hwy 111 on Snow Creek Road (n
= 10, MVZ 184653-184662); Whitewater Station (n = 1, MVZ 1506); 0.5 mi S and 0.8 mi W Whitewater (n = 3, MVZ 206791-
206793) - total n=44.

bangsi-4 (n =63,n =60,n =64,n =61,n_=76)

shape-d shape-v 7 " distance-d 7 " distance-v

CALIFORNIA.—Riverside Co.; Cabazon (n = 68, LACM 2259, 20505, 20526-20531; SBMNH 6671-6672; SDNHM 5610,
5615-5622, 5624, 5633-5637, 5639-5644, 5653-5661, 5672-5677, 5679-5680, 5686-5689, 7302-7304, 7325-7328, 7341-7343,
7345-7346; USNM 54075-54077); 0.25 mi E Cabazon (n = 2, MVZ 90653-90654); 0.5 mi E Cabazon (n = 1, MVZ 90654); 1 mi
E Cabazon (n = 6, MVZ 184645-184649, 195956); 1 mi S Cabazon (n = 3, LACM 10360-10362); 2 mi S Cabazon (n = 7, LACM
10354-10359); 2 mi W and 1 mi N Cabazon (n = 2, MVZ 84347-84348) - total n=89.

bangSi-s (nshape-d =1 1’ r\shape-v =1 1’ ndistance-d =1 1’ ndistance-v =1 1’ nc = 23)

CALIFORNIA.—Riverside Co.; Banning (n = 1, USNM 160083); Banning, base of San Jacinto Mts (n = 2, MVZ 1489-

1490); base of San Jacinto Mts, near Cabazon (n =2, MVZ 1367, 1378); 2 mi W and 1 mi N Cabezon (n = 1, MVZ 84349); 2 mi

W and 1.5 mi N Cabazon (n = 2, MVZ 84346-84347); base San Jacinto Mts, near Cabazon (n= 13, MVZ 1356-1363, 1366-1367,
1378-1380); San Jacinto Mts., near Cabazon (n=7, MVZ 1370, 1372-1377) - total n = 28.

bangsi-6 (n =28,n =24,n =27,n =27,n_=31)

shape-d shape-v 7 " distance-d 7 7 distance-v

CALIFORNIA.—San Diego Co.; Borrego Springs, 3 mi S, 3.5 mi W (n = 4, LACM 38499-38502); below Borrego Springs
(n =3, SDNHM 915-916, 918); 3.3 mi S Borrego Springs on hwy 53 (n =1, MVZ 184663); 4 mi S Borrego Springs (n =1, LACM
69588); 10 mi E Borrego Springs (n = 1, SDNHM 917); Borrego Valley, Beatty Ranch (n= 17, LACM 3039-3055); Borrego Valley,
mouth of Coyote Creek (n = 4, LACM 29355-29359); Borrego Valley, Palm Canyon (n = 3, LACM 3036-3038); Borrego Valley, 3
mi SW Palm Canyon (n =1, SBMHN 6662); Culp Valley, 2 mi E Ranchita (n =1, SDMNHM) - total n = 36.

bangSi-7 (nshape-d = 43’ r\shape-v = 39’ ndistance-d = 42’ ndistance-v = 38’ nc = 43)
CALIFORNIA.—San Diego Co.; San Felipe Narrows (n = 43, LACM 3032-3035, 3171-3186; MVZ 55156; SBMNH 6645-

6661; SDNHM 1590, 2625, 2627-2628, 6661, 17621, 19211; USNM 99828 [holotype of arenicola Stephens]); San Felipe Nar-
rows, Desert Sand Dunes (n =1, UAZ 17143); E side San Felipe Narrows (n = 4; SDNHM 9911-9913, 9923) - total n =48.

bangSi-s (nshape-d = 13’ r\shape-v = 13’ ndistance-d = 12’ r1distance-v = 13’ nc = 3)
MEXICO.—Baja California; Cerro Centinela, 12 mi WSW Mexicali (n = 1, MVZ 111306). CALIFORNIA.—Imperial Co.;
Crucifixion Thorn Reserve, 0.8 mi S and 7.8 mi E Ocotillo (n = 1, MVZ 184644); 3.2 mi W Ocotillo, 0.2 mi S hwy 52; Dos Cabezas

Rd (n =3, LACM 46578-46580); Yuha, Smoke Tree Wash (n = 10, LACM 65147-65153, 65165, 80014-80015) — total n=15.
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bombycmus-1 (nshape—d = 6’ I"\shapefv = 6’ ndistance—d = 6’ ndistance—v = 5’ nc = 1)

CALIFORNIA.—Riverside Co.; 9 mi W Blythe (n =1, LACM 4189); 6.5 mi NW Blythe (n= 1, MVZ 239809); 26 mi W Blythe;
Chuckwalla Rd; I-10, 4 mi W (n = 3, LACM 80540-80542); Chuckwalla Valley, 2 mi S, 19 mi W Blythe (n =1, LACM 80543); Hop-
kins Well (n =1, LACM 7594) - total n=7.

bombyC"lUS'z (nshape—d = 15’ r]shape—v = 7’ r‘distance—d = 15’ ndistancefv = 7’ nc = 3)

CALIFORNIA.—Imperial Co.; Colorado River, Pilot Knob (n =1, MVZ 9976); Colorado River near Pilot Knob (n =3, MVZ
9973-9975); 8.6 mi W, 0.6 mi N Glamis (n =5, UAZ 11185-11188, 15353); 21 mi N Glamis (n = 1, UAZ 11299); west side Pilot
Knob (n=1, MVZ 239808); 3 mi W Pilot Knob (n =2, SDNHM 4532-4533); 2 mi N I-8 on county hwy S-34 (n =2, MSB 190591-
190592) - total n=15.

=53,n =48,n =53,n

brevmasus-1 (nshape—d shape-v ! " distance-d distance-v = 48’ nc = 29)

CALIFORNIA.—Riverside Co.; Reche Canyon (n = 1, SDNHM 19212). San Bernardino Co.; mouth of Reche Canyon,
near Colton (n= 1, MVZ 2656); Reche Canyon, 4 mi SE Colton (n = 1, MVZ 24496); San Bernardino (n = 22, SDNHM 908-909),
USNM 22630-22631, 22634, 186515 [holotype of brevinasus Osgood], 192214, 192223-192226, 192230, 192233-192234,
192240-192244, 192248-192249); 4.75 mi N San Bernardino (n = 3, MVZ 77112-77114); 5 mi NW San Bernardino (n = 26,
SDNHM 13311-13312, 13314, 13316, 13318-13322, 13328-13339, 13342, 13344-13347); Slover Mt near Colton (n =1, MVZ
16664) - total n = 55.

brevinasus-2 (n =18,n =16,n =17,n =13,n_=21)

shape-d — shape-v 7 " distance-d ! " distance-v

CALIFORNIA.—Riverside Co.; Menifee (n = 16, LACM 2649-2655, 3997-4006); 1 mi E Menifee (n = 1, LACM 48842);
Winchester (n =3, LACM 3655-3657); 1.5 mi W Winchester (n= 1, LACM 48841) — total n=21.

brevinasus-3 (n =10,n 7,n 9,n =8,n =11)

shape-d — shape-v — “ 7/ "distance-d ~ 7’ ' distance-v

CALIFORNIA.—Riverside Co.; Aguanga (n =2, SDNHM 1780, 13361); 0.25 mi ENE Aguanga (n =1, MVZ 123341); 5 mi
N 0.25 mi W Aguanga (n = 3, LACM 48843-48845). San Diego Co.; Oak Grove, N side Palomar Mt (n =1, SBMNH 6673); 2.5 mi
N Oak Grove (n =6, SDNHM 13369-13374) — total n=13.

internationalis-1 (nshapefd =42, Nyapey = 2,n, =43 n,. . =43,n =39

MEXICO.—Baja California; international boundary near Jacumba, CA (n = 38, SDNHM 11917-11936, 11944-11957,
11970, 11971 [holotype of internationalis Huey], 11972-11973). CALIFORNIA.—San Diego Co.; Jacunta [= Jacumba] (n =1,
FMNH 6984); Jacumba, 12 mi N, 4.5 mi E, old hwy 80 (n = 2, LACM 81008-81009); Jacumba Range, Smugglers Cave Basin (n =
1, LACM 46800); -8, 4.2 mi N, In-Ko-Pah Valley Rd (n = 3, LACM 81005-81007) — total n = 45.

internationalis-2 (n =31,n =23,n =31,n =22,n_=29)

shape-d shape-v ! 7 distance-d ! 7 distance-v

CALIFORNIA.—San Diego Co.; La Puerta Valley (n = 33, SBMNH 6674-6680, 6682); SDNHM 1416-1417, 1424, 1431-
1432,1850, 1860, 1866, 1910, 2168, 2198, 2204, 2207,2214-2217,2220-2223,2237,2256,2266, 7174,20398-20399); La Puerta
Valley [= Mason Valley] (n =5, MVZ 18847, 18849, 32834, 32836, 32838) - total n=38.

internationalis-3 (n =19,n =11,n =19,n =11,n_=16)

shape-d shape-v ! " “distance-d 7 " distance-v

CALIFORNIA.—San Diego Co.; 5.5 mi N Banner, San Felipe Valley (n = 2, MVZ 122457-122458); Coast Range Moun-
tains, Summit (n =1, USNM 60718); Julian, 1 mi N, 7.3 mi E, Scissors Crossing [Earthquake Valley] (n = 2, LACM 89253-89254);
San Felipe Valley (n =2, MVZ 7541; SDNHM 913); Scissor’s Crossing, Earthquake Valley (n =9, MVZ 123345-123354);3.25 mi S,
3.25 mi E Scissor Crossing, Earthquake Valley (n =4, MVZ 123355-123358) - total n = 20.

=63,n =61,n =66,n =63,n_=35)

shape-v ! 7 distance-d ! 7 distance-v

pacificus-1 (Npaped

CALIFORNIA.—San Diego Co.; Mexican Boundary Monument No. 258, edge of Pacific Ocean at Mexican Boundary
Monument No. 258 (n = 1, USNM 61022 [holotype of pacificus Mearns]); Mexican Boundary Monument No. 258, shore of
Pacific Ocean (n = 1, USNM 61024); 2 mi N Monument #258, mouth of Tijuana River (n = 12, LACM 2702-2705, 2707-2713,
2718); near mouth Tijuana River (n =4, MVZ 47312-47313; SDNHM 19213, 19216); Tijuana River (n =1, SDNHM 9712); Tijuana
River; mouth, 2 mi N Monument #258 (n = 11, SBMNH 6691, 6693-6694, 6697-6698, 6701, 6703-6704, 6707-6708, 6710);
Tijuana River Valley (n = 8, SDNHN 22085, 22088, 22408-22413); Tijuana Valley (n = 35, SDNHM 9510-9512, 9717-9721, 9724,
9727-9732, 9741-9745, 9747, 9749-9753, 9756-9757, 9762-9765, 9767, 9774, 9775, 10562); US-Mexico border, Monument
258 (n=1, SBMNH 6806) - total n=72.

paCiﬁCUS'z (nshape-d = 48’ nshape-v = 40’ ndistance-d = 48’ ndistance-v = 42’ nc = 25)

CALIFORNIA.—Orange Co.; Dana Point (n = 1, MVZ 195949); Dana Pt, 5 mi W Capistrano Beach (n = 8, LACM 3282-

3289). San Diego Co.; Oceanside (n = 28, LACM 3562-3563; MVZ 47101-47103, 47105-47106; SBMNH 6804; SDNHM 16222-
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16224, 16226-16229, 16233-16235, 16238-16239, 16241-16243, 17614-17615, 17617, 17620, 18705); 4 mi N Oceanside (n =
4, SDNHM 10595-10597, 10599); 4 mi NW Oceanside; Santa Margarita Ranch (n = 6, LACM 2720-2727); Oscar One Training
Area, Camp Pendleton Marine Corps Base (n =7, MVZ 195952); San Onofre (n =1, SDNHM 923); San Onofre Creek, dry mesa
at mouth (n=1, SBMNH 6711); San Onofre, 2 mi E on hwy 101 (n =1, SBMNH 6712); Santa Margarita River, 5 mi N Oceanside
(n=6,SBMNH 6713-6718) - total n=63.

pacificus-3 (n =80,n =75,n 77,n =76,n_=92)

shape-d - shape-v distance-d — I " distance-v

CALIFORNIA.—Los Angeles Co.; Clifton (n =2, SBMNH 6737-6738); Del Rey (n = 9, LACM 3220-3228, 3233); Del Rey
Hills, near Loyola University (n = 3, LACM 4486-4488); 0.5 mi NW El Segundo (n =1, MVZ 74750); 1 mi N El Segundo (n=5,
SDNHM 13349-13350, 13352, 13354-13355); Hyperion (n =79, LACM 429; SBMNH 6719-6720, 6726-6736, 6740-6802); Hyper-
ion [= El Segundo] (n = 2, MVZ 74680 [holotype of cantwelli von Bloeker]; UAZ 17145), Palisades Del Rey (n =1, SBMNH 6723);
Playa del Rey (n =9, LACM 3529, 3727-3729, 4382, 48822-48825) — total n=102.

unknown (nshape_d =24,n_=26)

CALIFORNIA.—Imperial Co.; Salton Sea (n = 1, LACM 65146). Los Angeles Co.; San Fernando (n = 3, SBMNH 6667-
6669). Riverside Co.; Dos Palmas Spring, Santa Rosa Mts (n =2, MVZ 1929-1930); Eden Hot Springs (n =1, MVZ 90713); Hemet
(n=1, USNM 149899); Santa Rosa Mts, 0.4 mi E Dos Palmas Spring (n = 1, MVZ 184652); Temecula, at I-15 hwy 79 jct, Santa
Gertrudis Creek (n = 1, LACM 80249); near Temecula, Rancho California Valley (n = 1, LACM 89250); Vallevista, San Jacinto
Valley (n =7, MVZ 2278-2281, 2283-2285). San Diego Co.; 3.25 mi N Manzanita, McCain Valley (n = 2, MVZ 123359-123360);
Warner Pass (n = 14, MVZ 7620-7629, 7660-7662, 7666) — total n = 34.
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Main effects of sex, age, and paired interaction in a least squares analysis of the pooled pacificus-1 (pacificus Mearns) and
pacific-3 (cantwelli von Bloeker) samples (n = 66 and 78, respectively) for cranial variables; only P-values are provided, signifi-
cant ones in bold (Bonferroni corrected P at o, ,, = 0.0016).

Sample Pacificus-1 [pacificus] Pacificus-3 [cantwelli]
n=66 n=78
Aariable Sex Age Sex * age Sex Age Sex * age

Dorsal measurements

occipito-nasal length 0.306 0.027 0.036 0.159 0.645 0.519
nasal length 0.179 0.001 0.020 0.248 0.489 0.604
frontal length 0.488 0.349 0.469 0.471 0.692 0.388
parietal length 0.900 0.495 0.902 0.061 0.256 0.680
interparietal length 0.447 0.275 0.654 0.334 0.902 0.876
premax-extension length 0.561 0.645 0.970 0.532 0.651 0.214
rostral width 0.397 0.012 0.083 0.400 0.143 0.912
maxillary width 0.985 0.508 0.445 0.876 0.252 0.846
premax-extension width 0.562 0.555 0.850 0.564 0.492 0.928
interorbital constriction 0.060 0.315 0.210 0.462 0.428 0.647
zygomatic breadth 0.050 0.001 0.028 0.231 0.045 0.699
parietal width-anterior 0.016 0.359 0.513 0.788 0.301 0.467
interparietal width-anterior 0.690 0.958 0.635 0.714 0.026 0.128
interparietal width-posterior 0.739 0.588 0.504 0.393 0.108 0.441
exoccipital width 0.429 0.124 0.859 0.940 0.749 0.149
bullar width 0.495 0.059 0.059 0.412 0.363 0.374
bulla length 0.871 0.444 0.096 0.292 0.509 0.244
bulla width 0.786 0.336 0.011 0.458 0.039 0.723
bulla area 0.399 0.105 0.031 0.504 0.032 0.651
bulla perimeter 0.762 0.484 0.085 0.173 0.193 0.730
Ventral measurements
anterior nasal extension 0.807 0.271 0.006 0.013 0.227 0.984
palatal length 0.568 0.005 0.019 0.312 0.158 0.855
mesopterygoid fossa length 0.854 0.380 0.695 0.215 0.593 0.593
foramen magnum length 0.649 0.009 0.257 0.955 0.084 0.436
maxillary toothrow length 0.800 0.643 0.145 0.603 0.849 0.321
upper incisor breadth 0.879 0.001 0.185 0.428 0.604 0.569
palatal breadth 0.629 0.006 0.279 0.404 0.243 0.808
squamosal breadth 0.036 0.267 0.083 0.868 0.440 0.135
mesopterygoid width 0.218 0.001 0.768 0.675 0.009 0.658
stylomastoid foramina width 0.619 0.166 0.065 0.395 0.072 0.884

occipital condyle width

0.665 0.042 0.211 0.501 0.703 0.090
exoccipital width 0.992 0.145 0.760 0.505 0.141 0.929
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External measurements (column A) and selected cranial dimensions (column B) for samples that contain the holotype and
topotypic series for each of the seven subspecies described from the study area in southern California and northern Baja
California. Data include minimal non-significant subsets based on oneway ANOVAs followed by Tukey-Kramer HSD pairwise
tests (with Bonferroni corrected P-values for multiple tests), sample mean and standard error (in mm), and sample size. See
text for definition of variables.

A: External measurements (from specimen labels) B: Selected cranial dimensions

variable/taxon D mean std err n variable/taxon D E mean std err n
TOL ONL

internationalis 141.76 0.908 38 aestivus 21.57 0.116 55
aestivus 14135 1357 17 internationalis 21.18 0.081 39
arenicola 139.89 0.946 35 brevinasus 21.06 0.073 60
brevinasus 134.07 1.077 27 bangsi 20.84 0.095 48
bangsi 129.50 1.769 10 arenicola D 2039 0.083 28
cantwelli 127.62 0.735 58 pacificus E 19.83 0.068 37
pacificus D 119.64 0.754 55 cantwelli E 19.76 0.065 19
TAL NL

arenicola 79.03 0.793 35 aestivus 7.70 0.066 19
internationalis 77.74 0.761 38 bangsi 7.67 0.054 28
aestivus 7771 1137 17 internationalis 7.57 0.046 39
bangsi 71.00 1.483 10 brevinasus 7.49 0.042 48
brevinasus 70.00 0.903 27 arenicola 742 0.047 37
cantwelli 67.45 0.616 58 cantwelli D 6.87 0.037 60
pacificus D 61.58 0.632 55 pacificus E 6.65 0.039 55
HBL [TOL-TAL] RL

brevinasus 64.07 0.676 27 internationalis 2.16 0.016 39
internationalis 64.03 0.569 38 aestivus 213 0.022 19
aestivus 63.65 0.851 17 brevinasus 212 0.014 48
arenicola 60.86 0.593 35 bangsi 2.08 0.018 28
cantwelli 60.17 0.461 58 pacificus 2.05 0.013 55
bangsi 58.50 1.110 10 cantwelli D 2.00 0.013 60
pacificus 58.05 0473 55 arenicola D 1.98 0.016 37
TAL:TOL x 100 loc

arenicola 56.47 0.386 35 aestivus 5.10 0.039 19
aestivus 54.94 0.554 17 internationalis 5.04 0.028 39
bangsi 54.83 0.722 10 brevinasus 5.00 0.025 48
internationalis 54.82 0.370 38 bangsi 4.98 0.033 28
cantwelli 52.80 0.300 58 pacificus 4.81 0.023 55
brevinasus D 5221 0.439 27 arenicola D 4.70 0.028 37
pacificus D 51.47 0.308 55 cantwelli D 4.65 0.022 60
HF [w/ claw] IPW-ant

aestivus 18.83 0.145 18 brevinasus 3.88 0.036 48
internationalis 18.65 0.101 37 pacificus 3.85 0.033 55
arenicola 18.63 0.104 35 bangsi 3.77 0.047 28
brevinasus 18.52 0.114 29 internationalis 3.63 0.040 39
bangsi 18.40 0.194 10 cantwelli 3.55 0.032 60
cantwelli 17.78 0.080 59 arenicola 3.10 0.041 37
pacificus 16.76 0.083 55 aestivus 3.10 0.057 19
E [notch] bulla perimeter*

internationalis 7.03 0.087 37 aestivus 21.44 0.162 19
aestivus 6.94 0.124 18 arenicola 19.26 0.116 37
brevinasus 6.86 0.098 29 internationalis 19.09 0.113 39
bangsi 6.67 0.176 9 bangsi 1817 0.133 28
cantwelli 630 0.083 40 brevinasus 17.86 0.102 48
pacificus 6.21 0.073 53 pacificus D 1732 0.095 55
arenicola 6.10 0.12 21 cantwelli E 16.61 0.091 60

* bulla perimeter is strongly correlated with both bulla length (R? = 0.939) and bulla width (R? = 0.935)
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Colorimetric variables for 20 sample groups of Perognathus longimembris from the study area in southern California and
northern Baja California. Data for each variable (L* [Lightness], Chroma, and Hue) include minimal non-significant subsets
based on oneway ANOVAs followed by Tukey-Kramer HSD pairwise tests (with Bonferroni corrected P-values for multiple
tests), sample mean and standard error, and sample size. See text for definition of variables.

Variable/taxon A B C D E F G H 1 mean std err n Variable/taxon A B C D E F mean std err n
L* [Lightness] Hue

bangsi-1 A B 46.53 5.106 1 bangsi-6 A B 1.27 0.013 31
bangsi-7 A 44.03 0.779 43 bangsi-7 A 1.27 0.011 43
bangsi-6 A 4234 0917 31 bangsi-4 A B 1.26 0.008 76
bombycinus-2 A B 4042 2.948 3 aestivus A B C 1.26 0.026 8
bangsi-2 A 39.74 0.983 27 bangsi-2 A B 1.26 0.014 27
bombycinus-1 A B 39.70 5.106 1 bombycinus-2 A B C 1.25 0.042 3
bangsi-8 A B C 37.02 2.948 3 bombycinus-1 A B C 1.24 0.074 1
bangsi-3 B 3244 1.142 20 bangsi-3 A B C 1.24 0.016 20
aestivus B C D E 31.16 1.805 8 internationalis-2 A B C 1.23 0.014 29
bangsi-4 B C D 29.89 0.586 76 brevinasus-3 A B C 1.23 0.022 n
internationalis-2 C D E F 25.95 0.948 29 bangsi-1 A B C 1.23 0.074 1
brevinasus-3 D E F G 24.77 1.539 1 internationalis-1 A B C 1.23 0.012 39
internationalis-1 E F 24.34 0818 39 internationalis-3 A B C 1.23 0.020 14
brevinasus-1 F G 23.40 0.948 29 brevinasus-1 B C 1.21 0.014 29
brevinasus-2 F G 22.99 1.114 21 brevinasus-2 B C D 1.20 0.016 21
internationalis-3 F G H 22.36 1.365 14 bangsi-8 A B C D 1.18 0.042 3
bangsi-5 F G H 21.62 1.065 23 bangsi-5 C D E 117 0.015 23
pacificus-2 G H | 18.52 1.021 25 pacificus-2 D E F 1.13 0.015 25
pacificus-3 H | 17.53 0.532 92 pacificus-3 E F 1.13 0.008 92
pacificus-1 1 13.99 0.863 35 pacificus-1 F 1.08 0.012 35

Variable/taxon A B C D E F G H mean std err n

Chroma

bangsi-1 A B C D 21.86 2.830 1
bombycinus-2 A B C D 21.06 1.634 3
bangsi-2 A 20.16 0.545 27
bangsi-7 A 19.81 0.432 43
aestivus A B C 19.56 1.001 8
bangsi-6 A B 18.84 0.508 31
bombycinus-1 A B C D 18.69 2.830 1
bangsi-3 A B C D G 17.87 0.633 20
bangsi-4 B C 17.38 0.325 76
internationalis-2 B C D E G 17.04 0.525 29
bangsi-8 A B C D E 16.83 1.634 3
internationalis-3 C D E F G 15.12 0.756 14
internationalis-1 D E F 15.11 0.453 39
brevinasus-1 E F 14.38 0.525 29
brevinasus-3 E F G 14.29 0.853 1"
brevinasus-2 E F 1417 0.618 21
bangsi-5 F 14.00 0.590 23
pacificus-3 F 13.44 0.295 92
pacificus-2 F 12.73 0.566 25
pacificus-1 H 9.44 0.478 35
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Reithrodontomys sumichrastiis distributed from central México to Panama. Previous studies using DNA sequences suggest the existence of
distinct clades that may deserve species-level recognition. Here, we use multiple methods of species delimitation to evaluate if this taxon is a
complex of cryptic species. DNA sequences from the genes Cyt-b, Fgb-17, and Acp5 were obtained from GenBank to perform molecular analy-
ses. Species boundaries were tested using the bGMYC, STACEY, and BPP species delimitation methods. Divergence times were estimated as
well as the Cyt-b genetic distances. We developed Ecological Niche Models and tested hypotheses of niche conservatism. Finally, we estimated
the spatiotemporal history of lineage dispersal. The bGMYC proposed two species while STACEY and BPP proposed 4 species (genetic distan-
ces ranged from 5.43 % to 7.52 %). The ancestral position of clade | was recovered, with a Pleistocene diversification time within R. sumichrasti
at ~2.15 Ma. For clade pairwise niche comparisons, the niche identity hypothesis was rejected. The ancestral distribution of R. sumichrasti was
centered in Central America and spread to the west crossing the Isthmus of Tehuantepec and extending to the mountain regions of Central
México. Our taxonomic considerations included the recognition of four clades as distinct species within R. sumichrasti.

Reithrodontomys sumichrasti se distribuye desde el centro de México hasta Panama. Estudios previos con secuencias de ADN sugieren la
existencia de clados distintos y su posible reconocimiento como especies. En este estudio, probamos diferentes métodos de delimitacién de
especies para evaluar si este taxén constituye un complejo de especies cripticas. Las secuencias de ADN de los genes Cyt-b, Fgb-17 y Acp5
fueron descargadas de GenBank y utilizadas en analisis moleculares. Los limites de especies fueron probados utilizando los métodos de delimi-
tacion bGMYC, STACEY y BPP. Se estimaron tiempos de divergencia y distancias genéticas para el gen Cyt-b. Ademas, construimos Modelos de
Nicho Ecolégico y probamos hipétesis de conservadurismo de nicho. Finalmente, reconstruimos la historia espaciotemporal de la dispersion
de los linajes. El bGMYC propuso dos especies, mientras que STACEY y BPP propusieron 4 especies (las distancias genéticas oscilaron entre 5.43
%y 7.52 %). Se recuperd la posicién ancestral del clado |, ubicando en el Pleistoceno la diversificacién dentro de R. sumichrasti, hace ~2.15 Ma.
En las comparaciones de nicho por pares de clados fue rechazada la hipétesis de identidad de nicho. La distribucion ancestral de R. sumichrasti
se centr6 en América Central desde donde comenzé a extenderse hacia el oeste cruzando el Istmo de Tehuantepec y extendiéndose hacia
las regiones montafosas del centro de México. Nuestras consideraciones taxondmicas incluyeron el reconocimiento de cuatro clados como
especies distintas dentro de R. sumichrasti.

Keywords: Cryptic species; harvest mice; integrative taxonomy; Mesoamerican highlands; phylogeographic patterns.
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Introduction species concepts (Sites and Marshall 2003, 2004). Given

A special issue of Therya dedicated to Dr. Alfred L. Gardner
for his long research career on the diversity of neotropical
mammals, especially for his work in México, honors this
outstanding scientist by contributing important advances
to the knowledge of mammalogy. Our contribution adds
to the mission of modern systematic biology: the discov-
ery, description, and classification of the biodiversity on the
planet from an evolutionary perspective (Daly et al. 2012).
This task involves subjects under debate over the past
three decades, such as the species concept (what a species
is) and species delimitation (how a species is recognized).
Both subjects are closely related but conveniently divided
for practical applications (see review by de Queiroz 2007),
and over time, species delimitation has taken priority over

the current rate of species loss, it is urgent to accurately
delimit species inasmuch they are the fundamental unit
in studies of ecology, systematic, and conservation biol-
ogy, among other research areas. From the evolutionary
standpoint, species delimitation includes the understand-
ing of population-level mechanisms that can be complex
(Huang 2020). Populations differentiation through mul-
tiple stages at different rates, in part dependent on factors
such as generation time, selection pressure, and gene flow.
Tracing the process with an acceptable level of certainty
depends on the use of appropriate markers (preferably
multiple and independent) and the criteria of evaluation
(de Queiroz 2007). One of the most reliable strategies is
to use multiple sources of evidence (morphology, genet-
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ics, ecology, geography, among others) and to base con-
clusions on their consistency (Knowles and Carstens 2007;
Rissler and Apodaca 2007; Carstens et al. 2013).

There are both regions as well as biological groups,
which are amenable to test hypotheses about species
delimitation. The Mesoamerican region has been repeat-
edly used as a study model because of its complex physi-
ography and biogeographical history, which is reflected by
high biological diversity, including many endemic species
(Myers et al. 2000), particularly for highland groups. As for
groups of organisms, rodents, reptiles, and insects, among
others have served as models to test hypotheses about
evolutionary patterns and processes (e. g. Doody et al. 2009;
Gilbert and Manica 2015; Maestri et al. 2017). Some species
of rodents have been assessed by evaluating their phyloge-
netic relationships and further used to illuminate the vicari-
ant biogeography of Mesoamerica (e. g. Sullivan et al. 2000;
Leon-Paniagua et al. 2007; Almendra et al. 2018; Leén-Tapia
etal. 2021). Such is the case of Reithrodontomys sumichrasti
(Family Cricetidae; Bradley 2017), with a particular interest
in the high levels of intraspecific divergence reported (Sul-
livan et al. 2000; Urbina et al. 2006; Hardy et al. 2013).

Reithrodontomys sumichrasti is distributed along the
highlands of Mesoamerica, from central México at 1,200
masl to Panama above 3,400 masl, inhabiting temperate

pine-oak and cloud forests. Seven subspecies are rec-
ognized, which are distributed in three disjunctive spots
(Hooper 1952; Hall 1981; Figure 1). The range of R. s. sumi-
chrasti includes portions of the Sierra Madre Oriental, the
Mexican Transvolcanic Belt, and the Oaxacan Highlands
(type locality El Mirador, Veracruz, México). The distribution
of R. s. nerterus is restricted to the west portion of the Mexi-
can Transvolcanic Belt (type locality Nevado de Colima,
Jalisco, México) whereas R. s. luteolus is found in the Sierra
Madre del Sur (type locality Juquila, Oaxaca, México). R.s.
dorsalis occurs in the mountains of the Mexican states of
Chiapas and Guatemala (type locality Tonicapan, Guate-
mala) and R. s. modestus in the highlands of El Salvador,
Honduras, and western Nicaragua (type locality Jinotega,
Nicaragua). The southernmost distribution of the species
includes the Cordillera Central and Cordillera de Talamanca
in Costa Rica for R. s. australis (type locality Cartago, Costa
Rica) and the extreme east of Costa Rica and high moun-
tains of western Panama for R. s. vulcanius (type locality
Chiriqui, Panama; Hooper 1952).

Previous phylogenetic studies using DNA sequences of
the mitochondrial Cytochrome b (Cyt-b) gene (Sullivan et
al. 2000), or also incorporating the seventh intron of nuclear
gene beta-fibrinogen (Fgb-17) and the second intron of the
acid phosphatase type V (Acp5; Hardy et al. 2013) have

Figure 1. Map of México and Central America (adapted from Hall [1981] and Hardy et al. [2013]) showing geographic distribution of the seven recognized subspecies of Reithrodon-
tomys sumichrasti. Dots represent the localities used in this study and follow the clade-color distinction described in Figure 2.
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revealed the existence of several distinct clades that may
deserve species-level recognition. Lineages on either side
of the Isthmus of Tehuantepec in México were proposed
as distinct biological species, but this pattern has been

Arellano etal.

calibrations (R. moorei, R. wetmorei, R. galushai, R. pratincola,
R. rexroadensis, and R. sp.) with an offset of exponential prior
for the age (in Ma) of the root (mean = 2.25, offset = 1.3, HD
=95 % between 1.5 to 5.5 Ma; Dalquest 1978; Czaplewski
1987; Martin et al. 2002; Morgan and White 2005; Lindsay

supported by only mtDNA sequences (Sullivan et al. 2000;
Hardy et al. 2013). Although it was difficult to elucidate the
relationships among networks of populations from central
México (Hardy et al. 2013; Figure 2), there was a clear pat-
tern of phylogenetic structure.

Here, we evaluate species delimitation within R. sumi-
chrasti using different methods of analysis than those pre-
viously employed to test the hypothesis that R. sumichrasti
represents a complex of cryptic species. We also comment
on the diversification processes in the region and make
taxonomic suggestions.

Materials and methods

Data acquisition. DNA sequences from the mitochon-
drial gene Cyt-b, and the Fgb-17 and Acp5 nuclear genes,
representing Hardy et al. (2013) populations dataset of
Reithrodontomys sumichrasti (n = 226) were obtained from
GenBank. We sequenced an additional 11 specimens of R.
sumichrasti, five of these from three new geographic locali-
ties (64 to 66; Appendix 1). Given the current availability of
sequence data for outgroup taxa, we included samples of
R. zacatecae, R. megalotis, R. chrysopsis, R. humulis, R. mon-
tanus, and R. raviventris from the R. megalotis species group
(Musser and Carleton 2005). The updated DNA datasets
were realigned with MAFFT v7 [L-INS-i refinement, gap pen-
alty = 3, offset = 0.5] (Katoh et al. 2005) for nuclear markers,
and manually for Cyt-b using Geneious Pro v6.1.6 (https://
www.geneious.com).  The optimal partition scheme
(by gene) and models of nucleotide substitution (Cyt-b:
GTR+I+G, Fgb-17: HKY+I+G, Acp5: K80+I+G); were deter-
mined with Partition Finder (Lanfear et al. 2014).

Phylogenetic hypothesis. We considered the phyloge-
netic relationships proposed by Hardy et al. (2013) as our
working hypothesis, where two geographic clades are sup-
ported as species-level lineages. One species (spA) split
~2.5 million years ago (Ma) and comprises populations
from Chiapas south into Central America (clade [; Figure 2).
Species (spB) includes 3 haplogroups restricted to México,
west of the Isthmus of Tehuantepec (Figure 2), whose
most recent common ancestor was placed ~1.36 Ma (see
Hardy et al. 2013). To assess support for this phylogenetic
hypothesis (Hardy et al. 2013), and for alternative topologi-
cal arrangements, we applied three methods for assessing
species boundaries and species tree estimation (see below)
that do not require a guide topology or species assign-
ments to be specified a priori.

Single locus species delimitation. A time-calibrated
Bayesian Inference (BIl) analysis of Cyt-b for R. sumichrasti
samples was run in BEAST2 v.2.6.2 (Bouckaert et al. 2014).
We employed a prior rate of evolution of 0.017 substitutions
per site per million years (Arbogast et al. 2002) and fossil

and Czaplewski 2011; Martin and Peldez-Campomanes
2014). BI analysis consisted of four Markov chain Monte
Carlo (MCMC) chains of 10 million generations, sampling
trees every 1,000 generations and with a burn-in of 20 %
of the trees. The last 100 trees sampled from each run were
analyzed with 1 million generations of the Bayesian General
Mixed Yule-Coalescent (bGMYC) model (Reid and Carstens
2012) in the computing environment R (R Core Team 2018).
As advised by Reid and Carstens (2012), outgroup taxa
were not included in this analysis. For all Bayesian analy-
ses reported herein, stabilization and appropriate Effective
Sample Sizes (ESS > 200) of the posterior distributions for
model parameters were examined in Tracer 1.8 (Rambaut
etal 2018).

Time-calibrated multiple loci species delimitation. The
multiple loci multiple species dataset was analyzed simul-
taneously with the multi-tree multi-species coalescent
method (Heled and Drummond 2010) and the assignment-
free species delimitation technique implemented in STA-
CEY (Jones 2017), using BEAST2. The search strategy imple-
mented in STACEY uses a birth-death-collapse prior to
approximate alternative delimitation models and node re-
height MCMC move that aims to improve the convergence
of the species tree estimation, therefore, its performance is
subject to the accuracy of divergence times estimation. As
recommended, the analysis was run twice, the second time
sampling from the prior only; for 100 million generations,
trees were sampled every 5,000 generations. A Fossilized
Birth-Death model was set on the speciation rate (Heath
et al. 2014), time-calibrated as specified above. Topologies
and clock rates from individual loci were left unlinked, and
substitution rates among branches were drawn from a log-
normal distribution with a prior mean rate of 0.017 substi-
tutions per site per million years for the Cyt-b (Arbogast et
al. 2002).

Clock-like multiple loci species delimitation. We assessed
the probability of alternative species delimitation models
and species trees with the Bayesian Phylogenetics and Phy-
logeography method (BPPv3.2; Yang and Rannala 2014).
This assumes a Jukes-Cantor evolutionary model (strict
molecular clock) and applies a species tree search strategy
thatis grounded on the Nearest Neighbor Interchange (NNI)
algorithm, followed by its characteristic jMCMC move.
Although it accounts for the uncertainty on estimated rates
of evolution compared to *BEAST-STACEY, this method is
applicable to inter- and intra-species datasets that meet
the criteria of having clock-like evolutionary rates. For this
analysis, uniform rooted species trees were assumed, with
gamma priors for the population size (a, ) of © = (2, 2000)
androotage (Tau=1) 10=(4, 2,and 1). The jMCMC was run
with algorithm A11 with fine-tune parameter € _= 2 (joint
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Figure 2. a) Map of México and Central America adapted from Hardy et al. (2013) showing collecting localities of Reithrodontomys sumichrasti superimposed on a map of the physio-
graphic provinces they occupy. The four clades detected by the authors are demarcated with the colors purple (clade 1), blue (clade I1), red (clade IIl), and green (clade IV). Newly incorpo-
rated localities are shown as black dots (64-66; Appendix 1). b) Close-up of the area of sympatry of individuals from populations between clade Il and clade Ill. ¢) Standing time-calibrated
phylogenetic hypotheses of the evolutionary relationships among clades within the currently recognized extent of R. sumichrasti. Uncorrected Cytochrome-b genetic distances between
sister clades are denoted in parentheses as a reference for the level of molecular divergence.

unguided species delimitation and species tree inference) Genetic distances. Cyt-b genetic distances using the
for 500,000 generations with a sampling frequency of 200 Kimura 2-parameter (K2P; Kimura 1980) and the uncor-
after a burn-in period of 10,000. rected P-distances were estimated between and within

clades suggested as distinct species using MEGA X (Kumar
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et al. 2018). This allowed us to make genetic distance com-
parisons with other values reported for rodents and for R.
sumichrasti by Bradley and Baker (2001) and Hardy et al.
(2013), respectively.

Ecological niche equivalence. For each species-level
clade (clades I-IV, see Results section), we developed pres-
ent-time Ecological Niche Models (ENMs) with MAXENT
4. (Phillips and Dudik 2008). Correlation between the 19
environmental variables from the WORLDCLIM database
(1 km? resolution; Hijmans et al. 2005) was calculated with
ENMtools v1.4.1 (Warren etal. 2010). Then, 9 environmental
variables (correlation = r < 0.80) and presence points con-
firmed with molecular data (Appendix 1) were employed to
obtain the ENMs. For clades I-lll, 10 bootstrap replicates of
presence/background points assigning 15 % of the pres-
ence points for training were applied. For clade IV, 10-fold
cross-validation replicates were applied because of the lim-
ited number of presence records.

To test the hypothesis of niche conservatism between
the ENMs from sister clades, a null distribution of 99 esti-
mates of the | Statistics (Warren et al. 2008) and the Schoen-
er's D (Schoener 1968) measures of niche overlap was
generated for each pair of sister clades with the R pack-
age DISMO (Hijmans et al. 2017). In addition, a canonical
discriminant function (CF) analysis was executed with the
package candisc (Friendly and Fox 2015), to distinguish the
potential affecting the extent to which their niches have
been conserved. For this analysis, current time ENMs were
reclassified so that each pixel predicted by each model
would equal 1 and the rest of the grid 0. The resultant ENM
masks were used to extract for each clade pixel-level data
for the 9 environmental variables.

Lineage dispersal. To reconstruct the spatiotemporal
history of lineage dispersal in R. sumichrasti we used the
Relaxed Random Walk model (RRW; Lemey et al. 2010) as
implemented in BEAST2. This model assumes an uncorre-
lated diffusion rate across the tree and infers the dispersal
lineage history in space and time simultaneously, using
both the phylogenetic tree and the geographic locations
of the samples (Dellicour et al. 2021). To build the RRW we
employed the geographic coordinates from each terminal
collecting locality as a two-dimensional trait. We assumed
a relaxed molecular clock (prior rate = 0.017, SD = 1.0),
and the tree priors were calibrated as described above. To
visualize the estimated phylogeographic reconstruction,
space-time dispersal networks were created using SPREAD
1.0.6 (Bielejec et al. 2011).

Results

Phylogenetic hypothesis and species delimitation. The
bGMYC species delimitation analysis of the Cyt-b recov-
ered two species-level clades within R. sumichrasti (P =
0.95), separated by the Isthmus of Tehuantepec (Figure 3;
Hypothesis 1). In this phylogeny, samples from new popu-
lations 64 to 66 from Guerrero and Oaxaca formed part of
clade Il. For the BPP and STACEY multiple-loci methods, the
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highest probability values (BPP, pP = 0.56; STACEY, pP=0.91)
supported Hypothesis five which recovered four divergent
clades at the species level (Figure 3). One of them (clade I)
was confined to the east and south of the Isthmus of Tehu-
antepec in México and Central America and the other three
(clades II, 1ll, and IV) were restricted to México. The K2P
genetic distance values ranged from 5.43 % to 7.52 %, with
the lowest value between clades Il and IV and the highest
between clades | and IV (Table 1). Similar genetic distance
values among clades were obtained with the uncorrected
P-distances (Table 1).

Table 1. Matrix of mean genetic distances (%) for Cytochrome b gene sequence
data among the 4 clades delimited in Reithrodontomys sumichrasti. Values above (uncor-
rected P-distances) and below (Kimura 2-parameter) the diagonal represent genetic dis-
tances between clades. Numbers on the diagonal represent Kimura 2-parameter genetic
distances within a clade.

R. sumichrasti Cladel Clade Il Cladol lll Clado IV
Clade | 1.71 6.69 6.97 7.01
Cladelll 7.16 1.66 5.74 5.17
Clade lll 7.47 6.07 1.59 6.28
Clade IV 7.52 543 6.67 0.25

The species delimitation methods and the species tree
(Figure 4) recovered the ancestral position of clade | (pP =
0.84), with a mean divergence time for the most recent com-
mon ancestor (MRCA) of ~2.15 Ma. The bGMYC supported
the sister relationship between clades Il and IV, whereas
the multi-loci methods and the species tree supported the
split of clade IV (pP = 0.79; mean divergence time 1.42 Ma),
and a sister relationship between clades Il and Il (pP = 0.70;
mean divergence time 0.90 Ma). In addition, the ances-
tral position of R. chrysopsis with respect to R. megalotis-R.
zacatecae and R. sumichrasti was strongly supported (pP =
1.00), with an MRCA mean age estimated at 6.18 Ma. Also,
a closer relationship was recovered between R. humulis and
R. montanus-R. raviventris (pP = 1.00; mean divergence time
6.43 Ma), although the sister relationship of R. montanus-
R. ravivientris received lower probabilities (pP = 0.86; mean
divergence time 4.44 Ma).

Ecological niche equivalence. Ecological Niche Models
generated for the four species-level clades within R. sumi-
chrasti had AUC values above 0.90 for training data. The
inter-clade predictability of the ENM of clade | ranged from
95 % when predicting known localities from clade IlI to
100 % when predicting known localities of clade IV (Fig-
ure 5). Clade IV had the most restricted ENM, and its inter-
clade predictability ranged from 0 % when predicting
clade Ill (and vice versa), to 18 % when predicting clade II.
The ENMs of clades Il and Ill showed the lowest intra-clade
predictability values with 90 % and 95 %, respectively.
Quantification of niche overlap with the | and Schoener’s
D statistics (from here forward | and D) revealed small
amounts of overlap between each clade pair. For all clade
pairwise comparisons, the niche identity (niche equiva-
lency) hypothesis was rejected regardless of the similarity
measure (/ or D; Table 2).
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Figure 3. a) Single locus [Hypothesis 1; discontinuous red-yellow heat-map represents the pP > 0.95 of belonging to different species (red color)] and multiple-loci (Hypothesis 2-
Hypothesis 5) species delimitation models for Reithrodontomys sumichrasti. Solid and dashed lines denote the species delimitation proposal supported by bGMYC (Hypothesis 1; spA and
spB). b) Amount of support for each model in the posterior sample (MCMC) of trees estimated with STACEY and BPP. The abbreviations of the physiographic provinces and clade colors
follow Figure 2.
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Table 2. Niche comparisons between sister clades of Reithrodontomys sumichrasti.
The | statistics and Schoener’s D represent the observed niche overlap values and the
Identity tests represent the comparison of niche equivalency between each clade.

R. sumichrasti Clade Schoener’sD Istatistics Identity test
niche non-

Clade | Il 0.1322 0.3075 equLvalenCy
niche non-

1] 0.4369 0.7547 equLvalency
niche non-

v 0.2722 0.5371 equLvaIency
niche non-

Clade I 1] 0.3803 0.6456 equLvaIency
niche non-

v 0.1872 0.3900 equLvaIency
niche non-

Clade il v 0.0260 0.0843 eguivalency

The canonical variable analysis did not discriminate sig-
nificantly among the ENM:s of the clades (Figure 6). The first
and second canonical functions accounted for 97.3 % of the
variance and the meaningful structure coefficients (> 0.3)
were exclusively related to temperature (BIO1, BIO2, BIO4,
BIO5, BIO6, BIO7). Overall, there was more similarity among
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mean values of each climatic variable between the ENM of
clades Il and Ill, whereas the area that occupied clade IV dis-
played extreme values for the Max Temperature of Warmest
Month (BIO5; 27.4 °C), Annual Precipitation (BIO12; 1086
mm), and Precipitation of Driest Quarter (BIO17; 14.86 mm;
Table 3).

Lineage dispersal. The RRW model predicted the ances-
tral distribution of R. sumichrasti was centered in the SMdC
physiographic region (abbreviations described in Figure 2),
within the current extent of clade | (Figure 7). This clade
started to spread at ~1.80 - 1.75 Ma to the west crossing the
Tehuantepec Isthmus towards both the Oaxacan Highlands
(OH) and Sierra Madre del Sur (SMdS) where the MRCA of
clades I, lll, and IV originated. Subsequently (between
1.53 - 1.25 Ma), the MRCA of clade Il extended to the Sierra
Madre Oriental (SMOr), while clade | colonized the Costa
Rican Seasonal Moist Forest (TR*) and Talamancan Range
(TR) regions. By ~1.25 to 0.65 Ma, the ancestor of clade IV
expanded to the west of the Mexican Transvolcanic Belt

Figure 4. Time-calibrated species tree estimated with *BEAST-STACEY for Reithrodontomys sumichrasti and the outgroup taxa. Values above branches indicate the mean divergence
times (millions of years) and below are the Bayesian posterior probabilities for clades. White bars represent the 95% highest posterior density intervals. Colors follow the clade-color dis-
tinction described in Figure 2. Specimens assigned to the collapsed terminal taxa are listed in Appendix 1.

www.mastozoologiamexicana.org 167



SPECIES LIMITS IN R. sumichrasti

Figure 5. Map projection of the Ecological Niche Models for the 4 clades of Reithro-
dontomys sumichrasti indicating the within-clade and inter-clade localities predictability
values. Color dots represent the presence records of each clade and follow the clade-col-
ors in Figure 2. Dark and light colors on the maps represent the suitable and non-suitable
areas of each clade, respectively.

(CT as named in Hardy et al. 2013), and by ~ 0.11 Ma most
dispersal events occurred when clade Il expanded through
the central and east of the CT, but also seemed to expand
towards the east by the OH (Figure 7).

Discussion

Species delimitation. The use of innovative tools and meth-
odologies to assess species boundaries has helped to clar-
ify taxonomic problems while facilitating the generation of
robust hypotheses to reveal cryptic species and describe
the speciation processes (Dayrat et al. 2005; Padial et al.
2010). Such is the case of mammals distributed in Meso-
america, characterized by a peculiar evolutionary history
that is linked to the environmental and biogeographical
characteristics of this region (see Almendra and Rogers
2012). We used the cricetid rodent R. sumichrasti because
it is a good model to evaluate the biogeographical and
ecological niche conservatism hypotheses linked to vicari-
ant speciation events in México to Central America. This
approach was addressed by other authors (Sullivan et al.
2000; Martinez-Gordillo et al. 2010; Hardy et al. 2013), but
this is the first time that the use of mathematical methods
for species delimitation and phylogeographic reconstruc-
tion is put into practice for this species.

Our results show that the species delimitation methods
support the phylogenetic hypotheses one and five with
higher posterior probabilities, suggesting that R. sumi-
chrasti is a complex of multiple species. In both hypoth-
eses, clade | was identified as a distinct species, as this result
was congruent among the three species delimitation meth-
ods. Recognition of clade | at the species level has been
suggested previously due to its position in the molecular
phylogenies (Sullivan et al. 2000; Hardy et al. 2013), and to
the P-distances to the remaining clades (6.15 % to 9.10 %;
Hardy et al. 2013). We agree with this species-level sugges-
tion since this clade was placed as an independent sister
lineage to the other clades of R. sumichrastiin our phyloge-

Table 3. Coefficients of the three first canonical discriminant functions derived from the bioclimatic variables used in the ecological analyses in Reithrodontomys sumichrasti. Mean
values of the bioclimatic variables based on the environmental information from occurrence records are given for each clade.

Function 1 Function 2

Function 3

Climatic Variable Eigen=0.261 Eigen=0.035 Eigen=0.008 Cladel Cladelll Clade 1l Clade IV
BIO1 0.689 0.402 0.028 17.11 16.75 14.15 18.44
BIO2 -0.054 0.409 0.023 11.82 12.23 12.18 12.96
BIO4 0.632 0.086 0.021 104.09 124.54 185.44 164.25
BIO5 0.239 0.486 0.379 24.88 25.24 23.17 2747
BIO6 -0.385 0.280 0.252 9.00 8.16 4.40 8.30
BIO7 -0.614 0.671 0.015 15.88 17.09 18.77 19.17
BIO11 0.421 0.149 0.619 15.70 15.11 11.64 16.16
BIO12 -0.257 0.116 0.056 1723.79 1237.19 1157.14 1086
BIO17 -0.196 0.232 0.302 79.52 34.47 98.99 14.86

EV (%) 85.575 11.724 2.700

BIO1 = Annual Mean Temperature; BIO2 = Mean Diurnal Range (Mean of monthly (max temp - min temp)); BIO4 = Temperature Seasonality (standard deviation *100); BIO5 = Max
Temperature of Warmest Month; BIO6 = Min Temperature of Coldest Month, BIO7 = Temperature Annual Range (BIO5-BIO6); BIO11 = Mean Temperature of Coldest Quarter; BIO12 = An-
nual Precipitation; BIO17 = Precipitation of Driest Quarter; EV (%) = Percent of explained variance.
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Figure 6. Graphic of the first two discriminant functions among Ecological Niche
Models of clades I to IV of Reithrodontomys sumichrasti. Colored crosses represent the
centroid of each clade environmental niche. Colors follow the clade-color distinction de-
scribed in Figure 2. Black arrows denote the power and direction of the discrimination
for that bioclimatic variable (see text and Table 3 for descriptions of bioclimatic variables).

netic trees and also showed the highest genetic divergence
(both K2P and P-distances) compared to clades II-IV. The
populations belonging to this clade are distributed south-
east of the Isthmus of Tehuantepec, from the Sierra Madre
de Chiapas, México to western Panama (Hall 1981), and
were the first to diverge from a common ancestor ~2.15
Ma. This mean age is close to that reported by Hardy et al
(2013; ~2.56 Ma), placing the species diversification within
R. sumichrasti at the Plio-Pleistocene boundary (see discus-
sion below).

The proposal that clade | evolved independently was
better supported by molecular data than by ecological data.
The environmental niche space that this clade occupies
predicted the potential distribution areas of the remain-
ing clades with high percentages, although the inverse was
not true. In general, R. sumichrasti sensu lato inhabits brush
and grass in pine-oak and cloud forests throughout its geo-
graphical distribution. However, Hooper (1952) reported a
greater diversity of habitats for the subspecies that encom-
pass clade |, particularly for R. s. dorsalis and R. s. australis.
This apparently broad environmental range could explain
the high percentages of predictability we found, which
was also evidenced in the canonical analysis. Nevertheless,
non-equivalency of niche was found in the niche identity
test. The remaining ecological analyses showed a relatively
high similarity between this clade and clades II-IV, suggest-
ing that their differentiation at the species level within R.
sumichrasti sensu lato was more favored by geography than
by ecology (Peterson et al. 1999).

Arellano etal.

The species delimitation methods were not consistent
in the delimitation of clades I, lll, and IV. The single-locus
bGMYC (Cyt-b) proposed that the three clades form a single
species, while the multiple-loci BPP and STACEY (Cyt-b +
Fgb-17 + Acp5) considered each clade as a distinct species.
Molecular delimitation methods are considered a valuable
complement to taxonomy based on morphological traits
and are often used as part of an integrative approach to
validate putative species (Luo et al. 2018). The three delimi-
tation methods used in our study have been recognized
for their high performance for this purpose (Jones 2017;
Luo et al. 2018), but only two of them (BPP and STACEY)
were consistent in this work. The performance and accu-
racy of each method can be affected by factors including
both biological (variation in population size, uninterrupted
gene flow) and methodological (input tree), among others,
so they can over or underestimate the number of species
(Rannala 2015; Luo et al. 2018). For this reason, the use of
different molecular delimitation methods is highly recom-
mended with species hypotheses based on the congruence
among them (Carstens et al. 2013). In accordance with this
suggestion, Hypothesis five (which is based on multiple
loci) should be accepted and therefore each clade distrib-
uted west of the Isthmus of Tehuantepec constitutes a dis-
tinct species-level entity. Hypothesis five (Fig. 2) was also
supported by the amount of Cyt-b genetic differentiation
among clades. The K2P genetic distance values between
pairwise clades II-llI, [V, and llI-IV were 6.07, 5.43, and 6.67,
respectively, which are greater than the 5 % value associ-
ated with sister species recognition in mammals (Baker and
Bradley 2006) including rodents (ranged from 2.70 % to
19.23 %; Bradley and Baker 2001).

Phylogenetic relationships among clades II, Ill, and IV
were different between the Cyt-b tree topology and the
species tree, but generally with weak nodal support. In the
first case, Il and IV were recovered as sister clades, while in
the second, clades Il and Il were more closely related. These
results partially coincide with the topologies obtained by
Hardy et al. (2013), in which their concatenated DNA tree is
consistent with our species tree. On the other hand, none
of our phylogenies (gene tree or species tree) recovered
sister relationships between clades Il and IV, such as those
obtained in the Cyt-b tree of Hardy et al. (2013). This is also
supported by the ecological results where there is a greater
ecological similarity (based on both directions of area pre-
dictability) between clades Il and Il than between clades ||
and IV orllland IV.

The ecological niche characteristics (from the biocli-
matic variables used) of clade Il showed high predictability
percentages of the ecological suitability areas of clades llI
and IV, but these tended to have low or null values when
the inverse analysis was performed. For example, clade
IV predicted only 18 % of clade Il and 0 % of clade lll. The
geographical distribution of each clade could explain the
different percentages of predictability of the environmen-
tal niche. The wide geographical distribution of clade I
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Figure 7. Spatiotemporal dynamics of the Reithrodontomys sumichrasti lineages diffusion for 1.80 Ma, 1.75 Ma, 1.53 Ma; 1.25 Ma, 0.65 Ma, and 0.11 Ma. Lines represent the branches
of the Maximum Clade Credibility Tree and circles the location of occurrence records of the terminal labels (Appendix 1). An overlay of the sum of current, Last Glacial Maximum, and Last
Interglacial ENMs was added to denote areas of relative environmental stability. Line and circle colors follow the clade-color distinction described in Figure 2. Maps were generated using

Google Earth (http://earth.google.com).

includes localities of the CT, SMdS, extreme south of SMOr,
and OH, while clade Il is distributed in the SMOr, and clade
IV is restricted to Coalcoman and Dos Aguas localities, in
Michoacdan (Hall 1981; Hardy et al. 2013; Figure 1, 2).

Niche pairwise comparisons showed low observed val-
ues for D and / similarity indices, mainly between clades I
and IV. This is based on the fact that these indices can take
values from 0 (no niche overlap) to 1 (total niche overlap;
Warren et al. 2008). Closely related species are predicted
to share characteristics of their environmental niche due
to their common ancestry (Peterson et al. 1999), but niche
differentiation can occur when allopatric populations exist,
and gene flow is assumed to have been disrupted in the
past (Avise 2000; Martinez-Gordillo et al. 2010). This could
explain the non-equivalency of niche between these
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clades, as well as the low values of area predictability, which
coincides with reports of Martinez-Gordillo et al. (2010) for
different rodent species, including R. sumichrasti.

Bioclimatic data show that clade Il shared similar char-
acteristics to the other clades depending on the variable
being analyzed. Moreover, clade Il was characterized by
low temperatures and the second-highest value of annual
mean precipitation. These bioclimatic characteristics corre-
spond to the habitat description of R. s. sumichrasti, mainly
associated with pine and pine-oak forests, in “areas fre-
quently bathed by clouds and rain (Hooper 1952:72)". In
contrast, clade IV was associated with higher temperatures
and lower precipitation values, showing extreme values
with respect to the other clades in at least five of the nine
variables analyzed. Hardy et al. (2013) highlighted the pres-




ence of geographical barriers such as low-lying river drain-
ages that have isolated clade IV populations from other R.
sumichrasti sensu lato populations, which could justify our
molecular and ecological results regarding the species rec-
ognition of this clade.

Phylogeographic history. Our results suggest that the
common ancestor of the R. sumichrasti sensu lato originated
in the montane regions of northern Central America ~2 Ma
ago and expanded to where this species complex currently
occurs. Various geographic and environmental factors may
have favored and/or limited its dispersal in Central America
and México (for more details see Hardy et al. 2013). The
montane and intermontane Central America regions have
a deep tectonic and volcanic history, which may have influ-
enced the origin and diversification of montane species
such as Peromyscus guatemalensis, P. bakeri, and P. carolpat-
tonae (Alvarez-Castafieda et al. 2019). Also, the Pleistocene
glacial cycles may have played a key role, due to favorable
climatic conditions (Ceballos et al. 2010), which allowed the
colonization of new areas and in some cases new habitats,
followed by post-glacial isolation that limited the gene flow
between populations (Martin 1961). This has been reported
in several groups such as plants (e. g. Ramirez-Barahona and
Eguiarte 2013), reptiles and amphibians (e. g. Church et al.
2003; Howes et al. 2006), birds (e. g. Johnson and Cicero
2004; Baker 2008), and mammals (e. g. Ceballos et al. 2010;
Chiou et al. 2011) including other species of Reithrodonto-
mys (Martinez-Borrego et al. 2022). In addition, geographic
regions such as the Isthmus of Tehuantepec seem to have
acted as an efficient barrier limiting gene flow between
populations that are distributed on both sides of the Isth-
mus, an accepted explanation for R. sumichrasti and other
rodent species (e. g. Sullivan et al. 2000; Le6n-Paniagua et al.
2007; Ordorfiez-Garza et al. 2010; Hardy et al. 2013).

The lineage dispersal in México was from populations in
the west of the OH and SMdS that currently belong to the
clade I, which spread into SMOr (clade Ill) and the west of
CT (clade IV) as well as through the central and east of the
CT (clade ). This model would explain the wide geographi-
cal distribution of clade I, and also its greater number of
haplotypes compared to the other clades (Hardy et al. 2013).
Although these dispersal events seem to have occurred
relatively recently, the physiographic characteristics of the
Mexican mountainous regions (Morrone 2005; Escalante
et al. 2009) could have favored relatively faster speciation
processes within R. sumichrasti complex, leading to differ-
entiation, at least genetically and ecologically, among each
clade analyzed here. This seems to be a common pattern
in several species of small mammals, where the allopatric
effect and the habitat characteristics each ancestral species
occupied resulted in complete speciation of lineages, often
associated with cryptic speciation processes (e. g. Arellano
et al. 2005; Rogers et al. 2007; Ledn-Tapia et al. 2021; Mar-
tinez-Borrego et al. 2022).

Taxonomic considerations. Species delimitation meth-
ods and values of genetic divergence support the recogni-
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tion of populations of R. sumichrasti at the east and south of
the Isthmus of Tehuantepec, from Chiapas, México to Cen-
tral America (Clade 1), as a valid species which is different
from everything occurring to the west of this geographi-
cal barrier. According to this hypothesis, then R. australis
(Allen 1895) is the taxonomic name that has priority (Article
23; ICZN 1999). Subspecies distributed across this region
of Mesoamerica, beyond the nominotypical would include
R. a. dorsalis (Merriam 1901), R. a. modestus (Thomas 1907),
and R. a. vulcanius (Bangs 1902).

In addition, the existence of an undescribed species rep-
resented by the populations included in clade IV, from Coal-
coman and Dos Aguas in Michoacan, México (northwest-
ern SMdS) is supported by species delimitation methods
and values of genetic divergence. The disjoint distribution
of this genetically distinct clade suggests that it does not
belong to R. s. nerterus nor R. s. luteolus. The mountainous
region inhabited by this new species is isolated from other
mountain ranges in the area by lowlands of up to approxi-
mately 400 masl. This pattern of genetic differentiation
coincides with the recent description of a new species of
the genus Peromyscus (P. greenbaumi; Bradley et al. 2022;
but see also Leén-Tapia et al. 2021). In order to make the
formal description based on diagnostic characters that will
derive in an appropriate species name, a morphological
comparison would be necessary.

Molecular species delimitation and genetic distance
values associated to populations from clades Il and I indi-
cate that these two lineages should be recognized as valid
species. Nomenclatural suggestions are difficult to make
due to the sympatry of individuals of some populations
from both clades. This was already addressed by Hardy
et al. (2013) through nested clade analysis. In our study a
phylogeographic pattern of diffusion of the lineages (RRW
model) suggests colonization after the separation of clades
Iland lll. Nevertheless, in this work we propose populations
comprising clade Il should be recognized as R. nerterus
(Merriam, 1901). Although we did not include specimens
from the type locality of R. nerterus (El Nevado de Colima,
Jalisco, México), we analyzed several individuals from sites
reported by Hooper (1952) for this taxon. Because clade
Il includes populations of the known distribution of R. s.
luteolus, this taxon should be considered as subspecies of
R. nerterus. Clade lll should be named as R. sumichrasti; here
we also did not include individuals from the type locality
(El Mirador, Veracruz, México), but we used specimens from
localities that belong to this species. Populations from
south Puebla and Northern Oaxaca (28, 1, and 10 in Fig-
ure 2), regarded originally as R. s. sumichrasti should be now
R. n. luteolus. It remains necessary to evaluate sympatric
populations from both clades in order to identify plausible
evolutionary processes in this region.
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Appendix 1

Population numbers (corresponding in Figure 2), specimen identification numbers (museum voucher or collector numbers), Collecting locality information; GenBank accession numbers
and related clade for each sample of Reithrodontomys sumichrasti individuals included in this study. Museum or collector abbreviations are as follows: ASNHC = Angelo State Natural His-
tory Collection; BYU = Brigham Young University; CMC = Coleccion de Mamiferos del CIByC, Universidad Auténoma del Estado de Morelos; MSB = Museum of Southwestern Biology; ROM
= Royal Ontario Museum; TTU = Texas Tech University; CWK = C. William Kilpatrick (University of Vermont); JAG = José A. Guerrero (Universidad Auténoma del Estado de Morelos). Country
abbreviations are as follows: CR = Costa Rica; GM = Guatemala; HD = Honduras; MX = México; NI = Nicaragua; PN = Panama. New sequences are denoted by an asterisk.

ﬁ:& Voucher number Country: State Locality GenBank accession numbers Clade
Cyt-b Fgb-17 Acp5
BYU15437 AF211911 I
BYU15438 AF211905 I
1 MX: Oaxaca 1.5 km S Puerto de la Soledad, 2200 m (18.1623667;
BYU16249 -96.9975333) HQ269530 HQ269737  HQ269468 I
BYU15433 HQ269531 I
BYU15434 AF211915 I
BYU20806 HQ269532 HQ269738  HQ269469 I
5 MX: Oaxaca El Polvorin, 5.3 km turn off Lachao Viejo, 1735 m
BYU20808 (16.1999333; -97.1339667) HQ269534 I
BYU20807 HQ269533 HQ269739  HQ269470 I
CMC912 HQ269535 HQ269740  HQ269471 I
3 CMCo13 MX: Oaxaca Finca 7C§6p6a7l;ta, Copalita, 1025 m (15.9655833; HQ269536 I
CMCo14 HQ269537 I
CMCo15 HQ269538 HQ269741  HQ269472 I
CMC991 HQ269539 HQ269742  HQ269473 I
CMC992 HQ269540 HQ269743  HQ269474 I
CMC993 HQ269541 I
CMC994 HQ269542 I
CMC995 HQ269543 I
CMC996 HQ269544 I
CMC997 HQ269545 HQ269744  HQ269475 I
CMC998 HQ269546 I
CMC999 HQ269547 I
4 €mc1000 MX: Oaxaca Rio Molino, 2353 m (16.0796667; -96.4708833) HQ269548 1
CMC1001 HQ269549 HQ269745  HQ269476 I
CMC1002 HQ269550 I
CMC1003 HQ269551 I
CMC1004 HQ269552 HQ269746  HQ269477 I
CMC1005 HQ269553 I
CMC1006 HQ269554 I
CMC1007 HQ269555 I
CMC1008 HQ269556 I
CMC1009 HQ269557 I
CMC1010 ] ' HQ269558 I
5 cmc172 MX: Oaxaca ?1"";%2';"33;'3??533’1“é§gg7‘; Zempoaltepec, 2300 m HQ269559 |
La Cumbre, 1.2 km SE 0.6 km S Agua Fria Juxtlahuaca, HQ269560
6 CMC1650 MX: Oaxaca 1950 m (17.209; -97.9786667) I
7 TTU54952 MX: Oaxaca 3.0 mi S. Suchixtepec (16.0166667; -96.4666667) AF211920 I
8 CMCo89 MX: Oaxaca 0.7 km E La Soledad (15.9823;-96.5198167) HQ269561 I
CMC990 . HQ269562 I
0 MCT34 MIX: Oaxaca L9a7C$JOrTZ1§;? 18.5 km S Sola de Vega, 2175 m (16.4529; HQ269563 |
10 CWK1009 MX: Oaxaca Orizaba (17.8333333; -97.2333333) AF211895 I
FAC1112% AF211907 I
FAC1117% AF211913 I
FAC1118 AF211906 I
1 FACI119 MX: Guerrero 6.1 km SW Omiltemi, 2490 m (17.5491667;-99.721) AF211908 I
BYU20801 HQ269564 HQ269747  HQ269478 I
BYU20802 HQ269565 I
CWK1019* AF211921 I
CWK1025* AF211901 I
12 BYU20799 MX:Guerrero 3.4 km W Carrizal, 2480 m (17.6004167; -99.8248333) I S L I
CMC710 HQ269567 I

www.mastozoologiamexicana.org 175



SPECIES LIMITS IN R. sumichrasti

CMC1628
CMC1629

CMC1630

CMC1631

CMC1632

CMC1633

CMC1634

CMC1635

CMC1636

CMC1637

13 CMC1638
CMC1639

CMC1640

CMC1641

CMC1642

CMC1643

CMC1644

CMC1645

CMC1646

CMC1647

CMC1648

CMC1649

14 TK93354
TK93363

BYU20800

15 cMCc712
CMC713
BYU15967

BYU 15968
BYU15969
BYU15970
BYU 15971
BYU15972
cMcs73
CMC875
CMC876
cMmcs78
CMC879
CMC880
CMC840
CMC843
cMmcs47
CMC1403
CMC1405

MX: Guerrero

MX: Guerrero

MX: Guerrero

MX: Veracruz

MX: Veracruz

MX: Veracruz

MX: Veracruz
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3 km E El Tejocote, 2620m (17.3048667;-98.6511167)

4 mi SSW Filo de Caballo (17.8166667; -99.6166667)

1.1 km E Cruz Nueva, 2650 m (17.513483; -100.0295167)

La Colonia, 6.5 km W Zacualpan, 6200 ft (20.4666667;
-98.3666667)

Las Canadas, 1340 m (19.1878333;-96.9834)

3.5 km E Puerto del Aire, 2524 m (18.6715667;
-97.3318667)

2.9 km E Puerto del Aire, 2524 m

HQ269568
HQ269569
HQ269570
HQ269571
HQ269572
HQ269573
HQ269574
HQ269575
HQ269576
HQ269579
HQ269580
HQ269581
HQ269582
HQ269583
HQ269584
HQ269585
HQ269586
HQ269587
HQ269577
HQ269578
HQ269588
HQ269589
AY293810

AY293811

HQ269590
HQ269591
HQ269592
HQ269594
AF211916

HQ269595
HQ269596
AF211902

HQ269593
HQ269597
HQ269598
HQ269599
HQ269600
HQ269601
HQ269602
HQ269603
HQ269604
HQ269605
HQ269606
HQ269607

HQ269749
HQ269750

HQ269751

HQ269752

HQ269754

HQ269753
HQ269755
HQ269756

HQ269757
HQ269758
HQ269759

HQ269480
HQ269481

HQ269482

HQ269483

HQ269485

HQ269484
HQ269486
HQ269487

HQ269488
HQ269489
HQ269490



20

21

22

23

24

25

26

27

28
29

CWK1007
CMC849
CMC850
CMC851
CMC853
CMC854
CMC855
CMC856
CMC857
CMC858
CMC859
CMC860
CMCs861
CMC862
CMC863
CMC864
CMC866
CMC867
CMC869
cMC870
cMC871

CMC1378

CcMC1379

CMC1380

CMC1381

CMC1395

CMC1396

CMC1397

CMC1398

CMC1399

CMC1400

CMC1401

CMC1402

CMC1446

CMC1447

CMC1448

CMC1449

CMC1476

CMC1477

CMC1478

CMC1480

CMC1481

CMC1073

CcMC1074

CMC1075

CMC1070

CMC1093

CMC1992

CMC1997

CMC2006

CMC2007

CMC2008

CMC2009

CcMc2010

CMC2005

CMC1711

MX: Veracruz

MX: Veracruz

MX: Veracruz

MX: Veracruz

MX: Puebla

MX: Puebla

MX: Puebla

MX: Puebla

MX: Puebla
MX: Puebla

Xometla, 2615 m (18.97775;-97.1910833)

Mesa de la Yerba, 3.4 km SW desviacién a Mazatepec,
2040 m (19.5593;-97.0185)

Cruz Blanca, 2180 m (19.4712;-97.0842)

Xico Viejo, 1756 m (19.4517667; -97.0583)

4.7 km NE Teziutlan, 1750 m (19.8353167; -97.34135)

El Durazno, 0.5 km Libramiento Parada, 1830m
(19.8220833;-97.3399833)

3 km W Cerro Chignaulta, 2176 m

Rancho 22 de Marzo, marker 75.8 km Carretera
Ahuazotepec-Zacatlan, 2270 m (19.6677; -97.9890333)

Alhuaca, 8 km NE Vicente Guerrero, 2680 m (18.5705167;
-97.1660833)

2 km NW Cuautlamingo, 2171 m (19.7678667;
-97.5403333)

AF211914

HQ269608
HQ269609
HQ269610
HQ269611
HQ269612
HQ269613
HQ269614
HQ269615
HQ269616
HQ269617
HQ269618
HQ269619
HQ269620
HQ269621
HQ269622
HQ269623
HQ269624
HQ269625
HQ269626
HQ269627
HQ269628
HQ269629
HQ269630
HQ269631
HQ269632
HQ269633
HQ269634
HQ269635
HQ269636
HQ269637
HQ269638
HQ269639
HQ269640
HQ269641
HQ269642
HQ269643
HQ269644
HQ269645
HQ269646
HQ269648
HQ269649
HQ269650
HQ269651
HQ269652
HQ269653
HQ269654
HQ269656
HQ269658
HQ269655
HQ269657
HQ269659
HQ269660

HQ269661
HQ269662

HQ269663

HQ269760

HQ269761

HQ269762

HQ269763

HQ269764

HQ269765

HQ269766

HQ269767

HQ269768
HQ269769

HQ269491

HQ269492

HQ269493

HQ269494

HQ269495

HQ269496

HQ269497

HQ269498

HQ269499
HQ269500
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30

31

32
33
34
35

36

37

38

39

40

a4

42

43

a4

45

46

47

48

49

50

51

CMC1710
CMC1860
CMC1862
CMC1863
CMC1859
CMC1855
CMC1856
CMC1857
BYU16242
BYU16243
BYU16244
BYU16245
BYU16246
BYU16247
CMC1870
CMC1871
CMC1872
CWK1014
CWK1015
CWK1011
CMC1864
CMC1865
CMC1866
CMC1867
CMC1868
CWK1056
CMC2001
CMC2000
CMC2002
CMC1982
CMC2003
CMC2004
CMC1071
CMC1092
BYU15417
BYU15418
BYU15419
BYU15420
BYU 15421
BYU 15422
BYU 15415
BYU15416
BYU15414
CWK1027
CWK1036
CMC1786
CMC1787
CMC1788
BYU17083
BYU20784
CMC682
BYU17084
BYU20795
BYU20794
CMC694

MX: Puebla

MX: Michoacén

MX: Michoacan
MX: Michoacan
MX: Michoacan
MX: Michoacan

MX: Michoacén

MX: Michoacén

MX: Michoacén

MX: Michoacén

MX: Michoacén

MX: Michoacén

MX: Hidalgo

MX: Hidalgo

MX: Hidalgo

MX: Hidalgo

MX: Hidalgo

MX: Hidalgo

MX: Hidalgo

MX: Estado de
México

MX: Chiapas

MX: Chiapas
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Los Parajes, 2555 m (19.7664667; -97.4384667)

11 km NW Coalcomén, 1600 m (18.803;-103.2261667)

10.9 km NW Coalcomdn, 1680 m (18.7966667;
-103.2303333)

0.8 km NNE Dos Aguas, 2220 m (18.8075; -102.9263333)
4.2 km NNE Dos Aguas, 2370 m (18.8358333;
-102.9256667)

9.2 km NNE Dos Aguas, 2245 m (18.8046667; -102.9775)

10 km S Patzcuaro, 2350 m (19.4535;-101.6027333)

9.6 km S Patzcuaro, 2350 m (19.45695; -101.6075833)

4.9 km S Santa Clara, 2415 m (19.3611667;-101.6116667)

2.9 mi E Opopeo (19.4;-101.6)

9.9 km NW Mil Cumbres, 2820 m (19.6476667; -100.793)

Villa Escalante (19.4;-101.65)

Rio Chiflén, 9.7 km ENE Crucero los Tules, 1750 m
(20.4013333;-98.3840833)

5 km ENE Crucero los Tules, 2070 m (20.3834;
-98.3647333)

22 km NE Metepec, 2210 m (20.3158667; -98.23535)

La Mojonera, 6 km S Zacualtipan, 2010 m (20.65; -98.6)

El Potrero, 10 km SW Tenango de Doria, 2200 m (20.65;
-98.0666667)

5.0 Km N Zacualtipan (20.65; -98.6)
0.5 Km N Molango (20.7833333; -98.7166667)

9 km SW Zacualpén, 2400 m (18.6882667; -99.80595)

Cerro Mozotal, 2930 m (15.4311;-92.3379)

Rancho la Providencia, 1775 m (15.0913333;-92.0831)

HQ269664
HQ269665
HQ269666

HQ269667
HQ269668

HQ269669
HQ269670
HQ269671

HQ269672
HQ269673
HQ269674
HQ269675
HQ269676
HQ269677
HQ269678
HQ269679
HQ269680
AF211896

AF211923

AF211900

HQ269681
HQ269682
HQ269683
HQ269684
HQ269685
AF211898

HQ269688
HQ269687
HQ269689
HQ269686
HQ269690
HQ269691
HQ269693
HQ269692
HQ269694
HQ269695
HQ269696
HQ269697
AF211904

AF211918

AF211899

HQ269699
HQ269698
AF211922

AF211903

HQ269703
HQ269700
HQ269701
HQ269704
HQ269707
HQ269706
HQ269705
HQ269710
HQ269709
HQ269708

HQ269770
HQ269771

HQ269772

HQ269773

HQ269774

HQ269775

HQ269776

HQ269777

HQ269778
HQ269779
HQ269780
HQ269781

HQ269784
HQ269783
HQ269782

HQ269501
HQ269502

HQ269503

HQ269504

HQ269505

HQ269506

HQ269507

HQ269508

HQ269509
HQ269510
HQ269511
HQ269512

HQ269515
HQ269514
HQ269513



52

53

54

55

56

57
58
59
60
61

62

63

64*

65*
66*

CNMA 35505
CNMA 35508
CNMA 35514*
NMA 35506*
ASNHC2150
ASNHC2151
TTU82780
TTU82781
ECOSCM1220
ROM98287
ROM98383
ROM98384
TTU83709
TTU84602
JAG417
BYU 15246
ROM113151
ROM113178
MSB61880
ROM113180
ROM113153
ROM113181
ROM113179
ROM113152
ROM113154
MSB130128
unavailable
unavailable
unavailable

unavailable
CNMA42283

MX: Chiapas

MX: Chiapas

MX: Chiapas

MX: Chiapas

GM:
Huehuetenango

GM:
Chimaltenango

HD: Copén
HD: Intibuca
NI: Esteli
CR: San José

CR: Cartago

PN: Chiriqui

MX: Guerrero

MX: Guerrero
MX: Oaxaca

San Cristobal (16.75; -92.6333333)

9 km S Rayén (17.2; -93)

Yalentay (16.7333333;-92.775)

El Vivero, Parque Nacional Lagos de Montebello, 3.55 km
NNW El Vivero, 1452 m (16.25;-92.1333333)

10 km NW Santa Eulalia (15.75; -91.4833333)

15 km NW Santa Apolonia (14.7913833;-90.9708333)
Picacho (13.9833333;-88.1833333)

Santa Rosa (14.77;-88.78)

Reserva de Miraflor, 3 km SE Miraflor (13.3683667;
-86.4023)

El Cascajal de Coronado, 1650 m (9.9166667;
-84.0666667)

Volcan Irazu, Route 8 Hwy Sign 28 km, La Pastora
(9.8666667; -83.9166667)

Bugaba, Parque Nacional Volcén Baru-Intermedia (8.85;
-82.5666667)

Las Truchas, 3 km SE Carrizal de Bravo, 2400 m
(17.359739; -99.489833)

Carrizal de Bravo, 2.5 km SE, 2400 m (17.609715;
-99.820829)

Municipio Tlahuitoltepec, vicinity Santa Maria Yacochi,
2,300 m (17.158419; -96.030241)

AF211909
AF211910
AF211917
AF211919
AF211894
AF211897
HQ269711
HQ269712
HQ269713
HQ269714
HQ269715
HQ269716
HQ269717

HQ287797
HQ269718

AF211912

HQ269720
HQ269724
HQ269719
HQ269726
HQ269722
HQ269727
HQ269725
HQ269721
HQ269723
HQ269728
AB618727
AB618732
AB618730

AB618729
AY859471

HQ269785

HQ269786

HQ269787
HQ269788

HQ269790

HQ269789

HQ269792

HQ269791

HQ269793

HQ269516

HQ269517

HQ269518
HQ269519

HQ269521

HQ269520

HQ269523

HQ269522

HQ269524
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Hooper’s deer mouse, Peromyscus hooperi, is the sole member of the Peromyscus hooperi species group. This species is endemic to México
where it is restricted to the grassland transition zone in the states of Coahuila, Zacatecas, and San Luis Potosi. Previous studies using mitochon-
drial and nuclear genes (Cytb, Adh1-12, Fgb-17 and Rbp3) did not resolve the phylogenetic relationships of this relatively poorly known species.
It was hypothesized that P. hooperi is sister to P. crinitus, and these two taxa are related to P. melanotis, P. polionotus, P. maniculatus, P. keeni, P.
leucopus, P. gossypinus, P. eremicus, P. californicus, and Osgoodomys banderanus. Based on morphological characters, karyotypes, and allozymes,
P. hooperi does not align with either subgenera Haplomylomys or Peromyscus. However, its unique characteristics (e. g., phallus, karyotype)
have been recognized, and therefore it has been retained as its own species group. To better resolve the phylogenetic placement of P. hooperi,
we performed target-enrichment and high-throughput sequencing and obtained several thousand nuclear ultraconserved elements and a
complete mitogenome from a specimen collected in 1896 by Nelson and Goldman in Coahuila, México. We compared these data with 21 other
species of neotomines using genome-wide data. Contrary to previous studies, we found high nodal support for the placement of P. hooperi
as sister to a clade that includes Podomys floridanus, Neotomodon alstoni, Habromys simulatus, H. ixtlani, Peromyscus mexicanus, P. megalops, P.
melanophrys, P. perfulvus, P. aztecus, P. attwateri, P. pectoralis, and P. boylii. We dated a Pliocene divergence of P. hooperi from its sister group at
approximately 3.98 mya, and after the split of P. crinitus at ca. 4.31 mya from other peromyscines. We demonstrated that genome-wide data
improve the phylogenetic signal, independently of taxon sampling, for a phylogenetically problematic species such as P. hooperi. We recom-
mend that future genomic studies expand taxon sampling, including members of the subgenus Haplomylomys, to confirm the phylogenetic
relationships of P. hooperi and the genetic status of its populations.

El ratén de Hooper Peromyscus hooperi, es el inico miembro del grupo de especies que lleva su mismo nombre. Es una especie endémica
de México que se encuentra restringida a las zonas de transicion de pastizales en los estados de Coahuila, Zacatecas y San Luis Potosi. Estu-
dios previos en los que se han analizado genes mitocondriales y nucleares (Cytb, Adh1-12, Fgb-17 y Rbp3) no han podido resolver las relaciones
filogenéticas de esta especie poco conocida. Sin embargo, se ha sugerido que P. hooperi podria ser la especie hermana de P. crinitus, y estar
cercanamente relacionada con P. melanotis, P. polionotus, P. maniculatus, P. keeni, P. leucopus, P. gossypinus, P. eremicus, P. californicus y Osgoo-
domys banderanus. Con base en datos morfoldgicos, cariotipos y aloenzimas, no se ha podido determinar si esta especie se encuentra mas
estrechamente relacionada con el subgénero Haplomylomys o Peromyscus. Sin embargo, las caracteristicas Unicas de P. hooperi (e. g., falo,
cariotipo) han sido reconocidas, por lo que se ha mantenido en su propio grupo de especies. Con el objetivo de proveer nueva evidencia
sobre la posicién filogenética de P. hooperi, utilizamos el método de captura por hibridacién y secuenciaciéon masiva para obtener miles de
elementos ultraconservados y el genoma mitocondrial de un ejemplar colectado en 1896 por Nelson y Goldman en Coahuila, México. Ademas,
analizamos datos genémicos de 21 especies de neotominos. Contrario a estudios previos, encontramos altos valores de soporte en el nodo
que posiciona a P. hooperi como la especie hermana del clado que incluye a Podomys floridanus, Neotomodon alstoni, Habromys simulatus, H.
ixtlani, Peromyscus mexicanus, P. megalops, P. melanophrys, P. perfulvus, P. aztecus, P. attwateri, P. pectoralis y P. boylii. Datamos la divergencia de
P. hooperi de su grupo hermano hace aproximadamente 3.98 millones de anos, después de la divergencia de P. crinitus y de otros peromiscinos
hace aproximadamente 4.31 millones de afos, ambos eventos durante el Plioceno. Nuestro estudio es un claro ejemplo de que analizar datos
a nivel del genoma mejoran la sefal filogenética, independientemente del nimero de taxones, para especies cuyas relaciones filogenéticas
son conflictivas o se encuentran poco resueltas como en el caso de P. hooperi. Sin embargo, recomendamos que futuros estudios genémicos
incluyan un muestreo taxonémico mas amplio, sobre todo de miembros del subgénero Haplomylomys, para confirmar las relaciones filogené-
ticas de P. hooperiy el estatus genético de sus poblaciones.

Keywords: Historical DNA; genomics; mitogenomes; museum specimens; Peromyscus, Pliocene-Pleistocene; ultraconserved elements.
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Introduction

Two of the most important naturalists from the turn of
the 20" Century were Edward William Nelson and Edward
Alphonso Goldman. They contributed greatly to our knowl-
edge, understanding, and documentation of the biota in
the United States and México (Lépez-Medellin and Medel-
lin 2016, https://sova.si.edu/record/SIA.FARU7364). The
scientific material collected by both naturalists continues
to be used as a rich resource in the systematic revision of
many groups of birds and mammals (Lopez-Medellin and
Medellin 2016). Nelson and Goldman’s biological surveys
encompassed all of the states in México and lasted 14 years
(1892 to 1906). In 1896, Nelson and Goldman conducted
field work in Coahuila, México where they collected three
individuals, later recognized as Peromyscus hooperi. These
specimens were deposited and remain housed at the
Smithsonian Institution’s National Museum of Natural His-
tory in Washington DC.

Peromyscus hooperi is a monotypic species, endemic to
México and only known from portions of the states of Coa-
huila, Zacatecas, and San Luis Potosi (Alvarez-Castafieda
2002). This species is sympatric with P. eremicus, P. melanoph-
rys, and P. pectoralis in the states of Coahuila and Zacatecas
(Schmidly et al. 1985). Its preferred habitat is the grassland
transition zone, a mixture of desert scrub and grassland veg-
etation (Schmidly et al. 1985; Lee and Schmidly 1977). Its
present fragmented and restricted distribution is considered
a relict of a much larger historical distribution (Schmidly et
al. 1985).

Peromyscus hooperiis poorly represented in mammal col-
lections and little is known about its current status in their
restricted distribution; however, it is not protected by the
Mexican government (Norma Oficial Mexicana — 059 — 2020,
Secretaria de Medio Ambiente y Recursos Naturales 2010)
and is classified as Least Concern by the International Union
for Conservation of Nature — I[UCN - (accessed on August
2022, Alvarez-Castafieda 2016). The species resembles P.
eremicus, P. merriami, and P. pectoralis in cranial and external
characters but differs in the karyotype (Lee and Schmidly
1977; Schmidly et al. 1985). Fuller et al. (1984) and Schmidly
et al. (1985) found that the karyotype of P. hooperi is very
similar to P, crinitus, P. simulus, Osgoodomys banderanus and
northern populations of P. boylii. However, P. hooperi has
been described as a medium size mouse for the genus, with
a long and bicolored tail (light grayish brown above and
whitish below) with short hair. The upper parts, including
face and top of head, are grayish with faint to moderate wash
brown; lateral line is faint and near light buff; underparts are
cream; and hind feet and lower legs are whitish. The skull
contains large auditory bullae, and the first two upper and
lower molars lack mesolophs. The glans penis is small but
wide with a long protractile tip, and the baculumis long and
slender with a cartilaginous tip (Lee and Schmidly 1977).
The karyotype (2n = 48, FN = 52) comprises three pairs of
biarmed autosomes and 20 pairs of acrocentric acrosomes
(Lee and Schmidly 1977; Schmidly et al. 1985).
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The taxonomic affinity of Hooper’s deer mouse has been
problematic (Carleton 1989). Based on a series of morpho-
logical characters (i. e, cranial characteristics, accessory
lophs, and styles of the anterior molars, structure of the
hyoid, and number and placement of the mammae) it
was suggested to be closely related to the subgenus Hap-
lomylomys (Lee and Schmidly 1977). However, based on
the anatomy of the phallus, it was more similar to species
representing the subgenus Peromyscus (Lee and Schmidly
1977; Schmidly et al. 1985). Therefore, P. hooperi was char-
acterized as an intermediate form between these two sub-
genera (Lee and Schmidly 1977; Fuller et al. 1984; Schmidly
et al. 1985). Peromyscus hooperi currently is recognized as
the sole member of the Peromyscus hooperi species group
(Schmidly et al. 1985; Carleton 1989), based on morphologi-
cal characters, karyotypes, allozymes, and mtDNA - cyto-
chrome b (Cytb; Carleton 1989; Musser and Carleton 1993,
2005; Hogan et al. 1993; Dawson 2005; Bradley et al. 2007).

Bradley et al. (2007) used Cytb sequence data to conduct
a phylogenetic analysis of the genus Peromyscus. They
recovered strong nodal support for a sister group relation-
ship between P. hooperi and P. crinitus with Maximum Parsi-
mony (MP), however, using Maximum Likelihood (ML) and
Bayesian Inference (Bl) they did not resolve this relation-
ship. In turn, this clade was sister to a clade including P.
melanotis, P. polionotus, P. maniculatus, P. keeni, P. leucopus, P.
gossypinus, P. eremicus, P. californicus, and Osgoodomys ban-
deranus. Platt et al. (2015), included Cytb and three nuclear
genes — Adh1-12, Fgb-17 and Rbp3, and concluded that the
phylogenetic position of P. hooperi remains uncertain due
to a lack of support values and the different placement
between ML and Bl analyses.

An additional problem for the systematic classification
of the species within Peromyscus is the very definition of
the genus. Several revisions and classifications have rec-
ognized subgenera - sensu lato - (Osgood 1909; Hooper
and Musser 1964; Hooper 1968) and genera — sensu stricto
- (Carleton 1980; Carleton 1989; Musser and Carleton
2005) within Peromyscus. However, the current resolution
of this group does not fully adhere to either of those clas-
sifications. In addition, genetic and genomic studies have
demonstrated the paraphyly of Peromyscus (Bradley et al.
2007; Miller and Engstrom 2008; Platt et al. 2015; Sullivan
et al. 2017; Castaneda-Rico et al. 2022). While clarifying the
definition of Peromyscus is beyond the scope and objective
of this manuscript, it is important to point out that whether
we align to the sensu lato or sensu stricto classification of
the genus, the phylogenetic placement of P. hooperi has
not been well-resolved. However, hereafter, we recognized
the genus Peromyscus as paraphyletic, including Habromys,
Megadontomys, Neotomodon, Osgoodomys, and Podomys
at the generic level (sensu stricto).

Uncertainty of the phylogenetic position of P. hoo-
peri based on previous studies necessitates a revalua-
tion using additional sequence data. To accomplish this,
we used genome-wide data, including several thousand
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nuclear ultraconserved elements and whole mitochondrial
genomes from a museum voucher specimen of P. hooperi
collected by Nelson and Goldman combined with data
from previous studies. These data provide new evidence
about the phylogenetic placement of P. hooperi and its time
of divergence from other peromyscines.

Materials and methods

Sample collection and laboratory methods. We used a
museum specimen sample of Peromyscus hooperi - USNM
79619 - (ca. 2 mm? of dry skin) deposited at the Smithsonian
Institution’s National Museum of Natural History; and col-
lected by E.W. Nelson and E. A. Goldman on August 14, 1896
from Carneros, Coahuila, México. We followed strict proto-
cols to avoid contamination during sampling, as described
in McDonough et al. (2018) and Castafieda-Rico et al. (2020).

Castaneda-Rico etal.

In addition to the data generated in this study, we also
reanalyzed previously published data including the follow-
ing: UCEs and full mitogenomes from Castarieda-Rico et al.
(2020, 2022), as well as Cytb gene sequences from Bradley et
al. (2007), Platt et al. (2015), and Sullivan et al. (2017; Table 1
and Appendix 1).

Ultraconserved elements. We analyzed the raw data
following the PHYLUCE v1.6.7 pipeline with the default
parameters (Faircloth 2016 https://github.com/faircloth-
lab/phyluce). lllumiprocessor 2.10 (Faircloth 2013) and Trim
Galore 0.6.5 (https://github.com/FelixKrueger/TrimGalore)
were used to trim adapters, barcode regions and low-qual-
ity bases. Reads were assembled into contigs using Trinity
2.8.5 (Grabherr et al. 2011), and identified contigs matching
UCE loci in the 5K UCE probe set (https://github.com/fair-
cloth-lab/uce-probe-sets). A monolithic FASTA file was pro-

All pre-PCR steps were performed in a laboratory dedicated
to processing ancient and historical DNA at the Center for
Conservation Genomics, Smithsonian National Zoo and
Conservation Biology Institute, Washington, DC. A silica col-
umn extraction protocol (McDonough et al. 2018) was used
to extract DNA. We quantified DNA with a Qubit 4 fluorom-
eter (Thermo Fisher, Waltham, MA) using a 1x dsDNA HS
assay and visualized DNA with a TapeStation 4200 System
(Agilent Technologies, Santa Clara, CA) using High Sensitiv-
ity D1000 reagents. A dual-indexed library was prepared
using the SRSLY PicoPlus NGS library prep kit (Claret Biosci-
ence, LLC), according to the manufacturer’s protocol. We
performed dual indexing PCR with TruSeg-style indices
(Meyer and Kircher 2010) using Kapa HiFi HotStart Uracil+
(Roche Sequencing), following the manufacturer’s protocol.
This library was amplified with 12 cycles of PCR. We then
pooled three PCRs from the same library before cleaning
to increase DNA fragment representation. We cleaned the
indexed library using 1.6X solid-phased reversible immo-
bilization (SPRI) magnetic beads (Rohland and Reich 2012),
quantified concentration using a Qubit 4 fluorometer, and
inspected size ranges and quality with a TapeStation 4200
System (conditions as mentioned above). Target-enrich-
ment was performed to capture ultraconserved elements
(UCE) and mitogenomes using the myBaits® UCE Tetrapods
5Kv1 kit (Daicel Arbor Biosciences) following the myBaits
protocol v3, and the myBaits® Mito kit (Daicel Arbor Biosci-
ences) for the house mouse Mus musculus panel, following
the myBaits protocol v4. We amplified post-enrichment
UCE and mitogenome libraries with 18 cycles of PCR using
Kapa HiFi HotStart Ready Mix (Roche Sequencing), follow-
ing the manufacturer’s protocol. A 1.6X SPRI magnetic bead
clean-up was performed subsequently. We again quanti-
fied and visualized the enriched libraries using a Qubit 4
fluorometer and a TapeStation 4200 System, respectively
(conditions as mentioned above). Finally, captured libraries
were sequenced on a partial lane of a NovaSeq 6000 SP PE 2
x 150 base pairs (bp; lllumina, Inc., San Diego, CA, US) at the
Oklahoma Medical Research Foundation, Oklahoma City
(combined with samples from unrelated projects).

duced to extract sequences from each sample. We aligned
FASTA sequences using MAFFT 7.4 (Katoh and Standley
2013; Nakamura et al. 2018) and performed edge trimming.
The resulting alignments were filtered to test them for vari-
ous degrees of missing data (matrix completeness): 65 %
matrix (35 % of the taxa missing for each UCE locus), 75 %
matrix (25 % of taxa missing), 85 % matrix (15 % of taxa miss-
ing), 90 % matrix (10% of taxa missing), and 95 % matrix
(5 % of taxa missing). Samples included in this dataset are
shown in Table 1. We quantified informative sites with the
PHYLUCE script phyluce_align_get_informative_sites.py. All
of these analyses were performed on the Smithsonian Insti-
tution High Performance Computing Cluster (Smithsonian
Institution, https://doi.org/10.25572/SIHPC).

We conducted a Maximum Likelihood (ML) analysis
using RAxML 8.12 (Stamatakis 2014) with a GTRGAMMA site
rate substitution model and 20 ML searches for the phylo-
genetic tree for each of the aforementioned data matrices
(i. e., 65 % to 95 % matrices). Nonparametric bootstrap rep-
licates were generated using the -N autoMRE option which
runs until convergence was reached. We reconciled the
best fitting ML tree with the bootstrap replicate to obtain
the final phylogenetic tree with support values using the -f
b command.

We estimated the best evolutionary model of nucleo-
tide substitution in jModelTest 2.1.1 (Guindon and Gascuel
2003; Darriba et al. 2012) using the Akaike Information Cri-
terion (AIC). The TVW+G model was selected as the best fit-
ting model with the following parameters: base frequencies
A =0.2988,C=0.2013, G=0.2026, T = 0.2972; nst = 6; and
gamma shape = 0.1070. A Bayesian Inference analysis (Bl)
using MrBayes 3.2.6 (Huelsenbeck and Ronquist 2001; Ron-
quist and Huelsenbeck 2003) was performed on the 90 %
matrix. The Bl analyses comprised two independent runs
with 50 million generations, sampling trees and parameters
every 1,000 generations with four Markov-chains Monte
Carlo (MCMCQ), three heated and one cold. We visualized
output parameters using Tracer v1.7.1 (Rambaut et al. 2018)
to check for convergence between runs and we discarded
the first 25 % of the trees as burn-in.
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A species tree analysis under the multispecies coalescent
(MSC) model with ASTRAL-III v.5.7.8 (Zhang et al. 2018) was
performed on the 90 % matrix. The local posterior probabil-
ity — LPP - (Sayyari and Mirarab 2016) was used as branch-
ing support. We used the uce2speciestree pipeline script
(Campana 2019 https://github.com/campanam/uce2spec-
iestree) to generate input files for ASTRAL. This script uses
RAXML to infer individual gene trees under the GTRGAMMA
substitution model, and 100 bootstrap replicates.

Mitogenomes. FASTQ files were analyzed using FastQC
v0.11.5 (Andrews 2010, www.bioinformatics.babraham.
ac.uk/projects/fastqc). Adapter sequences and low-quality
reads were removed using the default parameters (Phred:20,
mean min-len:20) in Trim Galore 0.6.5 (https://github.com/
FelixKrueger/TrimGalore). Exact duplicates were removed
(-derep1,4) using Prinseqg-lite v0.20.4 (Schmieder and
Edwards 2011). We mapped the resulting high-quality
reads to the closest available reference genome (Peromyscus
crinitus — GenBank accession number KY707308), using the
Geneious algorithm in Geneious Prime® 2021.2.2 (https://
www.geneious.com) with default parameters (Medium-
Low sensitivity, Maximum mismatches = 20 %, Maximum
gaps = 10 %). A consensus sequence was generated with
Geneious Prime® 2021.2.2 (https://www.geneious.com),
using 4X as the lowest coverage to call a base, and aligned
them using MAFFT 7.45 plug-in (Katoh and Standley 2013).
We transferred annotations from the reference to rule out

the presence of nuclear copies of mitochondrial genes
(NUMTs), and translated all protein-coding genes to check
for frame shifts or stop codons.

We aligned sequences with MAFFT 7.45 plug-in (Katoh
and Standley 2013) in Geneious Prime® 2021.2.2 (https://
www.geneious.com). Samples included in this dataset are
listed in Table 1. A BI analysis was conducted on a parti-
tioned dataset using MrBayes 3.2.6 (Huelsenbeck and
Ronqguist 2001; Ronquist and Huelsenbeck 2003). The
best model and partition scheme were estimated using
PartitionFinder 2.1.1 (Lanfear et al. 2016). Our search was
limited to the models available in MrBayes, with linked,
corrected Akaike Information Criterion (AlCc) and greedy
parameters. The data block was defined by gene, tRNA,
rRNA and D-loop selection. We conducted two indepen-
dent runs with 50 million generations, sampling trees and
parameters every 1,000 generations with four MCMC and
parameters as mentioned above, to perform the Bl analy-
sis. Convergence between runs was checked using Tracer
v1.7.1 (Rambaut et al. 2018), and the first 25 % of the trees
was discarded as burn-in.

We performed a ML analysis using the concatenated
datasetin RAXML 8.12 (Stamatakis 2014) with a GTRGAMMA
site rate substitution model. Clade support was assessed
by bootstrapping with the -N autoMRE option for a boot-
strap convergence criterion. The -f b option was used to
reconcile the best fitting ML tree with the bootstrap rep-

Table 1. Specimens examined in this study using UCE and mitogenomes with species name, accession number collection/ID study (Smithsonian Institution’s National Museum of
Natural History USNM, Museum of Texas Tech University TK, and TTU associated, Museo de Zoologia "Alfonso L. Herrera" Facultad de Ciencias UNAM MZFC, and University of Michigan
Museum of Zoology ~-UMM?Z), reference (the study from which the sequences were obtained or reanalyzed), GenBank BioProject, and GenBank accession numbers.

Species Number Scientific Collection/ID Reference UCE Mitogenome
(GenBank BioProject) (GenBank number)

Peromyscus hooperi USNM79619/USNM79619 This study PRJNA880321 OP432689
Peromyscus boylii This study MZ433362
Peromyscus maniculatus This study MH260579
Peromyscus leucopus This study BK010700
Peromyscus megalops USNM340233/USNM340233 Castaneda-Rico et al. (2022) PRJNA838631 ON528115
Peromyscus attwateri TTU143738/TK185663 Castafneda-Rico et al. (2022) PRJNA838631 ON528112
Peromyscus aztecus USNM569848/USNM569848 Castaneda-Rico et al. (2022) PRINA838631 ON528113
Peromyscus polionotus USNM585473/USNM585473 Castaneda-Rico et al. (2022) PRJNA838631 ON528117
Peromyscus crinitus TTU146966/TK193714 Castafneda-Rico et al. (2022) PRJNA838631 ON528114
Podomys floridanus TTU97866/TK92501 Castafeda-Rico et al. (2022) PRJNA838631 ON528118
Neotomodon alstoni TTU82668/TK93098 Castaneda-Rico et al. (2022) PRINA838631 ON528110
Onychomys leucogaster TTU146304/TK171574 Castafeda-Rico et al. (2022) PRINA838631 ON528111
Reithrodontomys mexicanus TTU138428/TK178510 Castafeda-Rico et al. (2022) PRINA838631 ON528119
Isthmomys pirrensis USNM565924/USNM565924 Castaneda-Rico et al. (2022) PRINA838631 ON528108
Neotoma mexicana TTU104969/TK150189 Castaneda-Rico et al. (2022) PRJNA838631 ON528109
Peromyscus mekisturus UMMZ88967/UMMZ88967 Castafieda-Rico et al. (2020) PRINA606805 MT078818
Peromyscus melanophrys MZFC3907/MQ1229 Castaneda-Rico et al. (2020) PRIJNA606805 MT078816
Peromyscus perfulvus - /MCP119 Castaneda-Rico et al. (2020) PRIJNA606805 MT078817
Peromyscus pectoralis MZFC10465/FCR176 Castafeda-Rico et al. (2020) PRJNA606805 MT078819
Peromyscus mexicanus MZFC11150/MRMO030 Castaneda-Rico et al. (2020) PRIJNA606805

Habromys simulatus MZFC10104/HBR031 Castaneda-Rico et al. (2020) PRIJNA606805
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licate to obtain the final phylogenetic tree (as mentioned
above). DNA damage patterns were evaluated for the P,
hooperi sample with mapDamage2.0 (Jonsson et al. 2013)
using -- rescale option.

Cytochrome b. We analyzed Cytb sequences extracted
from the mitogenome that was generated in this study and
from mitogenomes published by Sullivan et al. (2017) and
Castaneda-Rico et al. (2020, 2022). We also used the Cytb
sequences published by Bradley et al. (2007) and Platt et al.
(2015) in order to compare the phylogenetic position of P
hooperi using genome-wide data as well as a single mito-
chondrial gene. The Cytb dataset allowed us to include
more species within the genus Peromyscus and representa-
tives of the genera Habromys, Megadontomys, Neotomodon,
Osgoodomys, Podomys, Isthmomys, Onychomys, Reithrodon-
yomys, Neotoma, Ochrotomys, Baiomys, Ototylomys, Tylo-
mys, Nyctomys, Oryzomys and Sigmodon. Samples included
in this dataset are shown in Table 1 and Appendix 1.

The Cytb dataset was analyzed as follows: we performed
alignment using MAFFT 7.45 plug-in (Katoh and Standley
2013) in Geneious Prime® 2021.2.2 (https://www.geneious.
com). We estimated the best evolutionary model of nucle-
otide substitution in jModelTest 2.1.1 (Guindon and Gas-
cuel 2003; Darriba et al. 2012) using the AIC method. The
TPM3uf+l+G model was selected as the best fitting model
with the following parameters: base frequencies A =0.3896,
C =0.3336, G = 0.0500, T = 0.2267; nst = 6; proportion of
invariable sites = 0.4080; and gamma shape = 0.6220. A
Bl analysis was run using MrBayes 3.2.6 (Huelsenbeck and
Ronquist 2001; Ronquist and Huelsenbeck 2003) as men-
tioned above for UCE and mitogenome datasets. We used
Tracerv1.7.1 (Rambaut et al. 2018) to check for convergence
between runs, and the first 25 % of the trees was discarded
as burn-in.

Divergence times estimation. Molecular dates of diver-
gence were estimated in BEAST2 v2.6.6 (Bouckaert et al.
2019) using the mitogenome dataset. First, we obtained
the best model and partition scheme in PartitionFinder
2.1.1 (Lanfear et al. 2016). The search was limited to the
models available in BEAST, linked branch lengths, AlCc
model selection, and greedy schemes search. The data
block was defined by codon position, tRNA, rRNA and
D-loop selection, and the result was incorporated in the
dating analysis. The BEAST analysis was performed under
an uncorrelated lognormal relaxed molecular clock model.
The calibrated Yule speciation processes model (Heled and
Drummond 2012) with a randomly generated starting tree
were set up as priors. We used the same three calibration
points with a lognormal distribution from Castafieda-Rico
etal. (2022). Calibrations were based on fossil records of 1)
Reithrodontomys (mean = 1.8 million years ago [mya], stdev
= 1.076, offset = 1.63), as used by Steppan and Schenk
(2017); 2) Onychomys (mean = 4.9, stdev = 1.169, offset =
4.753), as used by Steppan and Schenk (2017); and 3) the
most recent common ancestor of P. attwateri (mean = 2.7,
stdev = 0.9, offset = 2.4 [Dalquest 1962; Karow et al.1996;
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Wright et al. 2020]). Two independent runs of 50 million
iterations were performed, each was sampled every 1,000
iterations. We checked convergence statistics for Effective
Sample Sizes (ESS) using Tracer v1.7.1 (Rambaut et al. 2018)
and a 25 % of burn-in was performed on each run. We used
LogCombiner v2.6.6 to combine trees and TreeAnnotator
v2.6.2 to get a consensus tree with node height distribu-
tion (both packages available in BEAST). All phylogenetic
and ultrametric dated trees from the UCE, mitogenome
and Cytb datasets were visualized in FigTree 1.4.4 (http://
tree.bio.ed.ac.uk/software/figtree/). All analyses were per-
formed on the Smithsonian Institution High Performance
Computing Cluster (Smithsonian Institution https://doi.
0rg/10.25572/SIHPQ).

Results

Following the PHYLUCE v1.6.7 pipeline, we recovered 1,087
UCE loci (raw data are available in GenBank under BioProject
PRIJNA880321), and a complete mitogenome of 16,288 bp
(GenBank accession number OP432689) from the P. hooperi
sample. The average number of paired-end reads and frag-
ment size after trimming were 13,075,112 reads and 67 bp
long, respectively. The lowest-quality bases were detected
at the end of the reads. We also recovered between 1,353
and 3,859 UCE loci from the reanalyzed samples. The aver-
age number of paired-end reads and fragment size after
trimming for those samples ranged from 1,811,856 to
21,093,430 reads, and from 94 to 222 bp, respectively.

Ultraconserved Elements phylogenies. We recovered
9,840 contigs for P. hooperi after Trinity assemblies. The
mean, minimum, and maximum length for contigs were
242,201, and 3,784 bp, respectively. The incomplete matrix
contained 4,406 UCE loci (n = 18, average = 3,136, min =
1,087, max = 3,859). A total of 1,087 UCE loci were obtained
for P. hooperi with a mean, minimum, and maximum length
of 235, 201, and 636 bp, respectively. The 65 % matrix con-
tained 3,681 UCE loci (UL) with an average of 13.80 infor-
mative sites per locus (IS), the 75 % matrix (UL = 2,974, IS
= 14.18, the 85 % matrix (UL = 1,514, IS = 14.29), the 90 %
matrix (UL =677, 1S = 14.07), and the 95 % matrix (UL = 168,
IS =14.30).

The datasets representing various levels of matrix com-
pleteness yielded the same ML topology with high sup-
port values for all branches (Figure 1, phylogenetic trees
obtained from the 65 %, 75 %, 85 %, and 95 % matrices are
not shown). The Bl tree topology, based on the 90 % matrix,
showed the same topology with high posterior probabil-
ity values for all branches (Figure 1). Both, ML and Bl trees
placed P. hooperi as sister to the clade containing Podomys
floridanus, Neotomodon alstoni, P. mexicanus, P. megalops,
P. melanophrys, P. perfulvus, P. aztecus, Habromys simulatus,
P. attwateri, and P. pectoralis. The species tree supported,
with high LPP values, the same phylogenic position of P
hooperi (Figure 1, based on the 90 % matrix). The only dif-
ference among the species tree and the concatenated ML
and Bl trees, was the relationship between P. mexicanus and
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Figure 1. (a) Bayesian Inference and Maximum Likelihood phylogenies based on
a 90 % matrix UCE with 677 loci. Nodal support is provided with posterior probability/
bootstrap values. (b) Species tree based on a 90 % matrix UCE with 677 loci. Nodal sup-
port is provided with local posterior probability values. The blue block highlights the
phylogenetic position of Peromyscus hooperi.

P. megalops. These two species are sisters in the ML and B
trees but not in the species tree, where P. megalops is sis-
ter to the clade containing P. mexicanus, P. melanophrys, P.
perfulvus, P. aztecus, Habromys simulatus, P. attwateri, and P.
pectoralis.

Mitogenome phylogenies. The final alignment included
21 taxa and was 16,272 bp in length. Bl and ML analyses,
with six partitions, provided slightly different topologies
(Figure 2). However, both analyses supported (pp = 1, boot-
strap = 76) the placement of P. hooperi as sister to the clade
including Podomys floridanus, Neotomodon alstoni, P. mexi-
canus, P. megalops, P. melanophrys, P. perfulvus, P. boylii, P.
aztecus, Habromys ixtlani, P. attwateri, and P. pectoralis. The
phylogenetic position of P. crinitus changed across phylog-
enies (Figure 2), as did the position of the clade containing
Podomys floridanus + Neotomodon alstoni. However, the Bl
tree yielded higher support values. The DNA damage anal-
ysis showed a weak signal of damage, typical of historical
DNA (Appendix 2).

Cytochrome b phylogeny. The alignment included 64
taxa, 154 sequences, and was 1,143 bp in length. The BI
analysis placed P. hooperi sister to the clade containing P
maniculatus, P. polionotus, P. keeni, P. melanotis, P. leucopus,
and P, gossypinus (Appendix 3). However, the branch sup-
port value for this phylogenetic position was low (pp =
0.53). The two samples of P. hooperi, one sequenced in this
study (USNM 79619) and the other by Bradley et al. (2007;
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TTU 104425, GenBank accession number DQ973103) clus-
tered together with high support (pp = 1).

Divergence time estimation of Peromyscus hooperi. The
mitochondrial divergence dating analysis, with six data par-
titions, estimated a Pliocene divergence time for P. hooperi
around 3.98 mya (95 % HPD: 3.57 to 4.47 mya; Figure 3). The
divergence of P. crinitus was dated ca. 4.31 mya (95 % HPD:
3.80 to 4.70 mya), the split of the clade including P. leucopus
+ (P. polionotus + P. maniculatus) at ca. 4.49 mya (95 % HPD:
4.03 - 5.02 mya), and the divergence of the genus Peromys-
cus was dated ca. 5.21 mya (95 % HPD: 4.79 - 5.71 mya).

Discussion

The biological expeditions undertaken by Nelson and
Goldman in México were arguably among the most impor-
tant ever achieved by two naturalists for a single country
(Lépez-Medellin and Medellin 2016; Guevara 2021; https://
sova.si.edu/record/SIA.FARU7364). To our knowledge, this
is one of a few studies in which genome-wide data were
obtained and analyzed from a specimen collected by these
two naturalists (see McDonough et al. 2022). Our results
not only provide new evidence about the phylogenetic
position of P. hooperi but also joins a short list of mammal
studies within the blooming field of Museomics (see Card
et al. 2021 for a review) that have successfully analyzed
specimens collected before 1900 within a phylogeny (e. g.,
Abreu-Jr et al. 2020; Sacks et al. 2021; Roycroft et al. 2021,
2022; Castaneda-Rico et al. 2022; McDonough et al. 2022;
Tavares et al. 2022).

Figure 2. Mitogenome phylogenies based on Bayesian Inference (a) and Maximum
Likelihood (b). Nodal support is provided with posterior probability and bootstrap values,
respectively. The blue block highlights the phylogenetic position of Peromyscus hooperi.
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Our nuclear DNA results strongly support P. hooperi as
sister to a clade containing Podomys floridanus, Neotomo-
don alstoni, Habromys simulatus, P. mexicanus, P. megalops,
P. melanophrys, P. perfulvus, P. aztecus, P. attwateri, and P.
pectoralis (all Peromyscus species within the subgenus Pero-
myscus). In the mitogenome analyses, P. boylii (subgenus
Peromyscus) and H. ixtlani joined the sister group of P. hoo-
peri (Figure 1, 2). However, our results do not agree with
those of Bradley et al. (2007), who found low support for P,
hooperi as sister to P. crinitus (subgenus Peromyscus, Pero-
myscus crinitus species group), and both species sister to
a clade including P. melanotis, P. polionotus, P. maniculatus,
P. keeni, and P, leucopus (subgenus Peromyscus, Peromyscus
leucopus and maniculatus species groups), P. gossypinus,
P. eremicus, and P. californicus (subgenus Haplomylomys,
Peromyscus californicus and eremicus species groups), and
Osgoodomys banderanus. Platt et al. (2015) showed that P,
hooperi could be related with the same species suggested
by Bradley et al. (2007), although P. polionotus and P. keeni
were not included in their study. However, the phyloge-
netic position of P. hooperi remained uncertain due to lack
of strong nodal support in both of these previous studies.

Our phylogenomic analyses strongly support the place-
ment of P. hooperi with the Peromyscus mexicanus, mega-
lops, aztecus, melanophrys, and truei species groups (all
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within the subgenus Peromyscus). We did include three out
of the five species groups studied by Bradley et al. (2007).
We analyzed the only member of the Peromyscus crinitus
species group in the nuclear and mitogenome dataset, and
members of the Peromyscus maniculatus and leucopus spe-
cies group only in the mitogenome dataset; but we did not
find that P, hooperi is closely related to any of those groups
as previously suggested. Despite the novel data generated
here, denser taxon sampling is still required to better con-
firm and/or determine the closest relative of P. hooperi. For
example, phylogenetic relationships between P. hooperi
and members of the subgenus Haplomylomys still require
further testing. However, despite this limitation, here we
have provided strong nodal support for P. hooperi for the
first time.

The Cytb analysis (Appendix 3) confirmed the identity of
the P. hooperi specimen used in this study (USNM 79619),
placing it in the same clade with the only other P. hooperi
Cytb sequence available (Bradley et al. 2007, TTU 104425
and GenBank accession number DQ973103). In addition,
the phylogenetic position of the species in this analysis is
similar to Bradley et al. (2007) and Platt et al. (2015). We
found that P. hooperi is most closely related to the Pero-
myscus leucopus and maniculatus species groups but with
a low support (pp = 0.53); therefore, its phylogenetic posi-

Figure 3. Dated whole mitochondrial genome phylogeny. Dates are provided in millions of years. The horizontal bars and numbers below the branches show the 95 % Highest

Posterior Density. The blue block highlights the phylogenetic position of Peromyscus hooperi.
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tion is not resolved. In conclusion, we confirmed that the
phylogenetic position of the Hooper’s deer mouse cannot
be resolved using only Cytb sequences or a few genes, as
Platt et al. (2015) documented. Our results demonstrate
that genome-wide data allow a better resolution of the
phylogenetic relationships of phylogenetically problem-
atic species.

Our divergence times estimations indicated that the
crown of Peromyscus was estimated ca. 5.21 mya (95 %
HPD: 4.79 to 5.71 mya), and the diversification of the genus
occurred ca. 4.49 mya (95 % HPD: 4.03 to 5.02 mya), both
events during the Pliocene. We dated the split of P. hooperi
during the Pliocene at ca. 3.98 mya (95 % HPD: 3.57 to 4.47
mya), following the split from P. crinitus at ca. 4.31 mya (95
% HPD: 3.80 to 4.70 mya). These dates coincide with previ-
ously dated phylogenies obtained from genome-wide data
of peromyscines (e. g, Castafeda-Rico et al. 2022). They
estimated the crown of the genus Peromyscus during the
Pliocene at ca. 5.32 mya (95 % HPD: 4.85 to 5.98 mya), and
the origin of P. crinitus at ca. 4.62 mya (95 % HPD: 4.05 to
5.28 mya), using mitogenomes. Our results also show that
the Peromyscus hooperi, crinitus, maniculatus, and leucopus
species groups were among the first to diverge within the
genus Peromyscus (Figure 3), followed by the Peromyscus
megalops, mexicanus, melanophrys, boylii, aztecus, and truei
species groups, together with Neotomodon, Podomys, and
Habromys. Based on our results and those of previous stud-
ies (e. g, Hibbard 1968; Riddle et al. 2000; Dawson 2005;
Castaneda-Rico et al. 2014, 2022; Platt et al. 2015; Sawyer
etal. 2017; Ledn-Tapia et al. 2021), we suggest the Pliocene
and Pleistocene as the time when speciation and diversifi-
cation events took place within peromyscines, potentially
associated with climatic cycles related to numerous vicari-
ant and dispersal events.

Previous phylogenetic studies of the genus Peromyscus
that analyzed single or few genes, provided older diver-
gence times estimations (e. g., Castafieda-Rico et al. 2014;
Platt et al. 2015; Cornejo-Latorre et al. 2017; Bradley et al.
2019). For example, Platt et al. (2015), using Cytb, estimated
the origin of Peromyscus and its diversification, during the
Miocene, at approximately 8 mya and 5.71 mya, respec-
tively; and the divergence of P. hooperi at ca. 5.2 mya, dur-
ing the early Pliocene. However, estimates of the time to
the most recent common ancestor (TMRCA) calculated
from individual or few genes can be overestimated (Duch-
éne etal. 2011).

The evolutionary uniqueness of P. hooperi is supported
by our results and previous studies by Fuller et al. (1984) and
Schmidly et al. (1985) who found that this species does not
fit well with either of the subgenera Haplomylomys or Pero-
myscus. We hypothesize that P. hooperi will remain the sole
member of the Peromyscus hooperi group as first proposed
by Schmidly et al. (1985) and later supported by Carleton
(1989) based on the morphological, karyotypic, and allo-
zyme evidence.
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The genetic and morphological uniqueness of P. hoo-
peri, as well as its restricted distribution to grassland transi-
tion zones should make this a species of special concern for
conservation. In addition, Schmidly et al. (1985) stated that
P. hooperi is a relictual, monotypic species without close liv-
ing relatives, and its survival is jeopardized/threatened by
the fragile conditions of its habitat in central Coahuila as a
result of overgrazing. During the last 21 years, habitat shifts
from native grasslands to crops zones have increased with
agricultural intensification, grain-fed cattle feedlots, and
new land use policies in the Mexican states of Durango,
Sinaloa, Chihuahua, Nuevo Leén, and particularly Coahuila
where P. hooperi is mostly distributed (Galvan-Miyoshi et
al. 2015; Bonilla-Moheno and Aide 2020). We recommend
that future studies conduct population genetic analyses to
determine the genetic diversity and structure of the differ-
ent populations of P. hooperi. This species remains poorly
known and potentially threatened by habitat loss, therefore
new information is needed to determine an appropriate
conservation strategy and category.
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Appendix 1
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Specimens examined in this study using Cytb gene. We show the name of the species, reference (the study from which the

sequences were obtained or reanalyzed), and GenBank accession number.

Species Study Mitogenome (GenBank number) Cytb (GenBank number)

Onychomys leucogaster Castaneda-Rico et al. (2020) KU168563 (To extract Cytb)

Habromys ixtlani Sullivan et al. (2017) KY707304 (To extract Cytb)

Isthmomys pirrensis Sullivan et al. (2017) KY707312 (To extract Cytb)

Neotoma mexicana Sullivan et al. (2017) KY707300 (To extract Cytb)

Neotomodon alstoni Sullivan etal. (2017) KY707310 (To extract Cytb)

Peromyscus attwateri Sullivan et al. (2017) KY707299 (To extract Cytb)

Peromyscus aztecus Sullivan et al. (2017) KY707306 (To extract Cytb)

Peromyscus crinitus Sullivan et al. (2017) KY707308 (To extract Cytb)

Peromyscus megalops Sullivan et al. (2017) KY707305 (To extract Cytb)

Peromyscus mexicanus Sullivan etal. (2017) KY707303 (To extract Cytb)

Peromyscus pectoralis Sullivan et al. (2017) KY707309 (To extract Cytb)

Peromyscus polionotus Sullivan et al. (2017) KY707301 (To extract Cytb)

Podomys floridanus Sullivan et al. (2017) KY707302 (To extract Cytb)

Reithrodontomys mexicanus Sullivan etal. (2017) KY707307 (To extract Cytb)

Sigmodon hispidus Sullivan et al. (2017) KY707311 (To extract Cytb)

Baiomys taylori Bradley et al. (2007) AF548469

Habromys ixtlani Bradley et al. (2007) DQ861395
DQ000482

Habromys ixtlani Bradley et al. (2007) DQ973099

Isthmomys pirrensis Bradley et al. (2007) DQ836299

Megadontomys cryophilus Bradley et al. (2007) DQ861373

Megadontomys thomasi Bradley et al. (2007) AY195795

Neotoma mexicana Bradley et al. (2007) AF294345

Neotomodon alstoni Bradley et al. (2007) AY195796
AY195797
DQ861374

Nyctomys sumichrasti Bradley et al. (2007) AY195801

Ochrotomys nuttalli Bradley et al. (2007) AY195798

Onychomys arenicola Bradley et al. (2007) AY195793

Oryzomys palustris Bradley et al. (2007) DQ185382

Osgoodomys banderanus Bradley et al. (2007) AF155383
DQ000473

Ototylomys phyllotis Bradley et al. (2007) AY009789

Peromyscus attwateri Bradley et al. (2007) AF155384
AF155385

Peromyscus aztecus Bradley et al. (2007) U89968

Peromycus beatae Bradley et al. (2007) AF131921
AF131922
AF131914

Peromyscus boylii Bradley et al. (2007) AF155386
AF155392
AF155388

Peromyscus californicus Bradley et al. (2007) AF155393

Peromyscus crinitus Bradley et al. (2007) AY376413
DQ861378

Peromyscus crinitus Bradley et al. (2007) EF028168

Peromyscus difficilis Bradley et al. (2007) AY376419 AY376415
AY387488
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Appendix 1

Continuation

Species

Study

Mitogenome (GenBank number)

Cytb (GenBank number)

Peromyscus eremicus

Peromyscus eremicus

Peromyscus evides

Peromyscus furvus

Peromycus gossypinus

Peromyscus gratus

Peromyscus guatemalensis

Peromyscus gymnotis

Peromyscus hooperi

Peromyscus hylocetes

Peromyscus keeni

Peromyscus leucopus

Peromyscus leucopus

Peromyscus levipes

Peromyscus madrensis

Peromyscus maniculatus

Peromyscus maniculatus

Peromyscus mayensis

Peromyscus megalops
Peromyscus melanocarpus

Peromyscus melanophrys

Peromyscus melanophrys
Peromyscus melanotis
Peromyscus mexicanus
Peromyscus mexicanus

Peromyscus nasutus

Peromyscus nudipes
Peromyscus oaxacensis

Peromyscus ochraventer

Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)
Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)

Bradley et al. (2007)
Bradley et al. (2007)

Bradley et al. (2007)
Bradley et al. (2007)

Bradley et al. (2007)
Bradley et al. (2007)

Bradley et al. (2007)
Bradley et al. (2007)
Bradley et al. (2007)

Bradley et al. (2007)
Bradley et al. (2007)
Bradley et al. (2007)
Bradley et al. (2007)
Bradley et al. (2007)

Bradley et al. (2007)
Bradley et al. (2007)
Bradley et al. (2007)

AY195799
AY322503
DQ973100
U89970
AF271032
AF271012
AF271005
DQ973101
DQ973102
AY322507
AY376421
AY376422
EF028171
EF028172
EF028169
EF028170
EF028169
DQ973103
U89976
DQ000481
X89787
AF119261
AF131926
DQ000483
DQ973104
AF131928
AY322509
AF155396
AF155397
DQ000484
AY322508
DQ973111
DQ836300
DQ836301
DQ000475
EF028173
AY322510
AY376424
DQ973105
AF155398
AY376425
EF028174
AF155399

AY376426
AY041200
U89972
DQ973106
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Appendix 1
Continuation
Species Study Mitogenome (GenBank number) Cytb (GenBank number)
Peromyscus pectoralis Bradley et al. (2007) AF155400
AY322511
AY376427
Peromyscus perfulvus Bradley et al. (2007) DQ000474
Peromyscus polionotus Bradley et al. (2007) X89792
Peromyscus polius Bradley et al. (2007) AF155403
Peromyscus sagax Bradley et al. (2007) AF155404
Peromyscus schmidlyi Bradley et al. (2007) AY322520
AF155405
AY370610
Peromyscus simulus Bradley et al. (2007) AF131927
Peromyscus spicilegus Bradley et al. (2007) AY322512
DQ000480
Peromyscus spicilegus Bradley et al. (2007) DQ973107
Peromyscus stephani Bradley et al. (2007) AF155411
Peromyscus stirtoni Bradley et al. (2007) DQ973108
Peromyscus truei Bradley et al. (2007) AY376433
AF108703
AY376428
Peromyscus winkelmanni Bradley et al. (2007) AF131930
U89983
Peromyscus zarhynchus Bradley et al. (2007) AY195800
Podomys floridanus Bradley et al. (2007) DQ973109
DQ973110
Reithrodontomys megalotis Bradley et al. (2007) AF176248
Reithrodontomys mexicanus Bradley et al. (2007) AY859447
Sigmodon hispidus Bradley et al. (2007) AF155420
Tylomys nudicaudatus Bradley et al. (2007) AF307839
Isthmomys pirrensis Platt Il et al. (2015) FJ214681
Peromyscus crinitus Platt Il et al. (2015) FJ214684
Peromyscus eremicus Platt Il et al. (2015) AY322503
Peromyscus evides Platt Il et al. (2015) FJ214685
Peromyscus levipes Platt Il et al. (2015) DQ000477
Peromyscus mexicanus Platt Il et al. (2015) JX910118
Peromyscus nudipes Platt Il et al. (2015) FJ214687
Peromyscus ochraventer Platt Il et al. (2015) JX910119
Peromyscus spicilegus Platt Il et al. (2015) FJ214669
Reithrodontomys fulvescens Platt Il et al. (2015) AF176257
Reithrodontomys sumichrasti Platt Il et al. (2015) AF176256
Reithrodontomys mexicanus Platt Il et al. (2015) AY859453
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Appendix 2
Comparison of C - T terminal deamination patters of Peromyscus hooperi (USNM 79619).
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Appendix 3
Bayesian phylogenetic tree based on mtDNA Cytb sequence data. Nodal support is provided with posterior probability val-
ues. The blue block highlights the phylogenetic position of Peromyscus hooperi.
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