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OVERTURE

Herein, we use the word “Overture” not in its first
meaning, but rather in its second—"An introduction to
something more substantial” ([Def. 2], Oxford Diction-
aries, Oxford University Press 2018). In our current
case, this is the overture to a memorial volume in honor
of our friend and colleague Robert J. Baker. Here, his
former students and colleagues have taken time and
effort to write 43 essays and scientific articles and 54
personal encomia in demonstration of their respect
for a mentor and friend. We hope that you will enjoy,
reflect, remember, and be enlightened by the contents
of this volume.

We chronicled Robert’s life and accomplish-
ments, both from a personal and academic standpoint,
in our recent obituary for him (Genoways et al., Journal
of Mammalogy 99:983-1012, 2018). As we worked on
his obituary, and more recently as we worked on this
memorial volume, we heard Robert described in many
different terms, such as: advocate, bat-netter, brilliant,
builder, companion, complimentary, conservationist,
crotchety, defender, demanding, driven, driver (al-
though he had a tendency to use the entire roadway
and shoulders), editor, emotional, father, fatherly,
fisherman, focused, friend, geneticist, grandfather,
gregarious, hunter, husband, intellectual, leader, loyal
(officially on faculty for 48 years although he could
have left many times), mammalogist, mentor, mouse-
trapper, pain-in-the-ass, passionate, poetry-lover, prima
donna, procrastinator, professor, promoter, raconteur,
rancher, Red Raider, researcher, romantic (hundreds of
pounds of chocolates distributed to the office ladies,
graduate students, and friends every Valentine’s Day),
scheming, scholar, scientist, spontaneous, sportsman,
storyteller, successful, supportive, teacher, 10 feet tall
and bullet proof, Texan, tireless, uncompromising,
unorganized, unpredictable, unrelenting, visionary,
and writer. He was all of these things and much more,
because his relationship with every person was different
and had many facets.

The currency of Robert’s academic work was a
“publication.” He believed deeply that publishing was
the cornerstone of both teaching and research. To him it
was the most significant accomplishment of any project.
He implored his students to publish their work, and he
was known to say that a project was never completed
until a reprint of the publication of its results was in
hand! He used this approach in his mentoring of both

undergraduate and graduate students, emphasizing the
importance of proper organization of a research project
along with the discipline of organizing thoughts and co-
herent expression via written communication. Robert
enjoyed publishing and he liked to publish with both
students and colleagues. To him, it was a tool to get to
know people, how they thought, and for developing a
strong bond. As a result, he authored very few papers
by himself. Most of his publications, and particularly
his most cited papers, involved work with other people.
He believed the more authors on a paper, the better the
paper would be.

He also emphasized formal presentation of re-
search work at scientific meetings. He felt that students
benefited from the pressure of presenting and defending
the results of their work in the presence of a group of
peer scientists. He, as well as most of his students, pre-
sented either papers or posters at the annual meeting of
the American Society of Mammalogists, the Southwest-
ern Association of Naturalists, or the Texas Society of
Mammalogists. Many of his students received awards
for their presentations, and it was a point of pride to
him that his students were competitive and successful
in receiving recognition for their research work.

Robert’s contributions to the publication record
of science and mammalogy are legendary by any mea-
sure. His publication count (including several papers
in this volume) stands at 449 with a few more papers
still to come; his papers have been cited about 16,000
times, and his H index of 65 is very high for a person
who worked in natural history and systematics. He is
best known for his papers on karyotypic variation and
evolution in mammals; his contributions to the system-
atics and classification of bats; his pioneering work on
the impact of low-level radiation on mammals at the
site of the Chernobyl nuclear accident; and his work
on the genetic species concept in mammals. The two
papers he co-authored on the latter subject have been
cited more than 1,200 times. We would like to think
he would be proud of the “good science” presented in
this honorary volume.

Another point of pride for Robert was Texas Tech
University, where he spent 48 years on the regular
faculty and an additional three as an emeritus faculty
member in the Department of Biological Sciences.
When he joined the faculty there in 1967, it was still a



fledgling university without a Ph.D. program in biology.
Research and publication were not stressed. Conse-
quently, Robert had fewer resources at his disposal than
faculty who worked at more prestigious universities,
which make his achievements even more remarkable.
A former President of Texas Tech, Grover Murray, told
one of us (DJS) the story of a young faculty member
(Robert Baker) who tapped on his office window one
Saturday morning wanting to know if he could use
the xerox machine in the President’s office to copy a
proposal to meet a NSF deadline because the machine
in the library was not working! Robert stayed at Texas
Tech, although he had numerous offers to leave, and
pored his “heart and soul” into building the university.
His contributions were not only in academics, but also
in other leadership areas including fund-raising and
athletics. He was very loyal to “his” institution and
took great pride in seeing its growth and evolution into
a major academic and research university.

Production of this memorial volume followed the
format of the Special Publications series of the Mu-
seum of Texas Tech University. Each manuscript was
peer-reviewed and critically edited for format and style
following the standards that Robert helped establish for
the Special Publications and Occasional Papers series.
Because the volume is a part of a publication series,
we attempted to corral the 43 varied manuscripts into
a common format, and yet allow for the uniqueness
of many of the manuscripts. In fact, throughout the
Overture we refer to “essays and scientific articles”
because the 43 manuscripts do not fit nicely under a
single heading. There are some articles that examine
Robert’s career in research, teaching, and institutional
service. Robert is on the author line of seven articles in
this volume as his former students and colleagues have
completed projects that had been initiated with Robert’s
involvement, but only now are they being published.
Many are works that reflect the types of studies and the
groups of mammals that occupied Robert’s thinking for
more than half'a century. However, all of the articles in
this volume serve as tributes to a colleague and friend
who has left our midst. This volume, we hope, will be
a strong and lasting memorial, which will help keep
alive the memory of Robert J. Baker’s contributions
to mammalogy, science, and education.

Although it may not be readily apparent to read-
ers, we have arranged the contributions in this volume

into a loose order. The lead paper in the series is a
scientometric examination of the professional career
of Robert J. Baker. This article details many of the
academic and professional contributions that Robert
J. Baker made during his 48-year career at Texas Tech
University. If you are not familiar with scientometric
studies, you will find this analysis fascinating. By
featuring this paper as the lead, our goal was to provide
an introductory synthesis of Robert J. Baker as a multi-
faceted person who made significant contributions to a
scientific community, university, professional society,
and beyond as a researcher, educator, mentor, faculty
athletic representative, university advocate, colleague,
and friend.

The other two contributions in this initial group
of articles also are hominal in nature; that is, they deal
with humans, especially humans as a species. The next
article in this group is an essay describing the past roles
and future opportunities for mammalogists working in
government teams combating biowarfare. The final
paper of this initial group describes a low-cost, low-tech
process by which species of origin may be determined
for severely compromised skeletal specimens. This
assay has become an invaluable tool for human iden-
tification efforts at Armed Forces DNA Identification
Laboratory because it allows resources to be focused
on samples that are human in origin.

The core of this memorial volume is the next 33
scientific contributions that are based on the study of
mammals. We have chosen to arrange these articles
in taxonomic order of their subject organisms. The
article first up in this group is our single contribution on
shrews of the order Soricomorpha. This is an in-depth
set of analyses of the taxonomic relationships of Sorex
ornatus and S. vagrans in the San Francisco Bay Area.

Bats of the Order Chiroptera are the topic of
the next 13 contributions in this volume. The first six
of these articles concern the critters that consumed
so much of Robert’s career, bats of the family Phyl-
lostomidae. The lead article details the many new
species described and the taxonomic changes that have
occurred in members of the family in the 21st century.
Next is a review of some of the most spectacular mem-
bers of the family—species of the genus Lonchorhina
with that amazingly pointed nose-leaf (we have pic-
tures). Genetic variations in the pollenivorous genera



Leptonycteris and Glossophaga (respectively) are the
subject of the two following articles. In another study,
two closely related species of Uroderma were tested
for adaptive divergence using transcriptomes. And the
final article in this series of six presents data from a
broad ecological study of Platyrrhinus lineatus in the
Atlantic Forest of Paraguay.

Included in the volume are two papers dealing
with insectivorous bats of the family Vespertilionidae.
Both of these articles describe new species. One spe-
cies is in the genus Myotis and is a patronym for Dr.
Baker, whereas the other is in the genus Rhogeessa
based on specimens from Nicaragua. The next two
studies are surveys for bats conducted under difficult
circumstances and in areas not known for rich chirop-
teran faunas. The first study was conducted on the High
Plains of Texas in the vicinity of Lubbock, whereas the
other was undertaken at the Tar Creek Superfund Site
in northeastern Oklahoma. Despite the challenges,
both studies report some interesting results. We also
have two studies dealing with the zoogeography of bat
faunas. The first study is a test of previously established
zoogeographic units in Ecuador using distribution data
from phyllostomid bats. The other investigation was to
determine factors that influence species richness of the
bat faunas on islands in the Caribbean Basin. The final
contribution concerning bats is a genomic survey of the
Order Chiroptera exploring evolutionary relationships
based on LINE-1 transposable elements.

Our authors submitted three studies based on
members of the Order Carnivora. Two of the stud-
ies deal with the biology of the coyote in the western
United States. One of the studies is of the diet of the
coyote in Joshua Tree National Monument and the
interaction between this predator and its prey. The
other considered the relationship of coyotes and gray
wolves in northeastern Washington State where wolves
are reoccupying the area and coyote populations are
increasing. A morphometric analyses of craniodental
characters and qualitative comparisons of pelage and
other external features of bobcat/Canada lynx hybrids
is the topic of the third carnivore study. The next article
is the single contribution in the volume concerning
whales of the Order Cetacea (yes, we still believe that
whales are cetaceans and not even-toed ungulates).
The study is based on four mtDNA genes comparing

vii

eastern and western stocks of the gray whales in the
northern Pacific Ocean.

The next large group of articles is 11 based on
studies of members of the Order Rodentia. The first
of these articles is an investigation of the impact that
anthropogenic and climate changes have had on hy-
bridization between ground squirrels of the genus /cti-
domys. The next three articles are taxonomic in nature
including the descriptions of two new subspecies and
two new species. The first of these articles discusses
the Neotropical variegated squirrel in Nicaragua and
describes a new subspecies from Isla de Ometepe,
and the second article describes a new subspecies,
which is a patronym for Dr. Baker, of Botta’s pocket
gopher from Texas. The third article describes two
new species of deer mice of the Peromyscus mexicanus
group—one is from Chiapas, Mexico, and the other is
from Guatemala; the former species also is a patronym
for Dr. Baker.

The next three papers continue the study of
members of the genus Peromyscus using an array of
molecular genetic techniques. In order, these cover
topics dealing with the P. maniculatus group, P. truei,
and relationships of members of genera Isthmomys
and Peromyscus. The next two papers concern rodents
of the subfamily Sigmodontinae. The karyotype of
Sigmodon hispidus was examined using chromosome
paints and fluorescent G-bands to see if it is primitive
for the subfamily. In the subsequent molecular paper,
the relationships within the Oryzomyini, one of the
tribes within the subfamily, were studied using both
mitochondrial and nuclear datasets.

The final two papers concerning rodents are based
on morphological studies. In the first of these studies,
geometric morphometrics were used to screen for fluc-
tuating asymmetry in bank voles from the Chernobyl
nuclear exclusion zone. In the other study, the size
of m1 was analyzed as a proxy for variation in body
size of muskrats in the transition period from the late
Pleistocene to early Holocene on the southern High
Plains of Texas.

The final four contributions based on mammals
report the results of faunal surveys (based on field work
and/or museum records). The first is a faunal report of



the mammals of the Chinati Mountains State Natural
Area, Texas. The second is a comparison of pre- and
post-hurricane Katrina faunal surveys conducted in the
Barataria Preserve of Jean Lafitte National Historical
Park, Louisiana, to gain an understanding of the impact
of this storm on the biodiversity of the study site. The
third study is based on the recently developed concept
of data repatriation, which in this case was data on
Mexican mammals housed in the Natural History Mu-
seum (London). The final faunal study describes the
karyotypes of 17 small mammals as part of an ongoing
survey of the mammals of the country of Botswana.

We did receive one contribution on a lower
vertebrate group, and it is appropriate because Robert
and one of his former Ph.D. students were among the
authors. This is a detailed analysis of the evolution of
rDNA of lizards of the genus Aspidoscelis to gain in-
sight into the relationship of the unisexual and bisexual
species in the genus.

The final six contributions of this volume are es-
says that pertain to teaching and institutional service,
of which several are directly about Robert, and others
were inspired by him. In the first essay one of Robert’s
former students attributes her training in evolutionary
biology to her ability to effect change in a mid-sized
educational institution. The second essay details Rob-
ert’s institutional contributions as Texas Tech’s Faculty
Athletics Representative to the Big 12 Conference and
the National Collegiate Athletic Association. Next, one
of Robert’s former undergraduate students who is now a
member of the National Academy of Sciences muses on
what and how to teach science to non-science majors at
the university level, drawing on his inspiration from his
association with Robert. The following essay explores
Robert’s impact as a mentor to graduate students and
lays out lessons learned by one of his former Ph.D.
students. The next essay explores what it means to be a
naturalist and what is the future of naturalists; that essay
concluded “Robert J. Baker was a naturalist” because
“he exuded an enthusiasm for life, both in academia and
in the natural world as a field biologist.” The final essay
in this memorial volume is an appreciation of Robert
written by internationally known environmental writer
Barry Lopez, who won the National Book Award for
Nonfiction for Arctic Dreams (1986), and his Of Wolves
and Men (1978) was a National Book Award finalist.

Although as editors we have committed consid-
erable time to the organization and production of this
volume, we would not have been successful without
the time and support of many other people. First, and
foremost, we appreciate the involvement of our authors
who created the research that is presented here. They
were not motivated to undertake this work for us, but
rather because of their love, respect, and loyalty to
Robert J. Baker. The funding necessary for the pro-
duction of this volume has come from many people,
including our authors, Robert’s former students, former
colleagues and administrators, and friends of Robert. In
recognition of their financial contributions supporting
this project, their names appear on our “Sponsors and
Donors” page. As you will see there are 63 names on
this list. We truly extend our gratitude to them. We
especially thank Laura Baker for her sponsorship, in
her husband's memory, of this volume.

Each article in this volume has undergone evalua-
tion by at least two external reviewers. With 43 articles,
this work has involved a large cadre of our fellow sci-
entists, by our count 77 people (see “Reviewers” page).
By our estimation, it took at least four to five hours
to perform each of these reviews meaning that this a
commitment of nearly 400 hours. These reviews were
done anonymously, but here we wish to recognize all
reviewers without reference to the particular article(s)
that they handled. These reviews allowed us, as editors,
to make decisions on accepting, revising, or returning
the submitted manuscripts. These reviews also were
extremely valuable to the authors, aiding them in revis-
ing and improving their contributions to this volume.
We extend our gratitude to these reviewers for their
time, their input, and their expertise.

In our obituary for Robert, we enumerated his
contributions, but our lists ended with those things that
occurred or appeared prior to 1 July 2018. Here we
can update that information with what has happened
in the last year so there is a more complete permanent
record of his accomplishments. His obituary listed 438
publications, but since that time four additional papers
have appeared and seven more appear in this volume,
to bring his total publications to 449. There are an ad-
ditional four manuscript that are in draft form that we
believe will ultimately be published, so we believe that
Robert’s total publications will reach at least 453 (see



Schmidly et al. below for the lists). No description of
a new taxon has appeared, but one new species will
be recognized in one of the draft manuscripts. When
that article appears, it will bring to 19 the number of
new species and subspecies that he has described and
named. Finally, as mentioned previously, three new
patronyms have been described and named in Robert’s
honor herein, bringing his total to 10.

We now close our overture, hoping that it has set
the mood for the 43 articles that follow. It is our hope
that like a finely tuned orchestra these articles will flow
from one group to another while making the whole
larger than the sum of its parts. These are the best ef-

The Editors —

Robert D. Bradley, Lubbock, TX
Hugh H. Genoways, Lincoln, NE
David J. Schmidly, Placitas, NM
Lisa C. Bradley, Lubbock, TX

1 August 2019

forts of 121 authors working to honor and memorialize
their friend, colleague, and mentor, Robert J. Baker.
Following these articles, there are 54 encomia—small
songs/speeches of praise or victory—which are very
personal messages from those that knew him best.

As we worked on organizing and compiling this
memorial volume, we tried to keep in mind Robert's
favorite motto—often uttered as a challenge to his
students and colleagues—that "anything worth doing
is worth overdoing." We hope that Robert would be
satisfied that this volume, at more than 900 pages, has
fulfilled that challenge!

Robert was a firm believer in
the power of the DNA molecule;
he even named his ranch "DNA
Works" and used a modification
of the DNA double helix as
his cattle brand. Also note his
devotion to hunting and fishing
& and his overall appreciation of
- wildlife and natural beauty, as
illustrated by the gate art at his
| ranch entrance. (Photo by Robert
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A SCIENTOMETRIC APPRECIATION OF ROBERT J. BAKER’S CONTRIBUTIONS TO
SCIENCE AND MAMMALOGY

Duavip J. ScumipLy, RoBerT D. BrapLey, EMma K. RoBERTS, Lisa C. BRaDLEY, aND HuGH H. GENOWAYS

ABSTRACT

This article describes Robert James Baker’s academic pedigree and genealogy, his sci-
entific productivity (number of publications), his citations, his students, his contributions to
his university and scientific societies, his personality in relation to his scientific achievements,
his legacy, and a personal note of appreciation by individuals who worked with him and knew
him well. His accomplishments are compared with other dominant personalities in the field of
mammalogy, both historical and contemporary. The paper builds on the 2018 obituary authored
by Hugh Genoways and others that was published in the Journal of Mammalogy, but includes a
much more quantitative and qualitative analysis of his scientific accomplishments and research

productivity.

Key words: citation counts, contracts, grants, h-index, m-value, personality, publications,

Robert James Baker, students

INTRODUCTION

This article explores the remarkable career of
Robert James Baker (RJB), who died quietly at his
home on 30 March 2018, thereby ending a career that
spanned six decades at one institution, Texas Tech Uni-
versity (TTU). RIB’s obituary was published shortly
after his death, and it chronicles his remarkable career,
including a listing of his publications, his numerous
master’s, doctoral, and post-doctoral students, as well
as other highlights of his personal and professional life
(Genoways et al. 2018). By any measure, his scientific
achievements were substantial, and one could even say
legendary—449 scientific publications, 98 graduate
students produced, thousands of undergraduates taught
and introduced to science, and numerous awards and
honors bestowed during his career in recognition of his
many achievements.

Using a scientometric approach to examine quan-
titatively and qualitatively his scientific achievements
and research productivity, we delve much more deeply
to interpret them in light of the recent literature regard-
ing the careers of other highly productive and creative
scientists. Each of the authors knew RJB for many
years, in two cases (DJS and HHG) for more than 50
years. And because all of us worked and socialized with
him and knew him well, we provide our perspective of

his personality traits and strengths that contributed to
his scientific creativity and impacts on the broad field
of science and particularly mammalogy.

The notion of how to identify or readily measure
scientific excellence has been elusive and argumenta-
tive (see Jackson and Rushton 1986), although several
indicators of scientific excellence have been proposed
in the past two decades to assess productivity and
impact. These include: total number of publications
in refereed journals; total number of citations; journal
impact or index factors; frequency of appearance as
first, middle, or senior author in collaborations; the
number of different journals in which the research has
been published; the number of grants awarded each
year; and the number of papers presented at national
scientific meetings (e.g., see Bartholomew 1982; Babu
and Singh 1998; Panarctos and Malesios 2009; Kreiman
and Maunsell 2011; Acuna et al. 2012; and Gibson et
al. 2015).

Biologists have largely followed this model
for professional credit, although those interested in
systematics and evolutionary biology also contribute
knowledge in nontraditional ways that are typically
more difficult to quantify or assess in terms of scien-
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tific merits, such as collecting biological specimens
for natural history collections. Collecting and curat-
ing biological specimens builds and strengthens the
basic infrastructure on which biodiversity knowledge
is built, and this knowledge provides data critical for
many disciplines beyond systematic biology (McDade
et al. 2011).

We have considered all of these facets in examin-
ing the life and career of RJB. We draw attention to his
publications and citation counts, his work with a legion
of undergraduate and graduate students, his contribu-
tions to natural history collections, and his success in
acquiring funding to support his research and that of his
students. In addition, we have provided an overview of
his academic pedigree and his personality traits as they
contributed to his legacy. Finally, we have compared
his research record with deceased highly published
mammalogists as well as with some contemporary
colleagues with highly regarded credentials and ac-
complishments.

Baker’s Academic Pedigree, Genealogy, and Early
Collaborators

Figure 1 presents the academic pedigree for RJB.
It was generated utilizing various sources, including
two articles (Jones 1991; Whitaker 1994) about the
academic propinquity and genealogy of 20" century
mammalogists, and by examining curriculum vitae,
university and faculty webpages, pedigrees, obituar-
ies, and biographies of many scientists included in the
pedigree (e.g., RJB, Joseph Grinnell, J. Knox Jones, Jr.).

RJB’s academic pedigree and genealogy (see Fig.
1) trace back to two prominent academic programs in
mammalogy in the first half of the 20" Century—at
the Museum of Vertebrate Zoology (MVZ), University
of California Berkeley, and at the Museum of Natural
History, University of Kansas (KU).

The MVZ program at Berkeley was led by Joseph
Grinnell, considered by many to be the academic father
of mammalogy (Jones 1991; Schmidly et al. 2017,
Schmidly and Naples 2019). Grinnell began train-
ing doctoral students in mammalogy, and three of his
best-known students became important figures in the
genealogy of Baker. Walter P. Taylor was Grinnell’s
first Ph.D. student in mammalogy, and after leaving

Berkeley he went on to establish the Cooperative
Wildlife Units at Texas A&M University and then at
Oklahoma State University. William B. Davis, another
Ph.D. student of Grinnell, left Berkeley in 1938 to start
the mammalogy program at Texas A&M University,
and E. Raymond Hall, probably Grinnell’s best-known
student, left Berkeley in 1944 to establish a program at
the Museum of Natural History at KU. Taylor, Davis,
and Hall were the academic forefathers of RJB.

One of Davis’ master’s students at Texas A&M,
Bryan Glass, assumed a position at Oklahoma A&M
University, now Oklahoma State University (OSU), in
1946 and later completed his Ph.D. there in 1952 under
the direction of Walter Taylor, who ran the Coop Unit at
OSU. In 1963, after completing his bachelor’s degree
from Arkansas A&M College (now the University of
Arkansas at Monticello), young Baker (then 21 years
of age) entered the program at Oklahoma State and
completed his Master’s degree under Glass in 1965.
The title of his thesis was “Systematics and Variation of
Mpyotis subulatus.” This was the beginning of Baker’s
long-standing “love affair” with the biology of bats.

Hall, following his move from Berkely to KU in
1944, established a dynasty in mammalogy that lasted
three decades (see Schmidly and Naples 2019). One
of his most successful Ph.D. students, E. Lendell Cock-
rum, took a position at the University of Arizona where
he, too, established a graduate program in mammalogy.
Following the completion of a master’s degree, RJB
entered that program and completed his Ph.D. work
in two years in 1967. His Ph.D. dissertation involved
nectar-feeding bats and was titled “Karyotypes of
Phyllostomid Bats (Class, Mammalia; Family, Phyllos-
tomidae) and Their Evolutionary Implications.” At the
time, this was considered to be pioneering research and
it directly impacted future research on the systematics
and evolution of mammals.

After receiving his doctoral degree, RJB accepted
employment as an assistant professor in the Department
of Biology at Texas Tech University. The university had
an incipient program in mammalogy that was started
in 1962 by Robert L. Packard, another doctoral student
of Hall. Packard, who was directing master’s students
in mammalogy, was a prominent figure in the decision
to hire Baker.
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Ph.D. Students |
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1960s 1970s 1980s 1990s 2000s 2010s
Dale L. Berry (1969) J. Hoyt Bowers (1973) Rodney L. Honeycutt (1981) Alec Knight (1991) Kelly Allen (2000) Hugo Mantilla-Meluk (2010)
Jerry W. Warner (1973) Margaret A. O’Connell (1982)  Robert D. Bradley (1991) Brenda E. Rodgers (2000) Peter A. Larsen (2010)
V. Rick McDaniel (1973) Mike Haiduk (1983) Calvin A. Porter (1992) Jeffrey K. Wickliffe (2002)  Roxanne J. Larsen (2011)
William J. Bleier (1975)  Fred B. Stangl, Jr. (1984) Jonathan L. Longmire (1993)  Federico G. Hoffman (2002) Faisal Bin Ali
John Bickham (1976) Mazin B. Qunsiyeh (1986) Joaquin Arroyo-Cabrales (1994) Diedre A. Parish (2003) Anwarali Khan (2013)
Ira F. Greenbaum (1978) Craig S. Hood (1986) Cheryl A. Schmidt (1995) Adam Fuller (2004) Matias Feijoo (2014)
Terry L. Yates (1978) David C. Kerridge (1987) James A. DeWoody (1997) Emma M. P. Dawson (2005) Molly McDonough (2014)
Ron A. Van Den Bussche (1989) Mary Maltbie (1997) Norma Salcedo (2007) Lizette K. Siles (2014)
Meredith Hamilton (1989) R. Richard Monk (1997) Sergio Solari (2007) M. Raquel Marchan-
James Cathey (1997) Vicki J. Swier (2008) Rivadeneira (2015)
Burhan Ghariebeh (1997) Heather N. Meeks (2009)  Cibele Sotero-Caio (2015)
Kateryna D. Makova (1999) Julie Parlos (2015)

Anton Nekrutenko (1999)

Masters Students

L] L L] L]
1970s 1980s 1990s 2000s
Omer J. Reichman (1970) Karen McBee (1980) Kevin L. Bowers (1992) Nicole Lewis (2000)

William Bleier (1971) Mike Arnold (1981) Mary Maltbie (1992) Raegan D. King (2000)

Brent L. Davis (1973) Ben Koop (1982) Shelly Witte (1993) Emma M. P. Dawson (2001)
Stephen L. Williams (1973) Cora Clark (1983) Susan Carron (1995) Amy S. Halter (2001)
Ira F. Greenbaum (1975) Kimberlyn Nelson (1984) Sergio Tiranti (1996) Mark B. O’Neill (2001)

John E. Cornely (1975) Hae Kyung Lee (1985) Ted Jolley (1997) Mariko Kageyama (2003)
Margaret O’Connell (1975) Albert Kumirai (1989) April Bates (1997) Yelena Dunina-Barkovskaya (2003)
Edward Pembleton (1975) Ellen Roots McBride (1998) Rene Fonseca (2004)

John C. Patton (1976) Britney Hager (1998) Holly Bjorum (2005)

Rebecca A. Bass (1978) Cole Matson (1999) Peter Larsen (2005)

Laurie Erickson (1979) Oleksiy Knvazhnyskiy (1999) Adam Brown (2006)

Annette Johnson (1979) Tamara Enriquez (2007)

Paul Young (1979) Juan Pablo Carrera (2007)
Faisal Bin Ali Anwarali Khan (2008)
Maria Raquel

Marchan-Rivadeneira (2008)

Post-Doctoral Associates Miguel Pinto (2009)

]

Karen McBee (1986-87)
Laura Janecek (1991-92)
Ron Van Den Bussche (1992-95)
Meredith J. Hamilton (1994-95)
Ann E. M. Baker (1995-96)
John C. Patton (1996-97)
Calvin A. Porter (1998-2001)
Brenda E. Rodgers (2000-01)
Steven R. Hoofer (2002-07)
Caleb D. Phillips (2009-14)

Figure 1. Robert J.Baker’s academic pedigree, including his master’s and doctoral students and post-doctoral
associates.
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Shortly after RIB joined Packard on the faculty,
TTU made an institutional commitment to establish
mammalogy as a major education and research focus
of the university. Following the model used by E.
Raymond Hall at KU, the institution made infrastruc-
ture investments to support the mammal collection and
established three major publication outlets (Occasional
Papers, Special Publications, and Museology). Other
mammalogists soon followed Packard and Baker to
TTU, most notably J. Knox Jones Jr., who was recruited
as Dean of the Graduate School and Professor of Bio-
logical Sciences (and later became Vice President for
Research) in 1971. The three mammalogists, together
with a few other people, were instrumental in efforts
to expand the Museum at the university and to estab-
lish the Natural Science Research Laboratory (NSRL)
as a major research center and collection repository
for mammal specimens. Over RIB’s career at TTU,
13 other professional mammalogists joined the TTU
faculty or staff. As explained below, RIB took great
advantage of this institutional commitment by enhanc-
ing his publication horizons and recruiting outstanding
students to participate in his graduate research program
(see L. Bradley et al. 2005 for a history of mammalogy
at TTU).

Another important association that RJB had
during his graduate studies at University of Arizona

and beyond was with James Patton, a fellow gradu-
ate student, and T. C. Hsu, Director of the Division
of Cell Biology at M. D. Anderson Cancer Center in
Houston. Hsu was instrumental in training a number
of mammalogy graduate students in the new methods
of mammalian cytogenetics. Besides Baker and Patton,
they included Alfred Gardner, Dean Stock, and James
Mascarello, all of whom made important contributions
to the emerging field of mammalian cytosystematics
(Hsu 1979). In the early 1960s, Hsu, with his research
partner Sen Pathak, discovered how to isolate mitotic
chromosomes of human tissue culture cells using a
hypotonic solution, which led to the modern method
for preparation of non-overlapping chromosomes in
mammalian karyotypes. A significant breakthrough oc-
curred in 1966, when Hsu, Baker, and Patton and a few
others participated in a research trip to the Patagonia
Mountains in Arizona where a major step was taken in
adapting this technique to work under field conditions
(Patton 2005). RIJB continued his association with
Hsu for many years, which included publishing three
papers together in 1968 and 1970 that focused on the
sex-chromosome systems of phyllostomid bats (see
RIJB bibliography in Genoways et al. 2018). In 2014,
RIJB and some of his students described and named a
new genus (Hsunycteris) and tribe (Hsunycterini) of
phyllostomid bats in honor of Hsu (Parlos et al. 2014).

METHODS

The two major quality indicators in our sciento-
metric analysis of RIB’s academic career are based on
publication counts and citation counts, respectively.
In addition, we have considered his students and their
careers, his grant and funding sources, and his specimen
and ancillary collection contributions to natural history
museum collections. This information was obtained
from several sources, including his published obituary
(Genoways et al. 2018), his personnel file in the Depart-
ment of Biology at TTU, his curriculum vitae, specimen
catalogs and other documentation associated with the
TTU mammal collection at the NSRL, and the personal
knowledge of the five authors of this paper who knew
RIJB, collectively, for almost 150 years.

A yearly data matrix (1965-2018) of his publica-
tions was created based on the following information:

total number of papers published; number of papers
for which citation counts were available; number of
database papers published in peer-reviewed outlets;
total number of citations; and the average number of
citations per paper. Each of his 445 papers was coded
as follows: (1) journal or outlet of publication includ-
ing the name of journal/outlet and year published; (2)
sequence of authors for each paper—whether the paper
was sole authored, co-authored (with RJB as either lead
or second author), or multiple authored by more than
two individuals (with RJB as the lead, secondary, or last
author); (3) nature of the relationship of RJB to other
publication authors—whether the paper was authored
with a professional colleague (from Texas Tech or an-
other institution), an undergraduate student, a graduate
student, or a post-doctoral associate, or some combina-
tion of these groups; (4) subject organism of the paper,
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whether it was a non-organism paper or about a specific
group of organisms (plants, parasites, invertebrates, or
vertebrates—fish, amphibians and reptiles, birds, or
mammals); papers on mammals were further broken
down into mammals in general, bats, rodents, or other
(insectivores, primates, carnivores, edentates, or ungu-
lates); and (5) subject area of the paper was assigned
according to the following areas: an edited volume,
book review, letter, encomia or obituary; taxonomy,
systematics, evolution; natural history; genetic mecha-
nism; ecotoxicology-radiation; collection management;
wildlife-resource management; zoonoses-disease; or
history of science. (Note: At the time of preparation of
this article, the authors were aware of 445 total papers
that were published or in press. Therefore, all data
and calculations throughout this paper are based on
that total of 445, and do not reflect the additional four
papers, published in this volume and listed in the text
of the Results, herein, that had not yet been submitted
or accepted.)

From these data we made numerous tabulations,
including number of publications per year, articles in
S-year aggregated intervals, and total publications each
decade of his professional career (age 23-33; 34-44;
45-55; 56-66; and 67-76); the 20 journals that pub-
lished at least five of his articles; and the number of pa-
pers published according to the sequence of authors, the
group of organisms discussed, and the scientific subject
of'the paper. In addition, we made several calculations,
including average number of papers published per year;
percent and average number of data-based articles (i.e.,
excluding book reviews, obituaries, and other non-data
publications) in peer-reviewed journals per year; and
percent and average number of papers with citation
counts per year. The results of these calculations and
tabulations are presented in a series of tables or graphs
(see Results).

Citation counts were determined for each of his
papers using the Web of Science database (WOS). The
total number of citations for each paper was determined
for each year (1965 to 2017) and then arrayed into a
citation increment range as follows—0-50; 51-100;
101-150, and so on thru 650. Citation counts were
summed for each decade of his career (1960s, 1970s,
1980s, 1990s, 2000s, and 2010s), and the average an-
nual rate of citations (calculated as the sum of citations
divided by the number of years since first publication)

was determined for each of those decades. The aver-
age article rate of citation (calculated by dividing the
total number of citations for that year by the number
of papers published that year) and the median of the
average article rate of citation were determined. These
data also are presented in either tables or graphs.

The Thompson Reuters Impact Factor (IF) was
used to rank peer-reviewed journals. The IF is a metric
of mean citations per article in a given journal and is
calculated annually based on the number of citations in
a given year of those citable articles that were published
during the two preceding years (see McDade 2011).
The IF was determined for each of the scientific journals
that published his papers using information from the
most current year.

Google Scholar, a web-based search engine that
indexes scholarly literature, was used to calculate RIB’s
h-index. A scientists’ h-index is defined as the highest
number of his or her articles that have each received
at least that number of citations (Hirsch 2005). For
example, if you have an h-index of 20, that means
that you have 20 papers with at least 20 citations. To
make this calculation, the citation indices for each of
RIJB’s articles were ranked in descending order. The
largest number of articles that were cited at least that
many times generated the h-index. The advantage of
the h-index is that it combines productivity (number
of papers produced) and impact (number of citations)
into a single index number. Both high productivity and
impact are required for a high h-index; neither a few
highly cited papers nor a long list of papers with only
a handful of (or no) citations will yield a high h-index.
Thus, the h-index is the result of the balance between
the number of publications and the number of citations
per publication, and it has been promoted by many,
including Science (Holden 2005) and Nature (Ball
2005), as a new measure of research performance that
provides a robust evaluation of the scientific output of
a researcher. Because h depends on scientific age, it
has been determined that dividing the index number by
scientific age, to calculate the m value, creates a more
accurate picture of research performance (Hirsch 2005;
Kelly and Jennions 2006).

For comparative purposes, a literature search
was conducted to determine h- and m-values for other
evolutionary biologists, and the h-index was calculated
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for three other distinguished biologists, and contempo-
raries of RJB, who published important papers about
mammals—John Avise at the University of Georgia,
James Brown at the University of New Mexico, and
James Patton at the University of California at Berke-
ley. Avise and Brown are members of the National
Academy of Sciences, and Brown and Patton, along
with RJB, served as President of the American Society
of Mammalogists.

Information was obtained for 120 students who
worked in RJB’s lab, including 22 undergraduate,
48 master’s, and 50 doctoral students, as well as 10
post-doctoral associates. The number of students who
published with him was determined, and the career
of each student was assigned to one of the following
categories: academia, government agency, doctor or
dentist, private sector, museum-zoo, public education,
and NGO or foundation.

A complete list of RJB’s grants and contracts,
along with the sponsoring entity, was obtained from his
curriculum vitae and personnel file, including specific

awards from the National Science Foundation (NSF)
and the National Institutes of Health (NIH).

The TTU specimen catalogs were used to deter-
mine the number of specimens he collected, including
the number of tissue vials deposited in the Genetic
Resources Collection (GRC) at the NSRL. The num-
ber of specimens prepped and deposited as vouchers,
including the number of tissue vials preserved from
voucher specimens, was determined directly from
RIJB’s personal catalog. He also deposited specimens
and tissues in other museums and collections, but those
data were not readily available.

Finally, to assess RJB’s publication legacy in
mammalogy, we examined the published obituaries for
17 deceased, well-published naturalists/mammalogists,
and determined for each the total number of papers
published as well as the number and nature of papers
published in the Journal of Mammalogy (feature article
or note versus a book review, letter to the editor, or
obituary).

RESuULTS

The basic data about RJB’s publication and cita-
tions counts are presented in Table 1. Tables 2—10 and
Figures 2—5 present various tabulations, calculations,
and graphed depictions of the data as described below.

RJB’s Publications

Robert J. Baker’s list of publications, as reprinted
in his obituary (Genoways et al. 2018), included 438
titles over his career from 1965 to 2017. Since his
death, four additional papers have appeared in print,
bringing the total number to 442. The titles of these
papers are as follows;

439. Montero, B. K., M. Sagot, C. D. Phillips, R. J.
Baker, and E. H. Gillam. 2018. Geographic
variation of contact calls suggest distinct modes
of vocal transmission in a leaf-roosting bat.
Behavioral Ecology and Sociobiology 72:125.
https://doi.org/10,1007/s00265-018-2543-1.

440. Kwiecinski, G. G., S. C. Pedersen, H. H. Geno-
ways, P. A. Larsen, R. J. Larsen, J. D. Hoffman,
F. Springer, C. J. Phillips, and R. J. Baker. 2018.

Bats of Saint Vincent, Lesser Antilles. Special
Publications, Museum of Texas Tech University
68:1-68.

441. Pedersen, S. C., G. G. Kwiecinski, H. H. Geno-
ways, R. J. Larsen, P. A. Larsen, C. J. Phillips, and
R. J. Baker. 2018. Bats of Saint Lucia, Lesser
Antilles. Special Publications, Museum of Texas
Tech University 69:1-61.

442. Solari, S., C. G. Sotero-Caio, and R. J. Baker.
2019. Advances in systematics of bats: towards a
consensus on species delimitation and classifica-
tions through integrative taxonomy. Journal of
Mammalogy 100:838-851.

In addition, seven papers that include RJB on the
author-line are included in this volume, thus bringing
his total publication record to 449.

443. Hoffmann, F. G., R. N. Platt II, H. Mantilla-Me-
luk, R. A. Medellin, and R. J. Baker. Geographic
and genetic variation in bats of the genus Glos-
sophaga. This volume.
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444, Parlos, J. A., M. A. Madden, L. Siles, F. A. An-
warali Khan, C. G. Sotero-Caio, K. L. Phelps, R.
J. Baker, and R. D. Bradley. Temporal patterns
of bat activity on the High Plains of Texas. This
volume.

445. Wichman, H. A., L. Scott, E. K. Howell, A. R.
Martinez, L. Yang, and R. J. Baker. Flying around
in the genome: characterization of LINE-1 in
Chiroptera. This volume.

446. Thompson, C. W., F. B. Stangl, Jr., R. J. Baker,
and R. D. Bradley. Ecological niche modeling
identifies environmental factors influencing hy-
bridization in ground squirrels (Genus Ictidomys).
This volume.

447. Swier, V. J., R. D. Bradley, F. F. B. Elder, and R.
J. Baker. Primitive karyotype for Muroidea: evi-
dence from chromosome paints and fluorescent
G-bands. This volume.

448. Marchan-Rivadeneira, M. R., D. F. Alvarado-
Serrano, B. Mueller, R. Strauss, and R. J. Baker.
Patterns of fluctuating asymmetry and shape
variation in Myodes glareolus from Chernobyl,
Ukraine. This volume.

449. Porter, C. A., O. G. Ward, C. J. Cole, and R. J.
Baker. Distribution and expression of ribosomal
DNA in the composite genomes of unisexual
lizards of hybrid origin (Genus Aspidoscelis).
This volume.

Also, we are aware of another four papers that
are under preparation and, if eventually published, that
would increase the publication count to 453. Those
potential papers include the following:

450. Siles, L., and R. J. Baker. Revision of the pale-
bellied Micronycteris (Chiroptera, Phyllostomi-
dae) with a description of a new species from
Central America. In preparation.

451. Parlos, J. A., C. D. Phillips, J. C. Cokendolpher,
S. J. Robertson, J. K. Krejca, and R. J. Baker.
Genetic boundaries in endemic, troglobitic
Cicurina spiders from Bexar County, Texas. In
preparation.

452. Parlos, J. A., C. D. Phillips, S. Solari, and R. J.
Baker. Phylogenetic reconstructions and multiple
lines of evidence for species of Dermanura. In
preparation.

453, Korstian, J., R. N. Platt II, B. Faircloth, T. C.
Glenn, D. A. Ray, and R. J. Baker. Ultracon-
served elements reveal the complexity of genus
Mpyotis in the New World. In preparation.

RJB published at least one paper in every year
of his career from 1965 to 2018 (Table 1 and Figure 2)
with an average of 8.4 papers per year. Eighty-three
percent of his papers were data-based and published
in peer-reviewed journals (average of 6.9 per year).
Ninety-one percent of his papers had citation counts
available (average of 7.6 per year). The grand total of
published pages in his papers was 6,483; subtracting out
the pages of the 4 edited volumes lowers that number
to just over five thousand (5,067), averaging just under
12 pages per article (11.7).

The fewest number of papers he published in a
single year was two (1965, 1966, 1969, and 2015); the
highest number was 17 in 2001 and 2003 (Table 1). In
19 different years (1978—1981, 1984—1985, 1988, 1991,
1996, 1998, 2000-2001, 2003, 2006-2007, 2009, and
2012-2014) he published 10 or more papers. Over
a 45-year period from 1970 to 2015, he published
410 papers (92.8% of the total). His most productive
periods were 1978—1982 and 2000-2004, with 59 and
61 publications, respectively, followed by 20062010
(52 papers, see Table 1). His period of peak publica-
tion productivity (almost 120 publications) occurred
when he was between 56 and 66 years old (Fig. 3). A
comparison of his research productivity in the first half
of his career (1965-1991) with that of the second half
(1992-2018/19) again speaks to his consistency with
203 papers (45.6% of the total) published in the former
period compared to 239 (54.4%) in the latter.

RIJB published in 127 different publication out-
lets, including 97 different peer-reviewed journals.
During most of his tenure at Texas Tech, the university
maintained a large number of mammalogists on its
faculty and staff, and RJB took strategic advantage
of this by publishing with many of these individuals,
such as Hugh H. Genoways (48 publications), Robert
D. Bradley (43; some as a graduate student, see below,
and some as a faculty colleague), Ronald K. Chesser
(37), Carleton J. Phillips (25), Clyde Jones (12), J. Knox
Jones, Jr. (11), and David J. Schmidly (11). He also
published with non-TTU faculty from other institutions,
including 13 papers with Holly A. Wichman (University
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Table 1. Publication and citation counts for Robert J. Baker’s scientific articles, 1965—2018. Number of data-based
papers indicates those containing original data. Total citations per paper were determined from the Web of Science
online indexing service.

Number of papers

published or in Number of papers Number of data- Total Average citations
Year of publication press with citation counts based papers citations per paper
1965 2 2 1 24 12.0
1966 2 2 2 47 235
1967 4 4 4 256 64.0
1968 6 5 5 207 414
1969 2 2 2 95 47.5
1970 8 8 6 398 49.8
1971 6 6 6 169 28.2
1972 11 11 11 353 32.1
1973 6 6 6 224 373
1974 6 6 6 220 36.7
1975 7 7 7 250 35.7
1976 9 9 9 337 374
1977 4 4 2 90 22.5
1978 12 11 10 472 42.9
1979 16 13 7 805 61.9
1980 11 11 10 443 40.3
1981 13 11 11 478 434
1982 7 7 7 521 74.4
1983 7 7 7 278 39.7
1984 11 10 9 298 29.8
1985 7 6 6 138 23.0
1986 4 397 99.2
1987 4 188 47.0
1988 12 10 12 321 32.1
1989 4 4 4 234 58.5
1990 6 6 6 738 123.0
1991 16 14 13 936 66.8
1992 9 6 6 253 422
1993 5 5 5 163 32.6
1994 5 5 4 161 322
1995 3 3 3 97 323
1996 14 10 12 319 31.9
1997 7 5 4 375 75.0
1998 14 12 9 304 253
1999 8 7 6 256 36.6
2000 11 11 9 576 52.4
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Table 1. (cont.)

Number of papers

published or in Number of papers Number of data- Total Average citations
Year of publication press with citation counts based papers citations per paper
2001 17 17 13 1,221 71.8
2002 8 8 8 481 60.1
2003 17 16 13 746 46.6
2004 8 6 6 144 24.0
2005 7 6 4 98 16.3
2006 12 10 10 821 82.1
2007 11 9 9 191 21.2
2008 8 8 7 207 25.9
2009 12 12 9 233 19.4
2010 9 9 9 214 23.8
2011 9 8 6 123 15.4
2012 10 10 10 225 22.5
2013 10 10 9 131 13.1
2014 10 10 6 131 21.8
2015 2 2 2 13 6.5
2016 5 4 3 39 9.8
2017 4 4 4 8 2.0
2018-2019* 7 4 6 NA NA
Totals 445 403 367 16,447 NA

* Includes publications in press.
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Figure 2. Robert J. Baker’s publications by year.
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Figure 3. Robert J. Baker’s publications by his age.

of Idaho), 12 with Sergey P. Gaschak (International
Radiological Laboratory, Ukraine), nine with Michael
H. Smith (University of Georgia), and five with Loren
K. Ammerman (Angelo State University).

Table 2 lists the 20 journals that published the
greatest number of his papers. He published ap-
proximately 15 percent of his papers (total of 66) in
the Journal of Mammalogy, more than any other mam-
malogist of his generation. These papers have been
cited 3,263 times for an average citation rate of 55.3
citations per article (Table 2). Ninety of his papers
(20%) appeared in Texas Tech sponsored publications
(e.g., Occasional Papers and Special Publications)
and 354 (80%) appeared in other outlets. He had
numerous papers in Systematic Biology (21 papers)
and Evolution (13 papers), two high impact journals
in his field; these papers have been cited 1,117 and
747 times, respectively. The Southwestern Naturalist
and Mammalian Species each published 14 papers in
which he was an author. He published 11 papers, col-
lectively, in the journals Science, Nature, BioScience,
and Proceedings of the National Academy of Science,
all considered among the most prestigious journals in
the biological sciences. These papers have been cited

1,383 times (Table 2). Toward the end of his career,
as his research interests broadened, he published in
other journals, including Environmental Toxicology &
Chemistry (11 papers), Molecular Ecology (8 papers),
and the Journal of Heredity (8 papers).

Mammals were by far the most common subjects
of his publications, accounting for 360 (80.9%) of the
total number of papers published (Table 3). Among
his mammal papers, 194 (53.9%) were about bats, 110
(30.6%) were about rodents, 41 (11.4%) addressed
mammals in general, and 15 (4.2%) were about other
groups of mammals (insectivores, primates, carnivores,
edentates, and ungulates). He published 20 papers
(4.5% of the total) on reptiles, birds, fish, and verte-
brates in general; two papers on plants; and five about
invertebrates. Sixty of his papers (13.5%) did not
involve a specific group of organisms.

Analysis of his papers by subject matter (Table 4)
reveals that almost half of them (203 or 45.6%) were
in the fields of taxonomy, systematics, and evolution.
Another 35% covered general natural history (19%)
and genetic mechanisms (16%). The remaining 19%
covered a broad array of topics from ecotoxicology
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Table 2. Journal and citation counts for journals with at least five scientific articles published by Robert J. Baker.
Journal impact factors are provided in parentheses after the title, where available.

No. of papers and

Journal percent of total Citation count Citations/article
Journal of Mammalogy (2.139) 66 (14.8%) 3,263 55.3
Occasional Papers, Museum of TTU 63 (14.2%) 1,941 324
Systematic Zoology-Biology (8.523) 21 (4.7%) 1,117 58.8
Special Publications, Museum of TTU 17 (3.8%) 492 44.7
The Southwestern Naturalist (0.244) 14 (3.2%) 335 239
Mammalian Species 14 (3.2%) 745 57.3
Evolution (4.201) 13 (2.9%) 367 26.2
Environmental Toxicology and Chemistry (2.951) 12 (2.7%) 518 432
TTU, other publications 10 (2.2%) 43 7.2
Cytogenetics and Cell Genetics (1.455) 10 (2.2%) 519 51.9
Journal of Heredity (3.961) 8 (1.8%) 231 28.9
Molecular Ecology (6.086) 8 (1.8%) 409 51.1
Annals of the Carnegie Museum (0.750) 5(1.1%) 137 27.4
Proceedings and Transactions, National Park 5(1.1%) 131 26.2
Service

Genetica (1.207) 5(1.1%) 201 43.2
Molecular Phylogenetics and Evolution (4.419) 5(1.1%) 152 30.4
Science (37.205), Nature (40.137), Bioscience 11 (2.5%) 1,383 125.7
(5.378), and PNAS (9.661)

Totals 287 (64.6%) 11,984 36.5

and radiation (6%) to collection management (3%) and
wildlife management (2.5%).

RJB was sole author of only 23 papers (5.2%)
compared to 113 (25.4%) that were co-authored and
309 (69.4%) that were multiple authored (Table 5). Of
the latter group, he was the last author on 162 (52.4%)
of his papers. In total, he was sole or lead author for
about a third of his papers (131 papers; 29.4% of the
total), and he was a secondary or last author on 314
(70.6%). He was last author on 237 (53.3%) of his
total publications.

For those that knew RJB, this statistic should
not come as a surprise. Robert did not like authoring

papers by himself. He wanted input from others—he
believed in the adage of surrounding yourself with the
best people possible and borrowing their brains! He
felt bouncing ideas around and challenging others to
think would help improve his papers. Further, he liked
to share the credit. He wanted others to be involved so
that they could improve their CVs, and he truly enjoyed
writing with others.

Citation Counts of RJB’s Publications

Citation counts from the Web of Science (WOS),
an online scientific citation indexing service of Clari-
vate Analytics, were available for 403 of RIBs 445 pa-
pers (90.6%). Papers that could not be counted included
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Table 3. Tabulations of Robert J. Baker’s papers by topic and groups of organisms.

Category No. of papers % of total papers
Non-organism paper 60 13.5
Mammals 360 80.9

Bats 194 (53.9%)

Rodents 110 (30.6%)

Other (insectivore, primate, carnivore, ungulate) 15 (4.2%)

Mammals in general (checklists, surveys) 41 (11.4%)
Other vertebrates 20 4.5

Reptiles 9 (45.0%)

Birds 7 (35.0%)

Fish 1 (5.0%)

Vertebrates in general 3 (15.0%)
Invertebrates 3 0.7
Plants 2 0.4
Totals 445 100.0

Table 4. Tabulation of Robert J. Baker’s papers according to subject areas.

Subject No. of papers % of papers
Taxonomy, systematics, evolution 203 45.6
Natural history 85 19.1
Genetic mechanisms 71 16.0
Ecotoxicology, radiation 27 6.1
Edited volumes, reviews, letters, obituaries 26 5.8
Collection management 14 3.1
Wildlife resource management 11 2.5
Zoonoses, diseases 4 0.9
History of science 4 0.9

Totals 445 100.00
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Table 5. Tabulation of Robert J. Baker’s papers according to the number of authors and his position on the author line.

Category No. of papers % of papers
Sole author 23 52
Co-author 113 25.4
Lead (38) (33.6)
Second (75) (66.4)
Multiple authored (more than 2) 309 69.4
Lead (70) (22.6)
Secondary (77) (25.0)
Last (162) (52.4)
Totals 445 100.00

some book reviews and letters to editors, chapters in
edited volumes, species accounts in mammal books,
contributions to newsletters, certain checklists of spe-
cies, a few Texas Tech publications, some government
proceedings and transactions, and papers in press or
newly published.

A search of each of his publications in the WOS
revealed a total citation count of 16,447 (Table 1).
The average annual rate of citations for his papers was
310.3. A search in Google Scholar produced slightly
fewer citations (15,853). These two databases use
slightly different time frames and they index different
journals, which accounts for the discrepancy.

The average and median annual rate of citation
for his papers was 39.3 and 36.2, respectively. The
distribution of the citations was significantly skewed,
with 76% of the articles cited fewer than 50 times; 16%
between 51 and 100 times; 4% between 101 and 150
times; 3% between 151 and 200 times; and 2% more
than 200 times (Table 6). According to the WOS search
results, eleven of his papers were never cited and an
additional 11 were cited only one time.

The peak years for citations (Fig. 4) were: 2001
(1,221 citations; mean = 82.1 citations/article); 1991
(936; mean = 66.8); 2006 (821; mean = 82.1); 1979
(805; mean =61.9); and 1990 (738; mean = 123). The

average number of citations per article over RIB’s
career was generally consistent except for the last few
years of his life (Table 7). The average annual rate of
citations (calculated as the sum of citations divided by
the number of years since the first publication) steadily
increased from the 1960s until the end of the first decade
ofthe 21% century, after which it also declined (Table 7).

RJB’s 10 most cited papers are listed in Table
8. The two most highly cited papers were theoreti-
cal contributions about the genetic species concept in
mammals that appeared in the Journal of Mammalogy.
Four of the most highly cited papers appeared in the
first decade of the 21% century, three in the 1990s, two
in the 1980s, and one in the 1960s (Table 8).

The top journals, in terms of impact factor, in
which RJB papers appeared were: Nature, Science,
Proceedings of the National Academy of Science, Sys-
tematic Biology, Molecular Ecology, Bioscience, and
Molecular Phylogenetics and Evolution (see Table 2).
His most impactful papers (calculated by dividing the
number of citations by the publishing journal’s impact
factor for that year, divided by the number of years since
the article was published) were the two papers on the
genetic species concept (co-authored with Robert D.
Bradley) that appeared in the Journal of Mammalogy
in 2001 and 2006.
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Table 6. Analysis of citation counts for Robert J. Baker’s 403 indexed papers. Citation counts were obtained from
the Web of Science online indexing service.
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Figure 4. Annual citation counts for Robert J. Baker’s publications.
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Table 7. Publication and citation counts of Robert J. Baker’s 403 indexed papers by decade. Citation counts
were obtained from the Web of Science online indexing service.

Average citation

Average annual rate

Decade No. of papers Citation count count per article of citation*®

1960s 15 629 42.0 125.8

1970s 81 3,318 41.0 331.8

1980s 74 3,296 44.5 329.6

1990s 73 3,602 49.3 360.2

2000s 103 4,718 45.8 471.8

2010s 57 884 15.5 110.5

Totals 403 16,447

* Calculated as the sum of citations divided by the number of years since first publication.
Table 8. The 10 most cited articles published by Robert J. Baker.
Journal
Impact No. of
Title Journal Year Factor citations
A test of the genetic species concept: cytochrome-  Journal of Mammalogy 2001 1.630 642
b sequences and mammals
Speciation in mammals and the genetic species Journal of Mammalogy 2006 1.630 597
concept
Distribution of non-telomeric sites of the Chromosoma 1990 4.021 586
(TTAGGG), telomeric sequence in vertebrate
chromosomes
Evidence for biased gene conversion in concerted ~ Science 1991 37.205 392
evolution in ribosomal DNA
Use of “lysis buffer” in DNA isolation and its Occasional Papers, Museum of 1997 NA 336
implications for museum collections Texas Tech University
The ecology and evolutionary history of an emer-  Bioscience 2002 5.378 310
gent disease: hantavirus pulmonary syndrome
Speciation by monobrachial centric fusions Proceedings of the National 1986 9.661 287
Academy of Science

Karyotypic evolution in bats: evidence of exten- Systematic Biology 1980 8.917 217
sive and conservative chromosomal evolution in
closely related taxa
Diversification among New World leaf-nosed Occasional Papers, Museum of 2003 NA 184
bats: an evolutionary hypotheses and classifica- Texas Tech University
tion inferred from digenomic congruence of DNA
sequence
Karyotypes and karyotypic variation of North Journal of Mammalogy 1967 1.630 180
American vespertilionid bats
Total 3,731
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H-index and M-value

The h-index for all of RJB’s publications for
which citations were available (15,853 in the Google
Scholar database) was 65, meaning that 65 of his papers
were cited at least 65 times. The m-value, derived by
dividing the h-index score by his scientific age (53)
was 1.23. By way of comparison, the h-indices and
the m-values of Avise and Brown were higher (h =102
and 106; m = 2.27 and 2.08, respectively). Patton’s (h
= 63; m =1.2) was nearly identical although slightly
lower than that of RJB.

RJB’s Influence in Teaching and Mentoring Stu-
dents

RJB began working with graduate students soon
after his arrival at Texas Tech. A list of his 48 Master’s
and 50 Ph.D. students was provided in his published
obituary (Genoways et al. 2018), and they also are listed
in Figure 1 of this publication. In his 48 years on the
Texas Tech faculty, there were only seven years (1967,
1968, 1972, 1974, 1977, 1988, and 2012) in which he
did not graduate a master’s or a doctoral student.

In the early stages of his academic career, as
might be expected, he worked more with master’s than
doctoral students, but this changed in the 1980s when
he became more involved with doctoral students (Fig.
5). His production of Ph.D. students peaked in the
1990s and early part of the 21 century. Beginning
with the 1990s and continuing throughout the remainder
of his career, RIB also became involved with several
post-doctoral associates who worked in his laboratory.
These, too, were listed in his obituary (Genoways et al.
2018) and have been included in Figure 1.

He published papers with all but six of his Ph.D.
students, and he had more than 10 publications with
14 of them, including 43 with Robert D. Bradley, 32
with Ronald A. Van Den Bussche, 21 with Jeffrey K.
Wickliffe, 20 with Meredith Hamilton, and 17 with
Calvin A. Porter. He published with 37 of his master’s
students; the largest number of papers was written with
John C. Patton (9 papers), Stephen L. Williams (8), and
Ben F. Koop (7). He published with all but one of his
10 post-doctoral associates, including 16 papers with
Brenda Rodgers, 12 with Steven R. Hoofer, and 11 with
Caleb D. Phillips.
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Table 9. Educational achievements and career fields of undergraduate and graduate students of

Robert J. Baker.

Undergraduate
Category student* Master’s student Doctoral student
Education
Obtained Master’s degree 2 48 NA
Obtained Ph.D. degree 10 24 50
Obtained medical/dental degree 7 1 0
Employment
Academia 8 21 39
Federal/State agency 2 2 3
Private Sector 1 6 3
Medical Doctor or Dentist 8 1 0
Public Education 0 0 1
Museum/Zoo 0 5 2
Foundation/NGO 1 0
Unknown/deceased 3 12 2

* Undergraduate students who published with Robert J. Baker while an undergraduate.

An examination of the careers of RJB’s gradu-
ate students (Table 9) reveals that of his 50 doctoral
students, 39 (78%) have had careers in academia; nine
others worked in federal agencies, the private sector,
public education, or museums. Of his 48 master’s
students, 24 completed Ph.D. programs (7 under RJB
at Texas Tech) and 21 ultimately became employed in
academia; others went to work in museums or zoos,
federal or state agencies, the private sector, NGO
foundations, or in public education. All total, 60 of his
graduate students (61.2%) received a Ph.D. at Texas
Tech or some other institution and worked in academia.

The academic institutions where RJB’s students
worked include well-known public and private univer-
sities, several smaller state and regional universities,
community colleges, and international institutions. The
list of public and private colleges and universities in
the U.S. where his students worked or currently work
includes the following: University of California-Santa
Barbara, North Dakota State University, Baylor Univer-
sity, Texas A&M University, Eastern Washington State
University, Purdue University, Hebrew Theological

College, Oklahoma State University, University of
Georgia, Penn State University, University of Utah,
Duke University, University of Minnesota, Univer-
sity of Michigan, the City University of New York,
Wayland Baptist University, Northern Kentucky Uni-
versity, Arkansas State University, University of New
Mexico, Pepperdine University, Harvard University,
Lamar University, Midwestern State University, Loyola
University, Sul Ross State University, Texas Tech
University, Xavier University of Louisiana, Colorado
State University, University of Pittsburgh, Tulane
University, Mississippi State University, and the Col-
lege of Charleston. Three of his former students are
employed at community colleges (Lone Star College
and Richland College in Texas and Tulsa Community
College in Oklahoma). RIJB also placed students at
international universities in seven different countries:
Universidad de Antigua (Medellin, Colombia), Uni-
versidad del Quindo (Colombia), Universidad de la
Republica (Uruguay), Universidade Federal de Per-
nambuco (Recife, Brazil), Universidad Nacional de la
Pampa (Argentina), University of Malaysia (Sarawak,
Malaysia), Bethlehem and Birzeit universities (Pales-
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tine), Malaspina College (British Columbia, Canada),
and the University of Victoria (Canada).

RJB began teaching undergraduate students as
soon as he arrived at Texas Tech, offering courses in
histology, cytology, general zoology, the Biological
Status of Man, but his favorite course was Freshman
Biology for Non-majors, which he taught for more than
20 years (Genoways et al. 2018). It has been estimated
that he taught several thousand students in this course
(including, curiously, John Hinckley, Jr., who shot
President Ronald Reagan on 30 March 1981).

He was also a huge supporter of undergraduate
research, and many undergraduates worked in his labo-
ratory. His curriculum vitae listed 22 undergraduate
students that authored research papers based on work
they did in his laboratory, including eight papers by
Laura E. Wiggins, five by Amanda J. Wright, and four
by Amy B. Baird. Ofthose 22 undergraduate research
students, 19 pursued and obtained graduate degrees.
Two obtained Master’s degrees, and ten received Ph.D.
degrees and work at the following academic institu-
tions: University of Texas at Brownsville, University
of Texas at Austin, U.S. Military Academy-West Point,
Baylor University, Purdue University, University of
Georgia, University of North Texas, University of
Houston Downtown, and Texas Tech University. In
addition, seven of the 22 undergraduate researchers
went to medical or dental school and are now practicing
in those professions.

RJB’s Grants, Contracts, and Financial Support

Throughout his career, RJB was able to secure
funding to support his research and graduate educa-
tion programs. Through grants and contracts, he was
awarded nearly $16 million (in 2018 dollars) from 31
different granting agencies (Table 10). He received 15
grants from the National Science Foundation (NSF),
with almost 30 years of continuing funding from that
agency totaling almost 3 million dollars. His NSF
grants included the following:

1. Karyotypic studies of phyllostomid bats, 1968-1970;

2. Karyotypic studies of the Phyllostomidae, 1971—
1972;

3. Extension of karyotypic studies of the Phyllostomi-
dae, 1973;

4. Evolutionary studies of phyllostomatid bat faunas
in Caribbean Islands (with Hugh H. Genoways),
1974-1975;

5. Chromosomal change in mammalian evolution
(Chiroptera: Phyllostomatidae), 1976—1978;

6. Chromosomal studies of Phyllostomatidae, 1980—
1982;

7. Chromosomal races of the white-footed mouse,
Peromyscus leucopus, 1983—1984;

8. Updating and enhancement of the Recent mammal
collections, Texas Tech University (with Robert Owen),
1986-1988;

9. Dynamics of a hybrid zone between chromosomal
races of the white-footed mouse, Peromyscus leucopus,
1986-1989;

10. REU: Evolutionary genetics and dysgenesis in a
naturally occurring hybrid zone in Peromyscus leu-
copus, 1990;

11. Repetitive DNA sequences in genome organization
of phyllostomid bats: test of a molecular model for
chromosomal divergence, 1992—-1995;

12. Enhancement of collections and safety at the Mu-
seum of Texas Tech University (with Robert D. Bradley
[P.I.], Clyde Jones, David J. Schmidly, and Richard
Monk), 1998-1999;

13. Development of an integrated network for distrib-
uted databases of mammal specimens, 2001-2003;

14. Collection enhancement, enlargement, and compac-
torization at the Natural Sciences Research Laboratory
(with Robert D. Bradley), 2006-2008; and

15. Natural history: Development of a liquid nitrogen
system for the Genetic Resources Collection, Natural
Sciences Research Laboratory, Museum of Texas Tech
University (with Robert D. Bradley), 2015-2018.

RJB also received two funded grants from the
National Institutes of Health:
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Table 10. Categories of research funding for Robert J. Baker. All values have been converted to 2018 dollars.

Agency and Other Sources Total funding

Federal Research Agencies

National Science Foundation $2,980,500
National Institutes of Health $359,000
Smithsonian Foreign Currency Program $578,000
U.S. Department of Agriculture $354,000
U.S. Department of Commerce, Advanced Technology Program $270,000
U.S. Fish and Wildlife Service $36,000
Sandia National Laboratories $175,000
National Park Service $143,000
U.S. Department of Defense
Fort Bliss $873,000
Defense Threat Reduction Agency $200,500
U.S. Department of Energy
Pantex Treatment Facility $125,500
Chernobyl $1,308,500
Texas State Agencies
Texas Parks and Wildlife Department $315,750
Texas Tech University Office of Research Services $123,500
Texas Department of Transportation $72,000
Texas State Line Item (Biodiversity Database) $3,680,000
Texas State Line Item (Genetic Identification of Cotton Cultivars) $3,510,000
Texas Tech University faculty grants $72,000
Texas Agricultural Experiment Station $30,500
Texas Higher Education Coordinating Board $78,500
Foreign Governments/Agencies
New Brunswick Wildlife Trust Fund $7,000
Health Protection Agencies, United Kingdom $40,500
Private Sources
Individuals - James Sowell $230,000
Unidentified companies $21,000
Foundations
American Philosophical Society $7,100

CH Foundation $131,500
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Table 10. (cont.)

Agency Total funding
Conservation Organizations and Other
Welder Wildlife Foundation $40,000
National Fish and Wildlife Foundation $58,000
National Geographic Society $31,000
Texas Nature Conservancy $23,000
State of Alaska (bear research) $44,000
Total (approximately; in 2018 dollars) $16 million

1. Ecology of emerging arena viruses in southwestern
U. S., 1997-2000;

2. Mammalian genomes: stasis and change, 2001-2005.

Several other sources of funding for RIB also
deserve mention because they provided support not
only for his own research but also for institutional
building at Texas Tech. He received funding from two
line items provided by the Texas Legislature. Line item
funding was the state equivalent to directed federal
appropriations or “earmarks.” Unless rescinded, this
money was included annually in the TTU budget for the
stated purpose of the work. One of'the line item projects
involved the development of a biological inventory
and database of mammals on state-owned properties
with the primary goal of providing an archival record
of the mammalian biodiversity that was present in
Texas at the turn of the 21% century and developing an
electronic database of Texas mammals that could be
accessible to state biologists and those in leadership
roles in the development of wildlife management and
conservation policies (see L. Bradley et al. 2005). This
project supported the growth of the research collections
at the Natural Science Research Laboratory (NSRL) at
Texas Tech. The second line item project was for the
genetic identification of species and cotton cultivars,
and it was used to support the work of graduate students
in his genetics lab in the Department of Biology who
worked on the project.

One of us (DJS) introduced RJB to Jim Sowell
(JS), a member of the Board of Regents at Texas Tech
and a leading benefactor of the institution. When
Professor Baker showed him the collections at the

NSRL and explained the nature of his work and the
numerous student publications that had resulted from
that work, Sowell was so impressed that he offered to
financially underwrite the cost of RIB’s field trips to
foreign countries to support his program. Overall, JS
provided $230,000 in support for field studies, and in
recognition of this support, RJB named a species of
bat, Carollia sowelli, in his honor.

RIJB received more than $1 million in funding to
collaborate on a project at Chernobyl, the site of the
world’s largest nuclear accident. For this work Rob-
ert had to educate himself on methods and theory in
ecotoxicology and radiation biology, recruit and train
students from Ukrainian universities, and establish
international collaborations. These collaborations
continued for several years and resulted in more than 40
scientific publications focused on Chernobyl research.

RJB’s Field Work and Contributions to Natural
History Collections

Robert’s fieldwork took him around the world,
including five continents and 26 countries. He spent
almost three years in the Neotropics, including the
Caribbean Islands, collecting bats, as well as five total
months, over a several year period, in the Chernobyl
nuclear disaster zone, studying the impact of radiation
on mammalian populations (for details of his field work,
see Genoways et al. 2018). From these trips he accu-
mulated a large amount of data and specimens that have
been deposited in various natural history collections.

In his fieldwork, RJB emphasized special collec-
tions that included more than the traditional “skin and
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skull” specimens for mammals. He pioneered the idea
of cross-referencing museum specimens with informa-
tion on karyotypes and various tissues. The frozen tis-
sue collections he started are invaluable because many
of the samples came from species and regions that are
now heavily depleted. Without such a resource, studies
of the evolution and systematics of mammals would
be next to impossible to conduct, especially given the
political and financial cost of expeditions. As aresult of
his vision, several other collections, including those at
Texas A&M University, the Museum of Southwestern
Biology (University of New Mexico), and Carnegie
Museum of Natural History, now have special collec-
tions based on the model promoted by Robert. Other
collections also have mimicked Robert’s approach.

The NSRL contains specimens or specimen parts
from 10,131 individuals that RJB was given at least
partial credit for collecting. Materials archived from
these specimens include standard museum vouchers,
specimens preserved in ethanol, karyotypes, frozen tis-
sues, lysis-preserved tissues, blood samples, parasites,
fecal matter, and stomach contents. He also deposited
an unknown number of specimens at other institutions
in the United States and in foreign countries (e.g.,
Ukraine, Mexico, and Ecuador) where specimen shar-
ing was required in order to obtain collecting permits.
He spent a lot of time conducting field work in the
Neotropics, including the Caribbean, Mexico, and
Central America, where he conducted research on the
evolution and systematics of New World bats.

Baker’s personal catalog listed 4,711 specimens
as the total number of voucher specimens that he
prepared (standard museum specimens and those pre-
served in ethanol). Of those, 2,911 were deposited at
the NSRL with the remainder, because of collaborative
research arrangements, housed at the Carnegie Museum
of Natural History in Pittsburgh, Pennsylvania, and the
Texas Cooperative Wildlife Collection at Texas A&M
University. For much of his career, RIB conducted
karyotype work using both field and laboratory prepara-
tions of stained chromosomes. The NSRL houses an
estimated 475 boxes of karyotype slides from this work
with up to 100 slides per box. There are also thousands
of negatives and printed photographs of karyotype
preparations. Many frozen tissues in the GRC at the
NSRL came from RJB’s work. These include 16,453
tissue vials from specimens he collected and another
3,005 from specimens that he prepped. A large number

of other tissues resulted indirectly from his work in the
form of specimens and samples provided by graduate
students and collaborators on funded research projects.
All of these specimens and ancillary materials are avail-
able for other scientists to access and study.

RJB’s Record in Mammalogy and Service to
Scientific Societies

When his publication record is compared with
that of other deceased, well-published naturalists-
mammalogists, RJB clearly emerges among the in-
dividuals at the top of the list (Table 11). Of the 17
mammalogists listed, he ranks number 3 behind only
Joseph Grinnell and C. Hart Merriam, two of the early
giants in the field. (It should be noted that only 12%
of Grinnell’s papers were about mammals; most of his
work was on birds.) So, by any measure, RIB was
one of the most prolific mammalogists of his era. In
many respects, Robert had an impact on mammalogy
equivalent to that of Grinnell and Merriam. Grinnell
made a lasting impact on the legacy of mammalogy by
the students he taught and trained, whereas Merriam
contributed more to biological surveys and the catalog-
ing of diversity throughout the United States. Robert’s
career encompassed both of the contributions made
individually by these two men. First and foremost, he
was an educator and contributed to the next genera-
tion of mammalogists. At the same time, his studies
of biodiversity and commitment to museum science
overlapped with Merriam’s main emphasis.

RJB was a major contributor and leader in the
American Society of Mammalogists (ASM). As shown
in Table 2, during his career he was the leading pub-
lisher of articles in the ASM’s publication outlet, the
Journal of Mammalogy. Also, between 1965 and 2016
he attended every annual meeting of the ASM and at
most of them either he or one of his students presented
scientific papers or posters. By examining the index
of abstracts for the annual meetings, we determined
that papers or posters were presented by RJB or his
students every year except for 1973-74, 1980, 1994,
2000,2007-2008,2010,2012, and 2014. Over a 6-year
period from 2000 to 2006, the Baker group presented
37 papers or posters. He served in many leadership
positions in the ASM, including elected and editorial
positions as chronicled in his obituary. He served as
President of ASM from 1994 to 1996, and he received
the three major awards given by the society (Merriam,
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Table 11. The publication records of deceased well-published naturalists/mammalogists.

Name No. Papers No. in IM Feature/Note Other*
Grinnell, J.** 554 12 11 1
Merriam, C. H. 490 9 9 1
Baker, R. J. 445 66 57 9
Miller, G. S., Jr. 399 49 33 16
Jones, J. K., Jr. 368 73 39 34
Hall, E. R. 349 61 48 13
Hoffmann, R. S. 247 29 13 16
Hamilton, W. J. 233 45 36 9
Layne, J. N. 229 23 21 2
Goldman, E. A. 206 47 43 4
Osgood, W. H. 205 29 22 7
Choate, J. R. 201 33 28 5
Jones, C. 200 36 21 15
Davis, W. B. 191 31 30 1
Hoffmeister, D. F. 137 31 28 3
Yates, T. L. 130 15 15 0
Findley, J. S. 100 49 46 3
Hooper, E. T. 90 34 29 5

* Includes book reviews, letters to the editor, and obituaries.

** Only 67 of Grinnell’s 554 papers (12%) were about mammals.

Grinnell, and Jackson) and was elected Honorary
Member—the only person in the history of the ASM
to accomplish this.

He also was active in numerous other scientific
societies, including the Southwestern Association of

Naturalists and the Texas Society of Mammalogists,
where he held important elected positions and received
recognition for his contributions and leadership. His
work in various scientific organizations is discussed
in more detail in his obituary (Genoways et al. 2018).

DiscussioN

What makes a good scientist and what constitutes
evidence of scientific excellence? According to the
Mertonian sociology of science, the primary criterion
for a scientist’s quality derives from the objective
of science—extending certified knowledge (Sonnert
1995). The scientists who contribute the most to the

growth of scientific knowledge are thought to perform
their role as scientists the best. Because the standard
way of communicating scientific research findings is
through publication, this metric is widely adopted as
the appropriate measure of a scientist’s performance.
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We also know that superior scientific performance
is a disproportionately rare phenomenon, with a small
minority accounting for a disproportionate impact
(Jackson and Rushton 1986; Rushton 1988). Most sig-
nificant publications are authored by a small proportion
of researchers, and the majority of citations reference
a relatively small pool of articles. This is why highly
cited researchers wield a vastly disproportionate influ-
ence in their fields (Parker et al. 2010).

Two theories, based on research by social scien-
tists, have emerged about how to best predict scientific
productivity and creativity. D. K. Simonton (2004) has
argued that highly prolific scientists are more successful
in producing high-impact work compared with their
less productive peers. He also concluded that scientists
can increase their number of creative and high-impact
works only by increasing their publication output; in
other words, scientific creativity is a “probabilistic
consequence” of research quantity. The second theory,
developed by R. S. Burt (1992, 2004) and known as
the theory of “structural holes,” argues that individu-
als who live in the intersection of “social worlds” are
more likely to select and synthesize cognitive alterna-
tives into “good ideas.” According to Burt’s theory,
individuals who bridge “structural holes” have access
to multiple views, information, and perspectives, a fact
that explains why they develop more novel and better
ideas than their peers.

Heinze and Bauer (2007) have combined ele-
ments of both of these theories into a flowchart to
illustrate the factors associated with highly creative
scientists (see Figure 6). The premise behind this chart
is that it is not only the sheer quantity of publications
that causes scientists to produce pieces of work; in
addition, their ability to effectively communicate with
their colleagues and address a broader work spectrum
creates important dimensions of the creative process.

Overlaying RJB’s achievements on this chart
(Fig. 6) demonstrates his research creativity. His num-
ber of publications (445) is prodigious for a naturalist-
mammalogist. Publication is regarded as an indispens-
able part of science, and sustained and substantial
publication favors creativity (Bartholomew 1982).
The more research one completes, the more apt one is
to make an original contribution. The simple number
of peer-reviewed journal papers has been shown to be

strongly and significantly associated with the number of
collaborators and thus the size of the co-author network
(Heinze and Bauer 2007). Furthermore, the number of
publications and annual productivity rate of a scientist
is known to widen the spectrum both of the journals
that scientists publish in and the amount of citations
their articles achieve (Sonnert 1995).

In many fields a scientist’s annual productivity
rate has been demonstrated to be a powerful predictor
of quality, with a large number of publications being
indicative of a larger number of higher-quality publica-
tions (Sonnert 1995). RJB averaged more than eight-
papers per year over his 53-year publishing career, but
he had several periods in his career where he sustained
amuch higher rate of publication. Creative individuals
have been shown to go through “hot streaks” of peak
productivity over a relatively short period when they
produce their best work (Timmer 2018). The average
hot streak for a scientist has been estimated to last 3.7
years (Timmer 2018), and RJB certainly had his “hot
streaks” (see Table 1). From 2000 to 2004, for example,
he authored a total of 61 papers, which equates to an
average of one paper per month over a 5-year period.
Similarly, from 1978 to 1982, he nearly matched this
output, publishing 59 papers. Another era of extremely
high productivity occurred from 2006 to 2010 when he
appeared on the author-line of 52 papers. Three “hot
streaks,” over a span of four decades, is far above the
average for most scientists. The period from 1978 to
1982 was the time that chromosome banding studies
came to fruition in Robert’s lab, and he and his students
began publishing papers on the theoretical aspects
of chromosome evolution and speciation, as well as
many data-oriented chromosome papers. The periods
2000-2004 and 2006—2010 were when RJB was heav-
ily involved in the Chernobyl work, with many papers
being published about both genetics and ecotoxicology.

George Bartholomew, the eminent zoologist,
has noted another and even more important reason
for publishing. The more deeply, continuously, and
productively one is immersed in research, including
the final and compelling discipline of publishing,
the greater the opportunity for favorable serendipity
(Bartholomew 1982). We see this in many aspects of
RIB’s career. While collecting material on field trips in
support of his numerous grants to study karyotypic and
genetic evolution in mammalian populations, RJB and
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NUMBER OF PUBLICATIONS

445 papers; average 8.4 papers/year

BROKERAGE/LINKAGES

Papers with 503 colleagues
Papers with 118 students

NUMBER OF CITATIONS

15,853 in Google Scholar
16,447 in Web of Science
h index = 65
m value = 1.23

THEMATIC BREADTH

Published in 127 outlets
Published in 97 peer-reviewed journals
Published in 8 major subject areas

RESEARCH CREATIVITY

Figure 6. Flow chart of four key factors in determining research creativity. Information shaded in gray depicts key
RIJB data for each factor. Adapted from Heinze and Bauer (2007).

his collaborators made basic natural history observa-
tions for which specimens were collected to document
findings about the distribution and natural history of
species. He published these results in addition to his
work on systematics and evolution, thereby expanding
the publication horizon of his field research.

RJB’s preferred method of publication was
clearly collaborative; 416 of his 445 papers involved
collaborators, including many of the 130 students who
worked in his program. He published with all but 18 of
his 130 students and post-docs (six doctoral students,
11 master’s students, and one post-doc), and the author-
line of his papers included an almost unbelievable
number of 503 different individuals! On many papers
he took the last authorship, especially toward the end
of his scientific career. Last place on the author list is
often reserved by senior biologists for all publications

coming out of their labs or research programs (see
Sonnert 1995).

A key aspect of the publication record of any
scientist is the popularity and prestige of the journal(s)
where the research is published (Olden 2007). Cur-
rently, the Thompson Reuters Impact Factor (IF),
calculated as the average number of times that articles
published in a specific journal in the past two years
were cited in the current year, is recognized as the de
facto measure of journal “quality,” despite its known
limitations (see Alberts 2013). However, the quality of
an article is not necessarily correlated with the quality
of the journal in which it is published (McDade et al.
2011), and in many fields the average journal prestige
does not always correlate significantly with publication
productivity and the average rate of citations per article
(Sonnert 1995).
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The IF was never intended to evaluate individual
scientists, but rather as a measure of journal quality
(Garfield 2006). Also, the IF (along with the Science
Citation Index [SCI] and h-index) shares the short-
coming that not all serials are indexed for the system,
thereby artificially reducing the estimated impact of
biodiversity publications. Notably, a number of impor-
tant journals in systematic biology, especially those that
publish monographs, are not included. Books—wheth-
er edited volumes or individual contributions—are not
included in the SCI. Also, impact factors have been
shown not to work very well for taxonomic journals
(Krell 2000), and there is some suggestion of a taxon
bias with higher citation rates for biologists working
on ‘popular’ organisms (Kelly and Jennions 2006).

RIJB published in many prestigious journals in-
cluding Science, Nature, Proceedings of the National
Academy of Science, Systematic Biology, Bioscience,
and Evolution. But some of his most important papers
in mammalogy were published in the Journal of Mam-
malogy, which has a lower journal impact factor than
the journals listed above. Also, 20 percent of his papers
were published in Texas Tech publications (primarily
Occasional Papers and Special Publication series at
the Museum), which include many longer taxonomic
revisions and biodiversity papers, and these publica-
tions are not indexed for impact factors.

From basic accounts about the distribution and
natural history of bats and other mammals to insightful,
paradigm-making papers, RIB’s work covered many
groups of taxa (mammalogy, ornithology, herpetology,
ichthyology, parasitology, malacology, and botany) and
several biological disciplines (genetics, systematics,
taxonomy, evolution, biogeography, ecotoxicology,
radiation biology). However, the majority of his
publications were about mammalian systematics and
evolution.

Few would argue that some publications con-
tribute more than others to scientific knowledge and
are thus of higher quality. For this reason, citation
counts have been proposed as another good indicator
of scholarly impact and excellence in research, even
though the rate at which papers accumulate citations
varies across disciplines (Kelly and Jennions 2006).
Robert’s number of citations (16,624 in Web of Sci-
ence and 15,853 in Google Scholar) is quite high for

any published naturalist. His 10 most cited papers (see
Table 8) have been cited 3,731 times, which makes up
almost a quarter of his total number of citations.

Despite the alleged limitations of the measure (see
above), RJB’s h-index of 65 is considered quite high.
Inspection of a sample of 18 evolutionists and ecolo-
gists ranked by Thompson Scientific as “highly cited”
yielded a mean h-index of 45.0 with an 11.45 standard
deviation (Kelly and Jennions 2006). Likewise, his
m-value of 1.23 is considered high for his scientific
discipline. For example, William D. Hamilton, Edward
O. Wilson, and Stephen J. Gould all have m-values of
less than 1.0, and no one would argue about their rank-
ing as highly influential evolutionary biologists (Kelly
and Jennions 2006). However, when compared with
John Avise, an evolutionary biologist at the University
of Georgia, and James Brown, an ecologist at the Uni-
versity of New Mexico (both in the National Academy
of Sciences), RIB’s h/m values are quite a bit lower
(65/1.23 for RJB compared to 102/2.27 and 106/2.08
for Avise and Brown, respectively), although Robert
published more papers than either one of them. Both
Avise and Brown wrote numerous papers that provided
broad overviews of phylogeography and macroecology,
respectively, and they also published books. RIJB’s
more synthetic papers (e.g., genetics species concept
and ideas about chromosome evolution across groups)
received considerable attention, but Avise and Brown
reached a broader audience, thus enhancing exposure
of their writings. RJBs h-index of 65 is virtually the
same as that of James Patton’s (h index of 63 and m
value of 1.21) among current systematic mammalogists,
as these two contemporaries and colleagues generally
published in the same subject area, with many papers
appearing in the Journal of Mammalogy.

The advantages that h-index and m-value are
thought to have over other citation-based indices of
counting publications is to favor those authors who
produce a series of influential papers rather than those
authors who either produce many papers that are soon
forgotten or produce a few that are uncharacteristically
influential (Kelly and Jennions 2006). However, while
they are easily computable, the validity of using h-index
and m-value has been questioned for some scientific
fields because the rate at which papers accumulate
citations varies across disciplines (Kelly and Jennions
2006). For example, comparisons among highly cited
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scientists have revealed that h-index values tend to be
lower for evolutionary biologists and ecologists than
for researchers in other fields (e.g., cell and biomedical
scientists). Also, works in systematics often remain
in use for decades, and longevity of impact may be a
particularly valuable metric (McDade et al. 2011). For
these reasons, in the fields of ecology and evolution the
h index and associated values should be considered
alongside other indices that rely on citation and pub-
lication count to assess research performance (Kelly
and Jennions 2006).

RJIB’s thematic breadth is reflected in the 127
different publication outlets, including 97 different
peer reviewed journals, and the broad subject matter
coverage of his papers, ranging from contributions in
systematics and taxonomy to ecotoxicology, radiation
biology, and collection management. Publishing in
many different journals and on many different subjects
leads to fewer overlapping populations of scientists
who cite the work, and hence higher growth potential
for articles. Also, it has been demonstrated that the
number of publications in leading journals can increase
the visibility of a scientist’s other papers, past and
future (Acuna et al. 2012). Scientists who connect
disciplinary communities or research fields also have
a higher probability of exposure to alternative ways of
thinking and behaving, and their linkages to otherwise
disconnected researchers produces a broader disciplin-
ary spectrum in their scientific work (Heinze and Bauer
2007). Evidence of all of these trends appears in RIB’s
scientific accomplishments.

According to Goodenough (1993), the goal of
every scientist is the achievement of “eureka” mo-
ments, the ineffable experience of discovering some
of the “truths” of nature, of finding the “unity of life.”
Because field work was a major component of his
scientific work, and because of his intense interest in
speciation, some of RJB’s biggest “eureka” moments
came in discovering taxa of mammals new to science.
He described and named 18 new species and subspecies
as well as 11 higher-level taxa. All of these are listed
in his obituary (Genoways et al. 2018).

Examining hypothetical phylogenetic trees also
produced “eureka” moments for him. One of his great-
est joys was looking at the latest and greatest phylo-
genetic tree that was produced in his lab. In the early

days, when phylogenies were deduced mentally and
trees were drawn by hand, Robert could be a royal “pain
in the ass.” Sometimes it would take days to generate
the synapomorphies and pathways for a phylogeny
and another day or so to actually draw the tree. Once
computer algorithms (i.e. PAUP) and graphic programs
(i.e., MacDraw and later PowerPoint) became available,
the student work load decreased somewhat—but Robert
made up for it by redoubling his directives to “try this
outgroup” or “add these to the ingroup”! The increase
in data analyses unleashed the “Baker monster” in an
entirely new dimension!

Robert’s ability to distill or identify a publishable
unit was uncanny. He could assess the importance of a
dataset and calculate whether sufficient evidence was
there to move the manuscript forward or if additional
data were needed. Typically this calculation was made
earlier in the experimental design state; therefore,
most of his projects had a definitive termination point.
Many of his graduate students (e.g., Robert Bradley,
John Bickham, and Rodney Honeycutt, personal com-
munication) think that this is one of the most important
things that Robert taught his graduate students.

Many scientists reach their highest level of cre-
ativity when they face the need to improvise, when they
lack adequate large infrastructure, and when they work
with deficient funding (Medina 2006). We see this in
RJB’s career. In 1986, at the pinnacle of his publish-
ing career, when his funding for chromosome research
was winding down, he took a leave of absence from
Texas Tech and spent a year with Rodney Honeycutt,
one of his former Ph.D. students, at Harvard Univer-
sity learning some of the new techniques of molecular
biology. He did this to prepare his students to be more
“cutting edge,” but also to open new vistas for his own
research. This new learning opportunity opened the
door for expanding his research horizons and led to a
period of enormous publication activity in the 1990s
and the first decade of the 20" century (see Table 1).
He also learned to wear a sport coat and tie at Harvard!

Robert was often criticized, especially by some
administrators during his annual evaluations, for
publishing too many multiple authored papers and for
publishing too many papers with his students. His
response was always to note that he was in the busi-
ness of education and that experience in completing
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the publication process in research was critical to a
student’s ultimate success. He was known to say “the
research is never completed until the published reprint
of'the paper is in your hand.” To him, one of the great-
est accomplishments was to see a student complete the
hard work of publishing a paper. He was certainly suc-
cessful in his endeavor, as he published more than 100
papers with his students, and he continued to publish
papers with many of them after they had left his pro-
gram and established their own careers. For example,
he appears on the author-line of 112 papers with four
of his graduate students (Robert Bradley, Ronald Van
Den Bussche, Meredith Hamilton, and Calvin Porter)
published while they were students and after they had
completed their doctoral programs. Interestingly, these
four students were contemporaries from 1986 to 1990.
They represented a synergistic group in an exception-
ally collaborative phase of RJB’s program.

Several aspects of Robert’s career go against the
dogma in the literature about creativity in scientists.
For example, several studies have pointed out that
individuals who receive doctorates from and/or are
appointed to high prestige universities are more likely
to be productive and win recognition than scientists
at universities lower in prestige (Rushton 1988; Babu
and Singh 1998). Clearly, Robert J. Baker did not fit
that profile. Neither Oklahoma State nor the Univer-
sity of Arizona, at the time that Baker attended, was
considered a prestigious university. Similarly, Texas
Tech University (then known as Texas Technological
College) lacked a Ph.D. program in biology and most
of the other sciences. He joined a university better
known for undergraduate education programs, and he
spent his entire academic career there helping to build
the university into a significant academic and research
university that is now recognized among the top 100
research institutions in the United States. Today, Texas
Tech is recognized as one of the leading centers for
mammalogy in the country, and RJB played a primary
role in creating that reputation (L. Bradley et al. 2005).

The literature on scientific publication in many
fields shows a relationship between aging and research
productivity in academic scientists, with some sugges-
tion that, on average, scientists become less produc-
tive as they age (Levin and Stephan 1991). Whether
productivity peaks early or builds slowly, much of the
data reveals a decline in productivity for many scientists

from the ages of 25 to 65 (Horner et al. 1986). Clearly,
that was not the pattern for RIB, who was remarkably
consistent in authorship of papers. In fact, some of
his most productive years were between the ages of
58 and 68. Scientists who are productive and publish
many papers tend to remain productive throughout their
careers although some decrease their publication rates
after middle age because of competing commitments.
Some scientists as they age spend less time in research
and a larger proportion of time in administrative posi-
tions. This was not the case for RJB.

Social scientists have estimated that the age at
which highly cited scientists produce their most cited
papers is between 37 and 50 years (Garfield 1981).
Again, we see an exception in RJB. His two most
highly cited papers about the genetic species concept in
mammals (discussed above) appeared in 2001 and 2006
when he reached the age of 59 and 64, respectively. He
remained highly productive (both in number of publica-
tions and citation counts) until his retirement in 2015.
This followed the tragic death of his son Bobby in 2012,
which had a dramatic impact on both Robert and his
wife Laura, and the onset of major health challenges
following years of fighting diabetes and heart problems.

Highly creative scientists often seem to experi-
ence a midlife transition from a more empirical to a
more theoretical focus in publications (Jackson and
Rushton 1986). Most scientists prefer research driven
by theoretical concerns rather than social benefits, as
scientific reputations are typically founded on contribu-
tions to ongoing scientific debates (Kelly and Jennions
2006). We see evidence of this early in RIB’s career.
In 1978, he and Hugh Genoways published a paper in
the Special Publications of the Philadelphia Academy
of Sciences (cited 150 times) describing the island bio-
geography of bats in the Caribbean Basin. This was the
first comprehensive account of the distribution of bats
across a large oceanic archipelago, and it formed the
basis for numerous comparative analyses in island bio-
geography that continue today (Schmidly et al. 2017).

Beginning in 1979, at the age of 37 (a dozen years
after receiving his doctoral degree), RJB began to pub-
lish papers about theoretical issues in systematics and
evolution. The first of these publications emphasized
systematics and chromosomal evolution in mammals,
including three seminal papers published with one



28 SpEcIAL PuBLicATiONS, MUSEUM OF TEXAS TECH UNIVERSITY

of his Ph.D. students, John Bickham, “Canalization
model of chromosomal evolution” (published in 1979
in the Bulletin of the Carnegie Museum of Natural His-
tory and cited 153 times), “Karyotypic megaevolution
model of chromosomal evolution” (1980 in Systematic
Zoology with 217 citations), and “Monobrachial model
of chromosomal speciation” (1986 in Proceedings of
the National Academy of Science with 287 citations).

These early theoretical papers were followed by
numerous contributions refuting the dogma of deme
size models of chromosomal evolution. These papers
included an article published in Cytogenetics and Cell
Genetics with Michael Haiduk, Lynn Robbins, and
Duane Schlitter (1981, “Chromosomal evolution in
African megachiroptera: G- and C-band assessments
of the magnitude of change in similar standard karyo-
types”) that was cited 32 times, a paper published
in Systematic Zoology with Ben Koop and Michael
Haiduk (1983, “Resolving systematic relationships
with G-bands: a study of five genera of South Ameri-
can cricetine rodents”) that was cited 78 times, and an
article in Evolution with Ronald Chesser (1986, “On
factors affecting the fixation of chromosomal arrange-
ments and neutral genes”) that was cited 44 times. At
about the same time another series of papers followed
that addressed computer modeling of chromosomal and
genetic evolution. These included a paper with Ron-
ald Chesser, Ben Koop, and R. A. Hoyt in the journal
Genetica (1983, “Adaptive nature of chromosomal
rearrangements: differential fitness in pocket gophers™)
that was cited 35 times, a paper in Systematic Zoology
(1984, “Karyotypic megaevolution by any other name:
a response to Marks”) that was cited 12 times, and a
paper published in Current Mammalogy (1987, “Role
of chromosomal banding patterns in understanding
mammalian evolution”) that was cited 96 times. He
also continued to publish papers proposing classifica-
tions for phyllostomid bats, including a paper published
in Systematic Zoology in 1989 that has been cited 111
times. In that same year he published an article in the
journal Evolution (cited 119 times) concerning hybrid
zones between genetically distinct populations. At the
time, it was considered the premier study of that subject.

In the 1990s, RJB began publishing papers about
gene conversion and genome evolution and organiza-
tion. The most highly cited of these papers (“Evidence
for biased gene conversion concerted evolution in

ribosomal RNA”) was published in 1991 with David
Hillis, Craig Moritz, and Calvin Porter in Science and
was cited 392 times. He published several papers on
genome evolution and organization, the most cited of
which was a paper published in Chromosoma in 1990
and written with nine other authors, “Distribution
of non-telomeric sites of the (TTAGGG), telomeric
sequence in vertebrate chromosomes,” that received
586 citations.

In 1994, RJB initiated his collaborative work
at Chernobyl, resulting in 40 publications about the
impact of low-level radiation on mammals. Overall,
this research showed that current radiation doses near
Chernobyl were not sufficient to yield high mutation
rates or prevent population maintenance, which was
contrary to the scientific dogma at that time (Geno-
ways et al. 2018). Initially, however, RJB’s Chernobyl
research resulted in a publication in Nature in 1996
about levels of genetic change in rodents that was
featured on the cover of the magazine and received 87
citations. Unfortunately, that paper had to be retracted
because of bad data (see Genoways et al. 2018 for a
full discussion), and a 1997 paper in the same journal
included the corrected data. The lack of any significant
mutation rate, documented in the retracted paper, was
met with opposition by several groups wanting to use
the Chernobyl accident as an activist campaign against
nuclear energy. Robert, with his colleague Ronald
Chesser, eventually responded with an article in 2000
in the journal Environmental Toxicology and Chemistry
(cited 67 times) suggesting that protection from human
impact provided by the exclusion zone was actually
beneficial to wildlife and an unintended consequence
of the accident.

In 2001 and 2006, Robert, along with his former
student and subsequent colleague Robert Bradley,
proposed the genetic species concept for mammals in
two seminal papers (“A test of the genetic species con-
cept...” and “Speciation in mammals and the genetic
species concept”) that were published in the Journal
of Mammalogy and have been cited 597 and 642 times,
respectively. These are the two most highly cited papers
for which RJB was on the author-line.

In 2014, toward the end of his career, RJB joined
with several of his colleagues and students to produce
two important papers in the area of collection manage-
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ment. These papers (Baker at al. 2014 and R. Bradley et
al. 2014) addressed the value of natural history collec-
tions, issues regarding their long-term growth and care,
and the cost of curation and long-term care of mammal
specimens in natural history collections. These papers
were among the most comprehensive ever published
about this subject.

RIJB conducted his work in what has been termed
the lab-field border of biology (see Kohler 2002 for
a discussion), and he worked within the paradigm of
evolution. While much of his fieldwork involved pick-
ing field sites that could provide “natural experiments”
to test evolutionary theory, his work in the lab focused
on the application of modern scientific technological
advances to test hypotheses based upon his field data.
His creativity appeared early and was evident in every
decade of his career. He was an early pioneer in the
adoption of karyotypes and the study of chromosomes
for use as population markers to determine species
distinction and interpret phylogenetic relationships in
mammals, particularly bats. One of his earliest papers,
“Karyotypes and karyotypic variation in North Ameri-
can vespertilionid bats,” published in the Journal of
Mammalogy in 1967, remains on the list of his most
cited papers with 180 citations (see Table 8).

At critical junctions in his career, he adopted new
pioneering techniques to keep his lab on the “cutting
edge” of scientific work about important questions in
systematics and evolution. In the decade of the 1970s,
he advanced his chromosome research to include the
use of in situ hybridization and G- and C-banding
techniques. This resulted in several research papers
in high-quality journals such as Systematic Zoology
(e.g., 1979 with John Patton, “Chromosomal homology
and evolution of phyllostomatoid bats” that received
117 citations) and in the journal Evolution (e.g., 1978
with Ira Greenbaum and Paul Ramsey, “Chromosomal
evolution and the mode of speciation in three species of
Peromyscus” that was cited 60 times). Keeping up with
advances in technology, especially in such a dynamic
field as genetics, is one of the most difficult challenges
that anyone can have in their career, and Robert was
obviously very good at it.

Also in the 1970s, he incorporated starch gel
electrophoresis to produce several important papers that
contributed to his growing reputation in science. These

articles were published in Evolution (1975 with Robert
Selander, Donald Kauffman, and Stephen Williams,
“Genic and chromosomal differentiation in pocket
gophers of the Geomys bursarius group” that received
84 citations), Systematic Zoology (1976 with Ira Green-
baum, “Evolutionary relationships in Macrotus...” that
was cited 57 times), and Comparative Biochemical
Physiology (1976 with Donald Straney, Michael Smith,
and Ira Greenbaum, “Biochemical variation and genic
similarity of Myotis velifer and Macrotus californicus”
that received 12 citations).

In 1986, he took a one-year sabbatical from
Texas Tech to work at Harvard with one of his former
students, Rodney Honeycutt, to learn some of the tech-
niques of modern molecular biology. This move helped
to further broaden his scientific repertoire, which began
to show up in his publication record in the 1990s; this
was one of the most productive periods of his career.
Significant papers from this era included topics such
as in situ hybridization, restriction enzyme mapping,
and eventually DNA sequences. Some of his most
important papers were published in the journals Evolu-
tion (1989 with Scott Davis, Robert Bradley, Meredith
Hamilton, and Ronald Van Den Bussche, “Ribosomal
DNA, mitochrondrial DNA, chromosomal and allo-
zymic studies on a contact zone in the pocket gopher,
Geomys” that was cited 119 times), Chromosoma
(1990 with Meredith Hamilton and Rodney Honeycutt,
“Intragenomic movement, sequence amplification and
concerted evolution in satellite DNA in harvest mice,
Reithrodontomys ...” that received 70 citations), and
a special volume published by the American Museum
of Natural History to honor the contributions of Karl F.
Koopman (1991 with Rodney Honeycutt and Ronald
Van Den Bussche, “Examination of monophyly of bats:
restriction map of the ribosomal DNA cistron” that has
been cited 32 times).

Systematic biologists increasingly contribute
knowledge in nontraditional ways that were previously
ignored in the broader scientific arena (see McDade
etal. 2011). For example, they submit data to central
repositories from which data can be retrieved and used
by others (e.g. GenBank), and through their field and
curatorial work in collections help to build basic in-
frastructure to study biodiversity. We see evidence of
these contributions through RBJ’s work. As described
in his obituary (Genoways et al. 2018), he was a tireless
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collector of scientific specimens and associated ancil-
lary data (tissues, karyotypes, etc.). At the time that
Baker joined the biology faculty at TTU, the mammal
collection contained about 5,000 specimens; today,
the collection numbers more than 140,000 specimens.
While other mammalogists who worked at Texas Tech
and their students contributed to the growth of the mam-
mal collection, RJB certainly played a prominent role
not only in contributing specimens but also by securing
institutional and outside funding to provide critically
needed infrastructure to support the collections (L.
Bradley et al. 2005).

Similarly, he worked on interdisciplinary and
transdisciplinary research projects, using bioinformat-
ics and genomics, to link heretofore disparate fields of
science to address broader societal problems associated
with natural resource management issues. For example,
he and his colleague, Nick Parker, joined with one of
us (DJS) in the use of bioinformatics as a major tool
for planning how the Texas Parks and Wildlife De-
partment might address conservation and recreation
issues in the State in the 21% century (see Schmidly
et al. 2002). Unfortunately, the results of this work
were completely ignored by Texas politicians and as a
result the park system is dealing with many problems
today. This really rankled Baker, who told one of us
(DJS) that he never wanted to be involved again with
a project in which good science was ignored in favor
of bad politics!

During the last few years of his research career,
Robert was obsessed with being able to use genomics
and next generation sequencing methods to address
research questions in the context of phyllostomid bat
evolution and the genetic architecture of chromosomes.
Although his untimely death precluded the fruition of
his dream, he did see some projects published, includ-
ing a paper published in the journal Molecular Ecology
(2012 with 10 different authors, “Microbiome analysis
among bats describes influences of host phylogeny, life
history, physiology and geography” with 70 citations),
a second paper in the journal PLoS ONE (2014 with
nine authors, “Dietary and flight energetic adaptations
in a salivary gland transcriptome of an insectivorous
bat” with six citations), and a third paper in Frontiers
in Ecology and Evolution (2015 with Caleb Phillips,
“Secretory gene recruitments in vampire bat salivary
adaptation and potential convergences with sanguivo-
rous leeches” with seven citations).

Some scientists make huge contributions through
their mentoring of students and generosity with ideas,
skills, and time (Kelly and Jennions 2006). Although
RJB made major scientific accomplishments through
his research and publications, his greatest impact may
well be through the students (undergraduate and gradu-
ate) that he trained. As John Steinbeck once said, “I
have come to believe that a great teacher is a great
artist, and that there are as few as there are other great
artists. Teaching might even be the greatest of the
arts since the medium is the human mind and spirit.”
(Steinbeck 2003).

The supervision of Ph.D. students, who have
projects related to their supervisor’s research, has been
found to have an independent effect on scientific pro-
ductivity. Graduate students are regarded as an impor-
tant resource in research activities. They do much of the
time-consuming data collection and data analysis work,
and as supervisors, faculty may become co-authors of
publications with graduate students. Recent studies
have shown that more productive scientists are more
than twice as likely to have large groups of graduate
students than are less productive scientists. Similarly,
a positive correlation has been demonstrated between
the number of graduate students faculty supervise and
their productivity (Kyrik and Smeby 1994).

Although it is difficult to obtain comparable
numbers, it seems doubtful that any mammalogist has
produced more undergraduate and graduate students
and post-docs (130) who published on mammals than
RJB. More than three-quarters of his Ph.D. students
hold academic appointments at American and inter-
national universities and continue to publish work on
mammals. The most effective graduate supervisors
tend to be dedicated, productive researchers who have
achieved eminence in their own fields, and they work
closely with their students, often in the form of col-
laboration on published research (Morales et al. 2017).
Through close personal interaction and collaboration,
an eminent graduate supervisor models and transmits to
the student an insider’s tacit knowledge of how science
is pursued and what it takes to be successful in scientific
research (Schwartz no date). Clearly, RIB exhibited all
of these attributes in his work with students.

Participation of women in the field-oriented
vertebrate biological sciences was almost non-existent
prior to 1960, and mammalogy certainly followed this
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trend. The reasons for this are myriad—not many
women in any of the sciences, family obligations, belief
that women could not withstand the rigors of domestic
and international fieldwork, lack of opportunities, and
the difficulty of breaking through in a male-dominated
area of study. However, beginning in the late 1960s
and early 1970s, women were entering these fields,
including mammalogy (Genoways and Freeman 2001).
RJB did not start this trend, but as graduate advisor he
certainly accepted and supported women graduate stu-
dents. His first female graduate student was Margaret
A. O’Connell, who entered his program in 1973, com-
pletinga MS in 1975 and a Ph.D. in 1982. Her graduate
work included rigorous fieldwork in West Texas and
New Mexico and in Venezuela. She is currently Profes-
sor in the Department of Biology at Eastern Washington
University. Several other "pioneering" women received
graduate degrees during the 1970's and 1980's, includ-
ing MS students Rebecca A. Bass, Laurie Erickson,
Anette Johnson, Karen McBee, Kim Nelson, and Hae
Kuyng Lee, and Ph.D. student Meredith J. Hamilton.
In total, 22 of RJB’s MS graduates (46%), 18 of his
Ph.D. graduate students (36%), and five (50%) of his
post-doctoral associates were women. In later years,
more women were probably attracted to mammalogy
as the laboratory phases of the work came to dominate
studies in the discipline. However, all of RJB’s female
students, and in fact all his students’ incorporated strong
field-oriented elements as well as the laboratory studies.

Robert’s graduate students also were very suc-
cessful in receiving awards for their research work.
Between 1972 and 2015, the American Society of
Mammalogists (ASM) granted 45 Shadle fellowships,
recognizing accomplishments in mammalogy by a
graduate student, and six of these went to RJB students
(William Blier in 1972, Ira Greenbaum in 1977, Craig
Hood in 1984, Ronald Van Den Bussche in 1988, Rob-
ert Bradley in 1990, and Sergio Solari in 2005). Two
of his students, Sergio Solari (2006) and Peter Larsen
(2010) also won ASM Fellowships, the highest student
award given by the society (first awarded in 2001).

It was one of the disappointments of his career
that Robert was not admitted to the National Academy
of Sciences (NAS). For most of his years at TTU, the
university did not have any faculty members in any
of the national academies, and Robert wanted to be
the first. Two of us (DJS and RDB) made attempts to

promote his candidacy but we were not successful for
reasons that were never divulged. Our opinion was
that without anyone inside the academy to promote
his cause that it would be difficult to achieve. Today,
TTU has faculty members in the National Academy
of Engineers and recently hired its first member of the
NAS (Texas Monthly 2018). The institution still lacks
a “home-grown” member of the NAS.

RJB’s Personality

What personality traits accounted for RJB’s
prodigious productivity? If you knew him well, and
understood his personality, it is not difficult to ascertain
why he was so successful. And, from the literature
(see below) it becomes evident that his profile is not
unlike that of many other highly productive and cre-
ative scientists.

Using the Disc Model of Human Behavior (Rohm
2005), RJB would be characterized as having a “high D
personality style” (dominant, direct, demanding, deci-
sive, determined, doer). High Ds are a powerful group
of people who are made to be world-changers with a
vision (Rohm 2005). They are known to be intense,
knowing two speeds in life—zero and full throttle...
mostly full throttle. They communicate in a very direct
manner, saying what they mean and meaning what they
say. They decide quickly—almost effortlessly and with
confidence, and they like control and choices. They
would rather do something and take a risk versus doing
nothing at all. They are results-oriented and are willing
to overcome challenges as necessary to meet their goals.
D’s are passionate, and they can be tremendously loyal.
While they can be seen as being all about “getting-it-
done,” they also have feelings and personal needs that
may not be apparent. Those who work with a high
D learn not to take everything that a D does or says
personally—especially when a D is on-task. They are
wired to achieve their goals, but it is amazing how much
a D type person can relax after checking off the task
at hand. Until then, they are focused and determined.
Even with an orientation toward task, D types can be
very caring. They often express their feelings by doing
something for others—often behind the scenes.

Several studies have attempted to explore the
personality disposition in the creativity of university
scientists who produce superior scientific work (Rush-
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ton et al. 1986; Parker et al. 2010). Many, like RJB,
seem to exhibit classic type A behavior (aggressive,
incessantly struggling, time oriented, hostile when
frustrated). Other factors identified that influence
research productivity and distinguish creative individu-
als from their peers are: a high level of initiative and
radical imagination; energy, curiosity, and motivation;
a strong personality and well-articulated self-concept;
intelligence and learning capability; professional com-
mitment and preparedness to take risks; persistence in
situations of failure; cognitively complex with a par-
ticular thinking style; fortunate to enjoy a supportive
institutional context; and distinctive goal orientations
and concerns for advancement. RJB exhibited all of
these traits, and with his type A and high D personality
styles, he was driven to set high standards for himself
and his students.

Variations, of course, can be expected but anyone
who knew RJB well would recognize these traits both
in how he perceived his work and his life. He was
more than willing to admit to his “type A” personal-
ity and he seemed to try to live daily by his motto
“anything worth doing is worth overdoing.” To those
who did not know him well and could not appreciate
his strong personality and put his forthrightness into
context, he could come across as intimidating when,
in fact, he never intended to convey that impression.
As a type 1 diabetic, he sensed that he had a limited
amount of time to accomplish what he wanted in life
(see his obituary for more detail about how this disease
impacted his life; also see Baker 2005). He moved at
top speed, especially when he was on a field trip. He
had incredible drive and talent. Whenever he decided
to act, he expected everyone to get on board. One of
his favorite mantras came from General George Patton,
“Lead, follow, or get the hell out of the way.”

He also knew how to relax and have fun, which
contributed to his creativity. He loved his ranch and
being outdoors on his property, and he loved to train
dogs and work with cattle. Hunting was a favorite pas-
time, and some of his best ideas came from discussing
science with colleagues while on duck, pheasant, deer,
or elk hunting excursions. He also loved his family,
including his children April and Bobby, Laura, his wife
of 39 years, and his grandchildren. The greatest tragedy
of his life was the death of his son at the young age
of 26. This affected both him and Laura in profound

ways, both personally and professionally, from which
they never fully recovered. More about RJB’s person-
ality and life can be found in his published obituary
(Genoways et al. 2018).

A Personal Note of Appreciation

The purpose of this article was not to portray RJB
as a genius or a saint, for he was not. Like most of
us he had his demons and issues. He could be “quick
tempered” and “go off”” at a moment’s notice, especially
if he was in the midst of an intense productive period
or under stress. There could be considerable lightning
and thunder, but usually the mood quickly shifted to a
gentle rain. But he had many good qualities—he en-
joyed life, both professionally and personally—and he
loved his friends, both professional and personal. We
wish we had a nickel for every occasion that he bought
flowers and sent them to someone he thought he may
have offended or who took the time to help him out.

He especially enjoyed the outdoors and fieldwork.
He loved the land and all of its products. In many
ways, he was happiest while in the field, collecting
bats, rodents, or other critters, but he also loved his
work in the lab and he had a passion for collections
and scientific databases. He adored his family, with
all his heart, and his golden retrievers. He was equally
at home on a farm or ranch, working cattle and raising
crops, fishing, hunting for waterfowl, game birds, and
large mammals. And, he enjoyed sharing these pas-
sions with his friends.

His record of achievement includes not only the
sheer quantity of publication and citation counts, but
also training and mentoring students to effectively com-
municate and work with other colleagues to address a
broader work spectrum in biology. By any reasonable
definition and criteria, he was a productive, creative
scientist and one of the most successful mammalogists
ever to live. He left a strong legacy in mammalogy
with the many students that he mentored that continue
to work in the field. In all of these regards, he will be
remembered and missed.

No greater accolade can be bestowed on a profes-
sor than that from his students. One of RJB’s doctoral
students, Rodney Honeycutt (personal communication
to DJS), provided these comments in a letter of appre-



ciation that was written to RJB on the occasion of his
retirement from Texas Tech in 2015:

“Robert, I thought this day would never come.
I guess I always assumed you were invincible in
terms of never actually standing down from your
position at Texas Tech University. Perhaps it is
just my way of being sad for the fact that all of us
are getting older and beginning to realize that we
are fast approaching the twilight of our careers.

Throughout my 31 years as a university profes-
sor, I truly believe that one’s greatest legacy is
the contribution made to the next generation of
scientists. Remembrance through publications
and science citation indices are ephemeral, and
as [ am constantly reminded by my undergradu-
ates, even great scientists are seldom recollected,
unless their names will appear on impending
exams. Although you have amassed an exceed-
ingly impressive academic record, I feel that the
best memories of you will be in the hearts and
minds of all gathered to celebrate your retire-
ment. Clearly, Robert, you are both loved and
respected.

Each of us [your students] came to Texas Tech
as unfinished canvases, exposing promising
outlines and many imperfections. In essence, we
were like Michelangelo’s unfinished sculptures
struggling to become free from the marble. I
remember talking with you for the first time
about coming to Texas Tech and working in
your program. You said, “If you are not already
a good scientist, I cannot make you one. All I
can do is knock off the rough edges.” Well, I
had a hell of a lot of rough edges, and you did
not spare the hammer and chisel.

When I was a postdoc with M. J. D. White in
Australia, he lamented about his lack of ability
to attract outstanding graduate students during
his tenure as Professor of Genetics at Melbourne
University. In contrast, Michael said that Spen-
cer ‘Spinny’ Smith-White, a botanist at the Syd-
ney University, was the major advisor for many
of the prominent geneticists in Australia at that
time. This was despite the fact that ‘Spinny’
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was neither a Fellow of the Royal Society nor
a foreign member of the National Academy of
Science in the United States. Michael was both.
After meeting ‘Spinny,” it became clear to me
why he was such a successful mentor. He created
an academic atmosphere that encouraged his stu-
dents to be independent, creative, argumentative,
and enthusiastic. Many of his students worked
on projects far from ‘Spinny’s’ interest, but all
were first class thinkers and scientists.

Robert, I am unsure as to how much planning
went into the establishment of your program at
Texas Tech, but to me the program definitely
mirrored ‘Spinny’s’ program in Australia. You
always demonstrated an uncanny ability to get
the best from us without micromanaging. You al-
lowed us to grow and to take a leadership role in
the program. We learned how to work as a team,
how to both present and defend our research, and
how to become active members of our discipline.
I can tell you that many of my junior professors
would benefit from exposure to Robert Baker’s
program. It taught me how to be self-sufficient
as a scientist, and I am personally grateful for
your support, encouragement, and guidance.

Finally, Robert, one of the greatest honors I
received is when you took your sabbatical with
me at Harvard. It was a role reversal, and I ap-
preciate the humble way you approached learn-
ing new things. You even got to see me throw a
Baker temper tantrum. The apple does not fall
far from the tree.

Thanks, Robert, for being my mentor and friend.
You changed my life, and I will always have fond
memories of my time in the Baker program. In
fact, I have your picture with a bat net that stands
behind my desk. When I look at that photo, I wait
for that chisel to knock off another rough edge.

I remember the lifelong friends and colleagues
that I made at Texas Tech. We were and are
a family, and you are definitely our academic
father. Have a great retirement, Robert!

Love, Rodney”

33
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Another one of Robert’s Ph.D. students, John
Bickham, made these remarks in his encomium state-
ment about Robert, which is germane to his remarkable
talent:

“A great thing about working in the field of
science is that you get to meet many brilliant
people. Some are humble, others are not. Some
are fun to be with, and to work with, and others
are not. Some you want to be friends with, and
others you don’t. Robert was definitely one that
you wanted to be around! Like all successful
scientists, Robert had a brilliant mind and was a
deep thinker. But you might not detect it in casual
conversation because he had a very down-to-
earth way of talking to people. But the sharpness
of his mind became apparent when you worked
together on papers, or if you challenged him
to any kind of serious discussion from politics
to poetry. But that is not what made him great
in my view. Rather it was his intelligence in
combination with his tireless drive, outstanding
leadership ability, and his personal charisma that
set him apart from many of the greats of our field
of science. In mammalogy, he will always be a
legendary figure. With his passing, he takes his
place among the legends, among the people on
whose shoulders we stand.”

Finally, there is this testimonial from Amy Bick-
ham Baird, an undergraduate student who worked in
Robert’s lab:

“When I decided to go to Texas Tech for my
bachelor’s degree, Robert became my mentor.
Robert treated me like his graduate students,
assigning me independent research projects
and requiring me to present my results at local,
national, and international meetings. At first, I
was terrified of public speaking, but Robert knew
that challenging me to do it would be valuable
for my future. Of course, he was right, and |
am so thankful that he pushed me out of my
comfort zone. As a sophomore, he let me travel
to Chernobyl to participate in a conference and
see my research sites first-hand. I did not know
how unique my undergraduate research experi-
ence was at the time, I just knew that I loved it.
[ ended up publishing 4 papers and giving about
10 talks at meetings in my 3 years at Tech. No
other mentor could get that kind of productivity
from an undergraduate!”

Amy went on to complete her Ph.D. at the Univer-
sity of Texas, and is currently a tenured faculty member
at the University of Houston Downtown Campus.

CONCLUSION

Robert’s publication record along with the cita-
tions of his work speaks for itself. By any definition
he was prolific and creative. Although evaluating his
mentoring of graduate students was more subjective,
the sheer volume of students and their placement in
academic institutions attest to arguably his most sig-
nificant long-term influence on biological science and
on mammalogy.

Robert clearly was one of the most influential
mammalogists of the latter half of the 20™ century and
the early part of the 21% century. His cadre of students
and extended program seeded through these students,
who became established at other institutions, led the
approach to evolution and systematics into the 215 cen-
tury and were instrumental in incorporating the latest
laboratory techniques in genetics, adding arrow after

arrow of evidence to the systematist’s quiver. Starting
with karyotyping and chromosome banding, through
the heyday of protein electrophoresis, restriction en-
zyme mapping, initial forays into DNA sequencing,
to incorporation of a genomic approach, Robert was
at the forefront throughout his career. The only other
person with similar impact during this same time period
would be James L. Patton of the Museum of Vertebrate
Zoology at the University of California-Berkeley, who
was a fellow Ph.D. student, colleague, and friend of
Robert’s. Both became giants in the field of mammal-
ogy and systematic biology.

We close our tome to Robert James Baker with a
poem about both life and death. Robert enjoyed poetry
(his favorite poet was Nikki Giovanni, for whom he
named a new species of bat, Micronycteris giovanniae)
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and to us it represents a fitting tribute to a friend that we
loved and respected both in life and death. The poem,
shown below, was written in 1903 by Edmund Vance
Cooke. One of us (DJS) showed this poem to Robert,
and he agreed that it was pertinent. We believe that
he would appreciate having it included in a volume
honoring his work.

“How Did You Die?”

Did you tackle that trouble that came your way
With a resolute heart and cheerful?
Or hide your face from the light of day
With a craven soul and fearful?
Oh, a trouble’s a ton, or a trouble’s an ounce,
Or a trouble is what you make it.
And it isn’t the fact that you’re hurt that counts
But only how did you take it?

You are beaten to earth? Well, well, what’s that?
Come up with a smiling face,
It’s nothing against you to fall down flat,
But to lie there—that’s disgrace.
The harder you’re thrown, why the higher you
bounce;

Be proud of your blackened eye!
It isn’t the fact that you’re licked that counts;
It’s how did your fight and why?

And though you be done to death, what then?
If you battled the best you could;
If you played your part in the world of men,
Why, the critic will call it good,
Death comes with a crawl, or comes with a pounce,
And whether he’s slow or spry
It isn’t the fact that you’re dead that counts
But only, how did you die?

This poem says volumes about RJB and the way
he lived life. He lived with passion, courage, and
intensity. He fought a terrible disease for most of his
life, but refused to let it define him or bring him down.
He committed his life to the good work of science and
efforts to better understand the natural world. He died
with dignity, and we believe knowing that he had done
his best! To us he was not only a good friend but a
valued colleague and inspiring mentor.
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BIOTERRORISM AND BIOWARFARE: A CONTINUING DEFENSIVE ROLE FOR
MAMMALOGISTS

AN Essay

CARLETON J. PHILLIPS

ABSTRACT

The idea of using biological agents or their toxins as weapons (biological warfare—BW) is
an ancient concept of warfare—a combination of terrorizing, killing, or demoralizing an enemy.
In the modern era, biology provides opportunities for national governments and transnational
terrorists to access weapons that have noteworthy political impact. In this essay, [ share some of
my own experience while serving with the rank of Senior Executive Service (SES) in the United
States Government, and as a Foster Fellow recruited to the Office of Proliferation Threat Reduc-
tion at the Department of State and as a Special Advisor on Nonproliferation to the Coalition
Provisional Authority in Iraq. In addition to discussing the political atmospherics in Washington,
DC, I also include information about the search for BW in Iraq. The main theme of this essay is
simple: the United States needs an organized BW response team that includes mammalogists with
field skills and the capability of conducting research on genetics. This is true because mammal
species’ distributions are a critical part of understanding zoonotic (animal-borne) diseases that
have potential value as biological weapons. Historically, mammalogists have had noteworthy
roles in United States defense and preparedness against BW. In 1943, the United States created
the Naval Medical Research Units (NAMRU-2 served in the South Pacific) that could detect
and respond to Japanese bacteriological warfare. In the Korean conflict and again during the
Cold War, mammalogists conducted research on such diseases as hemorrhagic fever, attempting
to distinguish natural and intentional sources of disease on the battlefield. The United States
organized and led two international coalitions; the first attacked Iraqui forces in Kuwait (1991,
Operation Desert Storm), and the second invaded Iraq (2003, Operation Iraqui Freedom).

Key words: anthrax, Baghdad, Rollin H. Baker, Coalition Provisional Authority in Iraq,
Cold War, glanders, E. Raymond Hall, Iraq, ISIS, Japan, J. Knox Jones, Jr., Korean conflict,
NAMRU-2, Office of Proliferation Threat Reduction, plague, Russia, Robert Traub, World War
II, zoonotic disease

INTRODUCTION

“On a bleak island in the Aral Sea, one hundred
monkeys are tethered to posts set in parallel rows
stretching out toward the horizon. A muffled thud
breaks the stillness. Far in the distance, a small metal
sphere lifts into the sky then hurtles downward, ro-
tating, until it shatters in a second explosion. Some
seventy-five feet above the ground, a cloud the color
of dark mustard begins to unfurl, gently dissolving
as it glides down toward the monkeys. They pull at
their chains and begin to cry. Some bury their heads
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between their legs. A few cover their mouths or noses,
but it is too late: they have already begun to die. At the
other end of the island, a handful of men in biological
protective suits observe the scene through binoculars,
taking notes. In a few hours they will retrieve the still-
breathing monkeys and return them to cages where the
animals will be under continuous examination for the
next several days until...[they all die, one by one]...
of anthrax or tularemia, Q fever, brucellosis, glanders,
or plague.” (Alibek and Handelman 1999).
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One morning in summer of 2003, I received an
odd telephone call in my office at the United States
Department of State. In a goofy voice caused by the
scrambler electronics, a friend simply said: “let’s
have lunch today at such and such restaurant near the
Pentagon.” Agreeable, I took the train from Foggy
Bottom and arrived in Crystal City Mall at the ap-
pointed time. My friend was sitting with another per-
son, unknown to me. He did however have the look
of being a scientist and maybe even a biologist—sort
of rumpled, unshaven, and inelegant in contrast to the
earnest Pentagon civilians in their business attire and
the clean-cut, uniformed colonels cruising the mall by
the dozens. This stranger was too nervous and edgy to
eat his hamburger. But my guess was a good one; the
fellow was a microbiologist and that alone explained
his insistence on ordering his burger well done and still
being loath to consume it. A fear of bacterial attack
is the bane of the microbiologist. It can be awful to
know too much.

All of the precautions seemed unnecessary, al-
though the microbiologist was convinced that he was
being followed and watched by persons unknown. It
was clear that his concern was that he might be seen by
‘friends’ in the intelligence community. Fear of friends
is always more acute than fear of the enemy—which in
this case I suppose was mainly Iraqi spies or al Qaeda
watch dogs.

Friends, no friends, friends in high places, dan-
gerous friends (armed), and goofy characters were just
some of the categories that were filled easily in Iraq dur-
ing the search for the nonexistent Bioweapons Program.
I spent almost ten years (2003—2011) living in a world
where [ witnessed embarrassing ignorance, willful
misdirection, or blatant misinformation linked to Iraq.
I witnessed all of these things promulgated by people
both in and outside of government. But undoubtedly
the most disturbing examples—which still make me
cringe—were instances in which major players with
legal obligations to the President simply refused to
support his Iraq project. I never got used to the fact
that certain Federal agencies and many of the United
States National Laboratories with important expertise
generally refused to participate on the ground in Iragq.

The first year and a half (until July 2004), I
worked at the Department of State as a William Fos-
ter Fellow on leave from a professorship and senior

administrative position (Assistant Vice President for
Research) at Texas Tech University. Simultaneously,
I served as the Special Advisor to the Coalition Provi-
sional Authority (CPA) on Nonproliferation. I operated
independently of David Kay’s Iraq Survey Group so
I avoided the misery of the public and private battle
between David Kay and George Tenet, who served as
DCI (Director of the CIA) under President Bush (Te-
net 2007). Instead, I worked independently and very
quietly on the development and implementation of a
Redirection Program for Iraqi scientists. The present
essay explores aspects of how my professional life in
the discipline of mammalogy related to that position
and how mammalogy historically has been a large
part of the United States’ defense against bioweapons.
The largest and most comprehensive bioweapons
program was run by the former Soviet Union (FSU),
which maintained a vast network of facilities, includ-
ing BSL-4’s at the Russian State Research Center of
Virology and Biotechnology (widely known as Vector)
in Koltsovo, Siberia, and their super-secret testing
facility, Aralsk-7, on Vozrozhdeniya Island (known as
Voz Island) in the Aral Sea, and elsewhere. The Voz
Island facility was the source of accidental release of
weaponized smallpox in 1971.

The old Soviet Program was based on the public
health system, which in turn was based on having
mammalogists and microbiologists stationed around the
FSU where they could collect specimens of mammals,
especially rodents. For their part, the species and habits
of mammals affected the characteristics of their associ-
ated pathogens. The staff scientists regularly conducted
collecting tours to sample whatever was showing up
in nature. These same people also responded and col-
lected whenever human cases of plague were reported.
This especially was the case if there was a report of
anything unusual about an infection. For example, on
the basis of these types of monitoring the Soviets gradu-
ally obtained genetically diversified plague bacteria.
Likewise, they sought genetically diversified anthrax
by collecting organisms near the entrances to uranium
mines. The thinking apparently was that exposure to
radioactivity would promote mutations and thus cre-
ate over time a genetically diversified local anthrax
population. An unknown and unexpected strain of
anthrax could create problems even for a country that
had an off-the-shelf vaccine. The Soviets thus had an
extremely dangerous BW Program.
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Not long before the Soviet government collapsed,
Ken Alibeck, an Army medical officer from Kazakh-
stan, was called to a meeting in Moscow. This is how he
described the outcome: “Lebedinsky quickly explained
the reason for the special meeting. A decision had been
made at the highest levels...[in the Soviet Govern-
ment]... he said, to arm SS-18 missiles with disease
agents...the giant SS-18 missiles, which could carry ten
five-hundred-kiloton warheads apiece over a range of
six thousand miles, had never been considered before as
delivery vehicles for a biological attack...Mikhail Gor-
bachev and his team of self-described reformers were
publically heralding a new era of rapprochement with
the West. We joked that the mysteries of perestroika
were beyond the scope of simple military men. [ don’t
remember giving a moment’s thought to the fact that we
had just sketched out a plan to kill millions of people.”
(Alibeck and Handelman 1999).

Meanwhile, back at lunch in Washington, DC,
my new acquaintance explained his rumpled look by
telling me about arriving at Dulles on his way home
from Baghdad, Iraq, that very morning. It was not
an easy trip; it involved flying on a United States Air
Force C-130 from Iraq to Kuwait followed by com-
mercial flights through Europe. The first part of the trip
was always tough and exhausting and secretive. Iraqi
insurgents affiliated with al Qaeda carried Strella-7
shoulder-fired, heat-seeking, antiaircraft missiles so
combat tactical takeoffs and landings were used in
Iraq, and that added stress to a typical mission for both
flight crew and passengers (Phillips 2004). Landings
in particular were tough on civilians, especially those
with weak stomachs and little experience. It was not
unusual to land in Baghdad amid the sounds of retch-
ing, the prop blades reversing on the four turbo-prop
engines, and the rattling of the wheels touching down
on concrete. It did not help that whenever I shuffled
aboard the aircraft in Kuwait, a fellow named Jones
who worked for Kellogg, Brown, and Root (KBR),
would come aboard and shout out something like,
“remember folks, where you’re going there are people
who want to kill you, so take care.” What strange, but
honest, advice.

The Iraqi bioweapons program was uncovered
in 1996 after the conclusion of the Second Gulf War
(Desert Shield and Desert Storm in 1991). And the bio-
weapons program was what the microbiologist wanted

to speak about. In particular he wanted to tell me about
the “mobile biological laboratories” that Secretary of
State Collin Powell had described in a retrospectively
embarrassing speech at the United Nations in New York
on 5 February 2003. Secretary Powell had argued at the
UN that the mobile laboratories were a key and sinister
feature of the current Iraqi bioweapons capability. My
new acquaintance, whose well-done burger was now
cold, had gone to Iraq to examine one of the mobile
laboratories that had been captured by our Special
Ops personnel. He explained in detail how he had
meticulously gone over the laboratory. Then came
his stunning conclusion—the mobile biology labora-
tory was not a biology laboratory at all. No trace of
disease-causing spores or other chemical contamination
was found on any of the surfaces. In particular he and
his team could find no trace of Anthrax regardless of
the markers that they tested for in their swipe samples.

I recalled the Secretary of State’s testimony be-
fore the U.N. Security Council. Secretary Powell had
shown some drawings of a mobile biology laboratory.
A trailer carried a steel box with generic metal cabine-
try and work-surfaces. One piece of equipment could
have been a large fermenter for growing microbes, but
aside from this device, nothing about the trailer seemed
connected to biology. I was not the least bit surprised,
which amazed and depressed the microbiologist. [
had already concluded that Iraq had dropped its BW
program after it was discovered by UN inspectors in
1996—seven years before the invasion called Iraqi
Freedom and capture of a mobile laboratory. “I told
you s0,” is an unpleasant thing to say, but a fairly large
number of people who studied such things on behalf of
the intelligence community were in quiet, unspoken,
agreement on the subject.

The microbiologist glanced about furtively as
he expressed concern if word got out that he had been
sharing what then was closely held information. His
concern centered on the fact that the Department of
Defense claimed ownership of whatever he had dis-
covered in Irag—which meant that it was more like a
kind of'intellectual property dispute than anything else.
President Bush had made the mistake of announcing
the capture of the mobile lab and then doubled his
mistake by implying that it was the equivalence of
finding WMD on Iraqi soil. So, some of the sensitivity
was clearly associated with the President being misled
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by his own Administration. Knowledge of what the
mobile lab really was used for possibly was being kept
from the President. Moreover, it also clearly cast doubt
on the veracity of the positions taken by some of the
Neocons in the Bush Administration. Two examples
will suffice: Undersecretary of State John Bolton and
Undersecretary of Defense for Policy, Douglas Feith.
Contrary to what Feith argued publically (Feith 2008)
and used as a foundation for decision-making, Iraq
did not have an active bioweapons (BW) program in
2002, or later. Bolton had his own issues, one of which
resulted from less than truthful statements about an
imaginary BW program in Cuba. His mistake was to
try to draw in and blame an intelligence officer who
worked at the State Department. John Bolton tried to
force the analyst to support his unfounded claims and
when he refused, Bolton then tried unsuccessfully to fire
him. I was present when Secretary Powell expressed
his full support for the analyst and his honesty—a
statement that left John Bolton standing alone, but not
in the least embarrassed (Dafina 2005; Rotella 2018).

And as the word spread that Iraq did not have
active programs, Feith took the position that, oh well,
getting rid of Saddam Hussein and his regime was good
enough reason for the invasion (Feith 2008). And of
course it only cost the United States the lives of more
than 4,000 men and women (with another 32,000 WIA)
and three trillion dollars (Stiglitz and Bilmes 2008).

Neither Bolton nor Feith knew enough about sci-
ence and bioweapons and disease processes to make ed-
ucated guesses about Iraq or Cuba or any other country
for that matter. These two men qualify as examples of
how seemingly intelligent, well-educated people can be
completely blank when it comes to science. The blame
falls with the universities where they were educated.

My goal in writing this essay is to share some of
what [ know from my own experience as a diplomat and
scientist. Biological warfare is ugly and uncompromis-

ingly dangerous, whether conducted by well-organized
wealthy nation-states, or rouge nations lacking central
government and control, or transnational terrorists such
as ISIS, or by demented individuals or loud-mouthed,
small political entities. In order to defend itself, the
United States needs to employ a complicated strategy
that includes treaties, planning, vaccine development,
and diplomacy (especially science diplomacy) (Led-
erberg 2001). A role for mammalogists is unique and
unheralded and that is what I will present here.

By chance alone in my career [ worked with many
key individuals involved in developing the United
States response and preparation for defense against
bioweapons. This unique experience is worth talking
about because the threat of bioweapons is real and ex-
panding. Beginning with WWII, the first response to
bacteriological warfare, as it was then known, included
field teams led by Colonel Robert Traub (US Army-ret.)
and Lt. Rollin H. Baker (US Navy-ret.). I did my own
first real fieldwork as an undergraduate (Michigan State
University) in mammalogy with Rollin Baker in Mex-
ico, and as a graduate student (University of Kansas) I
worked in Pakistan near the Soviet border with Robert
Traub. My Ph.D. graduate mentor, Lt. J. Knox Jones,
Jr. (USA-ret.), was the key mammal expert in Korea
and helped sort the important question of whether BW
was used by the Chinese or Soviet Union in an attempt
to break down the UN resolve. My M.S. mentor at the
University of Kansas was E. Raymond Hall, who had
the idea to get funding from the Navy to create the
critically important publication, Mammals of North
America. In 1965, I trained a group of Navy medical
and biological specialists headed for Viet Nam as part of
a NAMRU-2 unit. And finally, I had the good fortune
to have conducted research and diplomacy on BW in
Iraq and Kyrgyzstan. Collectively, I have been near
the center of BW as a threat to United States National
Security, and one objective of this essay is to share
some of what I learned from that unique vantage point.

MAMMALOGISTS AND HisTORICAL LINKS TO BW

A movie titled Green Zone with Matt Damon in
a lead role was released in 2010. A movie seems like
an odd place to look for explanations of why mammal-

ogy is a particularly valuable scientific discipline when
it comes to defending ourselves against bioweapons.
But please stay with me. The implication in the movie
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script was that our government knew that there were no
biological weapons or even an active WMD program,
and were willing to kill to protect that secret. I gathered
that the movie script was an unexpected consequence
of my colleague Alex Dehgan’s interview with a
Washington Post journalist named Rajiv Chandrasek-
aran. In his book, Imperial Life in the Emerald City,
Chandrasekaran wrote about the dangers to Alex and
me in Iraq in early 2004 (Chandrasekaran 2006). I do
not believe that Chandrasekaran fully understood our
situation working in Baghdad, although he did report
the threats that we both received. We even had some
difficulties with our colleagues.

The scientists who were part of the team in the
Iraq Survey Group (ISG) were highly stressed by their
inability to uncover hidden biological (and chemical
and nuclear) weapons, and the impact of that stress was
felt all the way from Baghdad to Washington, DC, and
back again (Tenet 2007). The scientists were excellent,
but the ISG was so large that individuals had little influ-
ence, and their boss reported to George Tenet, the DCI.
Reporting to the DCI or another head of an intelligence
agency has the feeling of reporting to a black hole in
the sense that such people tend to collect information,
and then bury it within the organizational back rooms
and darkened hallways.

The movie version of our lives was full of adven-
ture and Alex and I argued—always in good nature—
over which of us was played by Damon. We were both
wrong. It turned out that Damon’s character was not
based on us even though we knew (or believed) that we
belonged at the epicenter of the story. More important
to my essay, Alex Dehgan is a mammalogist, one of
Bruce Patterson’s Ph.D. students. Alex studied lemurs
in Madagascar and is the author of The Snow Leopard
Project and Other Adventures in Warzone Conserva-
tion (Dehgan 2019). Alex also has a law degree, which
makes for an interesting and rare combination with his
Ph.D in mammalogy.

Chandrasekaran was baffled to hear about the
field of mammalogy, and thought that it made no sense
for me to have hired Alex to deal with bioweapons
personnel still loose in Iraq. As a partial explana-
tion of why Alex, a mammalogist lawyer, got his job,
Chandrasekaran wrote that “...[Phillips] took a shine
to Dehgan, recommending that he be sent to Baghdad

to open a science center, a place where Iraqis who had
worked on weapons programs could interact with one
another and learn about new jobs.” This is sort of how
we describe “Redirection.”

Incidentally, the notion is preposterous that I
would hire a person whom I liked and then show that
I liked them by sending him or her to a warzone. But
Chandrasekaran probably did not mean to say what
he said. Demanding a more complete explanation of
why mammalogists were piling up at my office door,
Chandrasekaran pressed Alex Dehgan for an answer
and finally got him to say, “it...[the job in Baghdad]
was all based in the fact that [both of us] study animals
that give milk and have a certain number of ear bones.”
Well put, I thought. This should keep Ravi happy.

When I hired a third mammalogist, Peter Small-
wood of Richmond University, in late spring of 2004,
I failed to mention it to Ravi Chandrasekaran or any-
one else at the Washington Post. As with Alex, Peter
came to us at the Department of State as an AAAS
(American Association for the Advancement of Sci-
ence) Congressional Fellow. Peter had spent the year
working on environmental legislation in Senator Joe
Lieberman’s office. Later (2004-2005), Peter served
as Executive Director of the Department of State Re-
direction Program for Iraqi scientists (Smallwood and
Liimatainen 2011).

Having a group of three mammalogists prompted
a senior Iraqi molecular biologist to paraphrase J. B. S.
Haldane’s famous remark about the incredible number
of beetle species—Professor Ali al-Zaak said that:
“Obviously, Secretary of State Collin Powell has an
inordinate fondness for mammalogists, having sent so
many to us here in Baghdad.” The Secretary of State
appreciated the joke. Or, as mammalogist David J.
Schmidly (whose career included serving as President
of Texas Tech University, Oklahoma State University,
and the University of New Mexico) is fond of saying,
“if you want a job done right, hire a mammalogist”
(Schmidly 2005).

A lack of knowledge of the historical role or po-
tential future role of mammalogists in contributing to
ways of dealing with bioweapons programs was typical
of most of my CIA colleagues and DOD-Policy person-
nel. The same thing was true of academics interested in
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the challenge of controlling or defending against BW.
A surprising number of scholars “study” issues without
actually being involved in the fieldwork or diplomacy
needed. Collectively, all of these issues were a source
of significant frustration on my part, particularly when I
encountered scientific ignorance mixed in with politics.
The historical role of mammalogy in its most basic form
is one key to a successful strategy for preparation and
response to a biological attack based on a zoonotic—
animal-borne—disease.

Mammalogy as a scientific discipline provides
many of the tools and experience needed to support
a national strategy. More important, perhaps, our
look at historical data reveals that mammalogy was
a core discipline in one of the first U. S. Government
(USG) responses to the realization that disease could
cripple an attacking force and, thus, the potential of
BW as a threat to our troops in the Pacific—namely
the creation in 1944 of Navy Medical Research Units
(known as NAMRU). And for starters, this was the
beginning of mammalogists’ association with an aspect
of response to biological warfare. In the 1930°s and
1940’s, academic biology was not particularly diversi-
fied even though there were basic disciplines such as
bacteriology, zoology, entomology, ornithology, and
mammalogy—just to name a few of the “ologies.” In
American universities many of these subjects were
represented by single courses rather than curricula.
All of these factors are important because the histori-
cal perspective gives us a sense of the past and how
it compares to the present. There was not much of a
gap between disciplines, especially in comparison to
what we find today. The combination of mammalogy
with bacteriology made sense back in the early 1940’s.
Unfortunately, it makes less sense today because newly
acquired data accumulate rapidly, and generally speak-
ing, such data have tended to push disciplines apart.
Academically, the organismic and molecular curricula
have been restructured in such a way as to emphasize
the distinctions between them. And it has proven to
be impossible to bring all of biology back into an in-
tegrated whole.

In North America, the discipline of mammal-
ogy rests intellectually upon E. Raymond Hall and
Keith R. Kelson’s massive writing project on North
American mammals. It was unique in that it listed all

named species of North American mammals—treated
in taxonomic synonymies as dynamic versus static
data, and illustrated the geographic distribution of each
species (Hall and Kelson 1959). This work, which laid
the foundation for studying mammals comparatively,
at the most basic level, provided the raw materials for
thousands of testable hypotheses for mammalogists,
ecologists, biogeographers, and others. In terms of its
science, “Hall and Kelson” [as the original 2-volume
set of Mammals of North America came to be known]
was unique in scope, purposes, and coverages. Itisrel-
evant to our discussion because the project was mostly
funded by the Office of Naval Research (ONR). And
the ultimate goal of ONR was to create a database in
support of defensive strategies to counter the threat of
zoonosis-based bioweapons developed and deployed
by the former Soviet Union. The late James Findley,
a mammalogist and professor for decades at the Uni-
versity of New Mexico, wrote in his autobiography in
Going Afield a humorous description of the inevitable
interactions among mammalogists and the ONR (Find-
ley 2005). Findley honed in on the relationships among
the famous American mammalogist E. Raymond Hall
and his basic research on mammal species distributions
on the one hand, and official government fears about
BW and the Soviet Union on the other.

The thinking behind getting the ONR involved
in funding the research that went into writing Mam-
mals of North America was basic and fairly simple.
The argument in the early 1950’s was as follows. The
Soviet Union was thought (or known, depending on
the quality of your intelligence information) to have a
BW Program that involved the collection and ultimate
weaponization of zoonotic disease pathogens. These
zoonotic agents primarily were bacterial pathogens at
first, but later included deadly viruses such as smallpox,
Marburg, and Ebola. At least some zoonotic agents
were likely to be species-specific, which meant that
their geographic distribution possibly matched that of
their mammalian hosts. The weaponization and release
into a novel environment of such an agent potentially
could be devastating (Phillips et al. 2009). When one
reads this paragraph it is essential to remember the
timing. This discussion about “genetic” correlations
among mammal species and associated zoonotic agents
occurred at almost the same time as the discovery of
the molecular structure and mode of replication of
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DNA and at least 25 years before the development of
processes to test a hypothesis about zoonotic agents and
their genetic diversity. In 2003, the year when I had
my secret lunch regarding an imaginary Iraqi mobile
biology laboratory, 50 years already had passed since
the ONR’s funding of Mammals of North America.

As an academic activity, developing an under-
standing of the species distributions of mammals is
extremely important. Such databases can reveal the
potential sources or reservoirs of zoonotic diseases.
It also is the case that a combination of fieldwork and
laboratory time has been essential to being able to
conduct research in mammalogy. Although it might
not be obvious, the ability of field biologists to work
under incredibly difficult field conditions and to cre-
ate techniques for mating field and laboratory work is
significant. In fact, the ability to conduct fieldwork is
a necessary ingredient to success in many, but perhaps
literally not all, sub-disciplines of mammal research,
and is common enough that most of us do not even
think about it (Phillips 2005). Alex Dehgan’s book
captures much of this perspective by illustrating what
can be done in a warzone such as what he encountered
in both Iraq and Afghanistan (Dehgan 2019). Again,
there is a tradition among mammalogists to work in
places where one practically wears a target.

Rollin H. Baker was persuaded that in future
times it would make sense for civilian scientists and
mammalogists in particular to conduct fieldwork
alongside the military (Baker 1994). And I agreed
strongly in an invited speech to the Strategic Studies
Institute, where [ was asked to speak about future joint
work between civilian scientists and military units. In
reality, only a very small number of people have had
experience of working in a war zone with a mixed group
of military and civilian personnel. Historically, such
a group was not unusual in the American West, where
George Bird Grinnell did much of his bird specimen
collecting while afield as a graduate student. What gave
Grinnell an edge and stimulated his intellect was the
fact that sometimes he accompanied General George A.
Custer and the 7" cavalry. One exception was Custer’s
infamous last expedition to the Little Big Horn in Mon-
tana. In this case, in a moment of prescience, young

Grinnell turned down Custer’s offer of going afield
with him as the civilian graduate student “naturalist”
traveling with the Army.

In my experience, in Iraq, coordination with the
U.S. Army was complicated, but rewarding for both
parties. The costs of such fieldwork are astronomical
in comparison to the typical National Science Foun-
dation-funded field project involving only academic
(university) personnel, although much of the added
costs can be covered by the military team. In the
Iraq warzone a typical joint mission between Texas
Tech University and the United States Army involved
rotary wing aircraft and sometimes unmanned aerial
vehicles (UAV’s). On-the-ground military personnel,
plus backups on stand-by, vehicles (either Humvees or
MWRAPs, or both, and specialized equipment (e.g.,
portable air conditioning units) were used.

One possibility is that the military side of the
equation eventually will create a special group or unit
that can undertake joint projects with the civilian side.
The civilian side will include personnel suitable for
such work and knowledgeable about mammals, ecolo-
gy, and related subjects. One down side, which plagued
some of my own joint work in Iraq (2003-2011), is that
military units tend to have definite, short, deployment
periods of about one year. By way of comparison,
civilian scientists tend to occupy essentially the same
position for years. In the case of academic-based per-
sonnel, the time-frame is even longer—decades—on
account of low mobility.

The word “dangerous” falls short of describing
real-world working environments in which a mixed
group of military and civilian personnel might be
deployed. Possibly the closest analog in other fields
would be the microbe hunters seeking species that ex-
ist under the most extreme situations—deep sea vents,
cave soils, and the Atacama desert in Chile are just three
examples of places where fieldwork is conducted. In
principle, all of this type of research into extreme en-
vironments plays into astrobiology and the possibility
of extraterrestrial life on Mars, or Jovian or Saturnine
moons, or elsewhere in the solar system.
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BioLoGY AS A WEAPON OF WAR

To most of us, “biology” is not a weapon—far
from it. Biology is a term that we use to describe a dis-
cipline of scientific study that includes all living things
ranging from familiar mammal species to bacteria and
even the strangest of viruses. If one reads the articles
published in this memorial book or peruses some of
the articles or simply looks at the titles, there is no hint
of weapons or terrorism or anything sinister about the
study of mammalian biology.

Historians are fascinated with the challenge
of seeing how far back in time humans have used
biologically-based weapons (Hilleman 2002). Usually
the data support the idea that dead bodies were used
to contaminate water sources at least several thousand
years before the “germ theory” became common knowl-
edge. Animals have served unwittingly as war-fighting
partners of human beings and these partnerships were
very common in antiquity (Hilleman 2002). Most of the
animal species involved—in a general sense because in
most cases we do not know exactly which species were
used—were either directly or indirectly threatening.
Animals such as venomous snakes, insects, and scor-
pions can frighten hardened soldiers even more than
bullets, and species such as domestic dogs (war-dogs),
and cattle, elephants, and goats all have been used as
“biological weapons.”

An Iraqi microbiologist, Nassir al-Hindawi, who
helped weaponize anthrax for Saddam Hussein and
who introduced himself to me as the “father” of the
Iraq BW Program, insisted to me that snakes could be
used as biological weapons. In particular he told me
of a species of snake known only in Iraq that could
transform itself into a spear. This imaginary snake
supposedly could launch itself and penetrate the torso
or limbs of a human being. The triangular-shaped
head on this snake species was offered as proof that it
was the tip of the spear. It was an interesting cultural
phenomenon to find a supposedly well-trained scientist
so able to dismiss his credulity and somehow live in a
technical world side-by-side with a world of folklore.
I must add, however, that it is equally improbable to
meet this elderly gentleman and hear him talk about his
American-born children and wonder how in the same
breath he could be so proud of his designation—father

of Iraq’s BW Program. I brought him to Texas in early
2004 and asked him to speak to mammalogy graduate
students at Texas Tech University. His assigned topic
was “ethics in science.” Afterwards, for good measure
I took him to my house for dinner, which he earned by
mucking out the horse stalls.

Dr. Hindawi also had the distinction of being
the faculty mentor of Dr. Huda S. Ammash (aka, Mrs.
Anthrax or Chemical Sally or the Five of Hearts), who
was a Dean of Science at the University of Baghdad
when Operation Iraqi Freedom was launched in 2003.
Huda was famous more for her propaganda writing
ability than for her science, which she partly learned at
the University of Missouri, which presented her with a
Ph.D. in microbiology. So, in a bizarre sense she was
well-trained. Perhaps her most famous paper was en-
titled, Toxic Pollution, the Gulf War, and Sanctions: The
Impact on the Environment and Health in Iraq. As one
example of her writing we have the following absurd
statement: “...the military bombardment altered the
physical conditions of surface soil and incinerated many
areas of plant cover. This inevitably affected the seed
bank, which in turn reduced the density and composi-
tion of Iraq’s plant life...new fields of sand dunes were
created, with simultaneous increase of dust storms and
dust falls...since all the components of the ecosystem
were changed, Iraq has seen an increase in rodents and
scorpions [my italics], which has caused considerable
problems for health and agriculture” (Ammash 2002).
I looked for an Iraqi mammalogist who could identify
reliably, which species of rodents had increased in
population density, but discovered that Iraq lacked
anyone with mammal species identification skills.

The use of scorpions as a threat is my favorite
example of ancient biological warfare. At the Roman
siege of Hatra (near Mosul in modern-day northern
Iraq) in Ninawa Province in 198 A.D., scorpions in clay
pots were tossed like hand grenades. Ironically, when
ISIS (Islamic State) occupied northern and northwest-
ern Iraq, beginning in 2014, their leadership claimed
that they would be using scorpion “bombs” just as they
were used to defeat the Roman Legions of Septimius
Severus at Hatra in 198 A.D.
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Although scorpions and vipers might have been
used in ancient warfare, rodents were the most writ-
ten about sources of pestilence, even 2,000 years ago.
Rodent outbreaks characterized by rapid and visible in-
creases in population density were preludes to trouble.
It thus is not surprising that stories, myths, and religious
beliefs grew up in connection to rodents. It also is not
surprising that one can discover evidence that humans
looked for ways to use rodents to spread disease. Bu-
bonic plague is an important example. Although the
details are incomplete, there is evidence that plague
showed up in the Mediterranean cities from Central
Asia. But the working hypothesis is that plague used
as a novel weapon came into the Mediterranean from
Crimea, which was an important connection to the Silk
Road. The message here is that zoonotic diseases can
be defined in terms of their geographic distributions.
The determining factors are mostly unknown, but as
mammalogists interested in the host mammals, our
hypothesis is that hosts have genetic relationships with
the zoonotic agents and consequently they must share
both history and distributional patterns.

The thing about zoonotic diseases is that they
seem to make themselves available at times that
favor their collection and weaponization. Plague is
just one example. Population expansion and habitat
modification are often thought of as two factors that
have contributed to species “jumps” on the part of
zoonotic agents. Most—essentially all—of these
zoonotic agents were unknown or poorly known prior
to infecting human beings. So, the danger exists and
demands a response involving research on newly
discovered agents, which in turn produces exactly the
type of information needed to weaponize the agents.
An awful reality is that thanks to evolution, nature
produces new versions of old variants fairly frequently
(Phillips et al. 2009). The birth of modern concepts
of BW occurred during the First World War (WWI).
The German Army deliberately and secretly infected
horses with Burkholderia mallei, which is an intracel-
lular bacterial causative agent of glanders. Glanders
is contagious, usually attacks equids, and as a zoonotic
disease can under unknown conditions infect human
beings. And so it began.

Z.00NOTIC (ANIMAL-BORNE) DISEASES

Zoonotic diseases also are referred to as animal-
borne diseases. This means that the pathogen typically
is associated with a particular host other than human
beings (Phillips et al. 2009). Among such diseases,
the pathogenic organisms associated with mammals
rather than birds or other vertebrates usually are the
most dangerous to us. It is in this area of knowledge
that mammalogists can make obvious contributions.
In an ideal situation, all species of mammals, their
geographic distributions, and the genetics of their
particular associated zoonotic agents already would be
known. But of course we are not even close to knowing
basic information for all mammal species. Moreover,
in dealing with science there always is the challenge
of contingency. Species recognition alone is an excel-
lent example—systematics is an ever-changing playing
field. The contingent nature of species does not bother
the systematist, but can be a source of consternation
or wonder on the part of a non-expert responsible for
policy decision-making.

It would be our good fortune if it turned out that
not all species were equally likely to carry zoonotic

agents capable of jumping to humans. Until now at
least such an hypothesis seems to be supported; for
instance, bats and rodents are more likely to carry zoo-
notic diseases than are other mammals. But these two
orders account for ~50% of all mammal species, so that
leaves a large number of species that are important. The
role of bat species as potential reservoirs for zoonotic
viruses is especially notable, and the “why” questions
need to be answered (Chua et al. 2003; Li et al. 2005;
Phillips et al. 2009).

The former Soviet Union had the largest BW
Program, as measured by the variety of bacterial, rick-
ettsial, and viral agents that were studied and in many
cases weaponized. Their program also was based on
evolutionary principles, which gave it uniqueness in
comparison to any other national BW programs (Miller
et al. 2002; Phillips et al. 2009).

Using a zoonotic, or animal-borne, disease as a
weapon minimally requires two basic kinds of knowl-
edge or ability. These are: 1) knowledge of the disease
epidemiology; and 2) the ability to isolate, maintain,
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and manipulate the pathogen collected from tissues
of infected animals (Phillips et al. 2009). The same
things can be said about the basic knowledge required
for prevention of virtually any zoonotic disease, with-
out regard to its use or potential use as a biological
weapon. Obviously, at some level of comparison there
is no difference between what we need to know about
a disease in order to control or eliminate it on the one
hand and what BW personnel need to know in order
to weaponize it on the other. Ironically, then, ordinary
research on zoonotic diseases such as glanders in the
late nineteenth and early twentieth centuries was con-
ducted originally because it was dangerous to livestock
and thus important economically. But this research had
two purposes—one legitimate to veterinary medicine
and one (actually the same research) for use in an il-
legitimate biological weapons program. Two purposes,
or uses, of research—one legitimate and one illegiti-
mate—can be referred to as dual use.

The term “dual use” arose from the realization
that certain categories of research, and technology
that supported such research, could make it easy to
misuse data and technologies that had been obtained
legitimately. Dual use has become a source of dread,
especially among non-scientists with foreign policy
responsibilities. As a concept it has affected foreign
policy in that it quickly has become the basis for not
allowing U.S. companies to sell many kinds of instru-
ments abroad. The PCR (polymerase chain reaction)
device is a simple, fairly recent example of laboratory
equipment with potential for dual use. It was not only
the sale or rental of such equipment that was a cause for
concern. Instead, it was the small size and ease of use
that made policy-people nervous. This especially was

the case as the potential for transnational bioterrorism
emerged. It occurred to everyone concerned that dual
use equipment or research could make it practical for
deranged individuals or political anarchists to obtain
raw materials for creating their own bioweapons.

One lucky event arose from the failure of the
Nazi’s Germany to continue to put an emphasis on a
bioweapons program. The main reason is thought to
be the fact that Germany devoted heavy resources to
the famous (or infamous, depending on your position
regarding ex-Nazis) Wernher von Braun’s rocket tech-
nology as a weapon that might save the Third Reich.
Another reason might have been that livestock obvi-
ously had been deemphasized as a tactical component
of Germany’s military strategy. Some students of the
subject have speculated that infecting horses with glan-
ders was regarded as “fair game,” whereas infecting
humans was unacceptable. Such thinking of course is
inconsistent with the typical criminal behavior of the
German Nazi government.

One of the basic issues regarding BW will have
to be treated as an aside in this short essay. But aside
or not, it is the question of United States policy toward
enemy scientists following the defeat of their govern-
ment. There is good historical evidence that in at least
some cases, the intelligence gatherers managed to
“protect” enemies regardless of their heinous crimes
against humanity. In each instance the argument could
be made that their knowledge and experience was ex-
tremely valuable to the United States and, therefore,
their value as a resource to the United States exceeded
their value as a defendant or a corpse.

IrAQ, NATIONAL SECURITY COUNCIL MEETINGS, AND WHITE HOUSE BATTLES

Late one summer morning in 2003, I set out
for the White House, which is a reasonable (~12
city blocks) walk from the Department of State. Ac-
companying me was my colleague, Anne Harrington.
Anne was Deputy Director of the State Department’s
Office of Proliferation Threat Reduction (PTR at that
time, but now known as Cooperative Threat Reduc-
tion—CTR) and together we were writing a personnel
redirection plan for Iraq. A few years later, after a stint
at the United States National Academy of Sciences,

President Obama appointed Anne to serve as Deputy
Administrator for Nuclear Nonproliferation of the Na-
tional Nuclear Security Administration (NNSA). Inthe
course of her career, Anne published and spoke about
United States policy relevant to BW. The third member
of our party was a Foreign Service Officer, Richard
Jarvis, who had flown more than a hundred combat
missions in F-4 phantoms in Southeast Asia and who
also was very experienced as a diplomat in the Middle
East. Our shared goal was to modify the behavior of
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Images of Soviet ICBMs, including an artist’s rendering of
the lift-off of an SS-18 Satan (lower left). According to Ken
Alibek, the multiple warheads in a Satan ICBM were replaced
by containers filled with Anthrax spores adequate for killing
millions of Americans in the event of war with the United
States.
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Mobile Production Facilities For Biological Agents

Spray Dryers
Active Material Tanks

Filling Machine

Control Panel

The drawings that were part of the United States presentation to the United Nations Security Council (UNSC) by
Secretary of State Colin Powell. Too good to be true, and they were that. Post-war, it turned out that a notorious
character code-named “curve-ball” invented some of the evidence used to convince the United States Government that
Iraq had weapons programs of concern.
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The horror of Biological
Warfare (BW) as well as
Chemical Warfare (CW) are
easily seen in these images.
The top image reminds us that
ISIS used chemicals in the
residential zones in Mosul,
Iraq. The bottom image is from
the 1980s and shows Iranian
soldiers suited up and awaiting
a BW attack by Iraqui forces. It
presently is unknown whether
the Iraquis used both BW

and CW weapons in the war
between the two.
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(Upper left) Ian Hay
and Roger Hewson,
two microbiologists,
conducting research
with mammalogists in
Kyrgyzstan.

' (Upper right) Rollin H.
Baker with his collection
of mammal specimens at
Michigan State University.

(Lower left) J. Knox Jones,
Jr., preparing a mammal
specimen in Nicaragua in
1966.

(Lower right) Robert
Traub examining mammal
specimens for fleas in 1966.
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Lt. Rollin H. Baker on board
the Belknap while hunting
Nazi U-boats in the North
Atlantic. This photograph
was probably taken in 1943.
In 1944, Baker was assigned
to NAMRU-2 and deployed
to Guam in the Pacific.
Ironically, his ship was also
assigned to the Pacific, where
she was sunk by Japanese
aircraft.

The author (Carleton Phillips) stands to the right of Colonel Henry Franke, in the second position in front row. Professor
Ronald Chesser stands behind and to the left (from viewer perspective) of Phillips. Professor Peter Smallwood is
kneeling in the foreground. The mixed military-civilian scientist team had just returned from fieldwork at the Al-
Tuwaitha Nuclear Center 18 km south of Baghdad, Iraq. Photograph taken in 2005.
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(Top) Photograph of the USS Belknap underway. This is the destroyer on which Rollin H. Baker served as a line
officer prior to his service with NAMRU-2.

(Bottom) A captured Japanese Sentoku [-400. The hangar is readily seen on the deck. The crowd illustrates the
interest on the part of U.S. Navy personnel, who are standing on the deck of a U.S. submarine.
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(Top) U.S. Navy photograph of captured Sentoku submarine. This view shows the open hatch for the aft end of the
seaplane hangar mounted on the top deck mid-line.

(Lower left) A painting showing the catapult rails and a Seiran aircraft ready for takeoff.

(Lower right) Model seaplane showing wing-folding mechanism.
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A laboratory tent was provided to our Texas Tech team in the desert west of Mosul, Iraq. This tent, which was pitched
each day as needed, is an excellent example of the support provided to a civilian team of scientists by the U.S. Army.
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An an example of the types of
equipment provided by the U.S.
Army, this vehicle is called an
MWRAP. Here it is shown near
Mosul in 2011.

It is not apparent, but on this
day in 2011 it was close to 100
degrees F. Thus, in addition
to the lab tent, this portable air
conditioning system had to be

~ brought into the field.

Two HUMVEES await our team
arrival via helicopter.
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former weapons scientists by involving the Iraqis in
a new, strictly civilian government. This process is
called “redirection” and was invented when the Soviet
Union collapsed in 1991. Anne Harrington and her
colleague Andrew Weber (former Assistant Secretary
of Defense under President Obama’s Administration)
played very prominent roles in the creation and applica-
tion of redirection as a mechanism for dealing with the
thousands of Soviet biological scientists affiliated with
BW (Miller et al. 2002). Essentially all of these people
were still employed, or behaved as though they were
still employed, but without pay. The majority of these
persons were patient—a consequence of living under a
repressive Communist-style government for all of their
lives. When I was in the Soviet Union, in 1984, as an
Inter-academy Exchange Scientist (the USSR Academy
of Sciences and the United States National Academy
of Sciences), there was a mammalogist joke that was
popular in the Moscow laboratory. The joke was about
a Russian mammalogist whose book about the biology
of wild Koryak snow sheep was banned in the Soviet
Union (and he was sent to the Gulag) when political
authorities discovered the title in English was The
Sheep of the Soviet Union. The person telling the joke
generally would end it by remarking on the subtlety
of multiple meanings of the word “sheep” and by re-
marking, sheep-like, that I should not worry about the
mammalogist because he had after all embarrassed the
political authorities in the Soviet Academy of Sciences.

In Washington, where not everyone understood
Russian scientists or their jokes, the main fear was that
individuals with special skills would leave the FSU and
sell their abilities and knowledge to potential or real
adversaries of the United States. Moreover, there was
a special fear that some renegade character would sell
off samples of weaponized biologicals. This calculus
led the United States to offer its assistance in creating
secure facilities for storage of Russian samples or, bet-
ter yet, the U.S. side offered to purchase the Russian
samples. Although the Russian Federation, successor
to the Soviet Union, was willing to allow the United
States Department of Defense (DoD) to significantly
improve sample security, they refused to sell samples
to the DoD.

There were two additional, related topics that add-
ed to the concern, at least in some quarters of the U.S.
Government. During the Cold War, the Soviet strategy

involved spreading their influence. In particular, the
Soviets wished to create a broad buffer zone around
their country, which already either owned or controlled
or at least influenced a huge amount of real estate. So,
the question we might ask is: Did the Soviets share
their expertise in BW? The answer was assumed to be
no, especially in view of their paranoia about state’s
secrets. However, what they did do was provide train-
ing in such things as “industrial microbiology.” And
Iraq under Saddam was one of the recipients, at least
according to one of the participants from Baghdad.
Such relationships left a footprint, namely in this case
a footprint that committed the Russian Federation to
support Iraq versus the United States.

Anne Harrington and I reached the White House
in a driving summer rainstorm, checked in at the gate,
got our A passes, and went well-soaked to our meeting
room. As was usual, today we met in the Eisenhower
(Executive) Office Building across the driveway from
the West Wing. It is a beautifully restored old build-
ing, with an office complex for the Vice President and
the National Security Council (NSC). This particular
meeting was hosted by William Tobey of the NSC,
which at that time was headed by Condoleezza Rice.
One of the roles of the NSC is to arbitrate security-
related disagreements between Federal Agencies. Anne
and I represented the Department of State and were in
constant tugs-of-war with the Department of Defense,
and, according to Condoleezza Rice, Will Tobey’s job
was to keep things moving along in a fair and balanced
way (Rice 2011). Our project was not the only one that
received such a treatment. Larry Diamond, an aca-
demic expert on democracy and Professor at Stanford
University, dealt with the same impossible challenges
in winter of 2003 (Diamond 2005). Diamond had the
presumed advantage of being a professional colleague
and personal friend of Condoleezza Rice, but that set of
credentials did not help him. In fact, in his narrative he
expressed surprise at the fact that his connection with
Professor Rice had no positive influence at all (Dia-
mond 2005). “Welcome to the club” is what we said.

On this particular day, Anne and Richard Jarvis
and I sat across the table from a couple of our favorite
people from OSD-Policy (Office of the Secretary of
Defense for Policy). In chairs set along the walls we
were joined by colleagues from the Joint Chiefs of
Staff, the State Department, and the CIA. These wall
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hangers rarely spoke. Although their choice of seats
and body language and what they said to us in private
was strongly supportive of our positions.

Our disagreement and our discussion was about
Iraqis and whether or not the former weapons person-
nel would leave Iraq for greener pastures, the same
concern that had driven the United States Department
of State in dealing with former Russian BW scientists.
The Israelis naturally claimed that they knew with
certainty that key Iraqi weapons personnel had already
fled to Syria or Libya or Iran. The Israelis were good
at playing the Americans, especially those who were
poorly informed about geography or history.

Undersecretary of Defense for Policy Douglas
Feith agreed with the Israelis’ assessment. But he and
his representatives to our meeting also were opposed
to nation building. Confronted with certain kinds of
intelligence, Anne and I felt that it would be critically
important to draft a statement for Paul Bremer (Bremer
and McConnell 2006) that covered the question of
whether the United States felt that any weapons person
would be tried for crimes against humanity. Presum-
ably, no one was likely to be charged with such a crime
in apparent absence of an active BW program. And so
with assistance of Feith’s two representatives and the
NSC attendees to our meeting, but with no input from
the Iraq Survey Group, we drafted and “cabled” our
statement for Bremer to read at a news conference at
the CPA headquarters in Baghdad.

After collapse of the Soviet Union in 1991, there
were persistent rumors about certain individual Rus-
sians who might have gone to Iran, or Egypt, or South
Africa, or Israel to ply their BW expertise. And of
course there were several prominent scientists who
came to the United States. Funding for this remarkable
challenge was needed to keep the Russians employed in
civilian positions doing projects that were important to
human health. Two members of Congress, Sam Nunn
(D, North Carolina) and Richard Lugar (R, Indiana)
created bipartisan legislation to fund the program that
Anne Harrington and Andy Weber created (described
by Miller et al. 2002; Hoffman 2009; Dehgan 2019).
This experience was the cornerstone, or “mother,” of
what we tried to do in Iraq.

The basic idea with the former Soviet biological
warfare specialists was to create a secure situation by
focusing on the people and the fact that they could
never unlearn whatever they had learned on the job.
Another, less well known part of the program involved
investments in securing the Russian’s collections of
pathogens and potential pathogens. As I mentioned
previously, when their government collapsed, and the
labs suddenly were without funding, the collections of
microbes abruptly seemed to have value. The United
States was willing to purchase or secure or help study
these dangerous organisms. Although this latter pro-
gram was an important part of Andy Weber’s work at
the Department of Defense (Defense Threat Reduction
Agency—DTRA) it did not have much of an analog in
Iraq. It did, however, set the stage for joint and inter-
national attempts at disease surveillance (see Phillips
et al. 2009).

Fundamentally, biological weapons fall into two
categories—those that involve live or active (in the case
of viruses) pathogens such as plague, Ebola, or anthrax;
and those that involve the use of biologically-derived
toxic chemicals such as ricin or botulinum toxins. The
strategic value in both cases is defensive, at least in my
view. By defensive I am thinking strategically about
these weapons being deployed and used by a nation or
military unit attempting to defend itself from an attack
with conventional weapons. In 1991, when the United
States and Coalition forces attacked Iraq Army posi-
tions in Kuwait (operation Desert Storm) one could
imagine the Iraqis resorting to biological weapons. At
the same time, the Coalition forces moved so quickly
that BW of any type most likely would have failed to
be effective. And this is an important point—namely
that BW is not an ideal battlefield weapon except under
very specific conditions in which opposing forces are
stalemated. Such situations, like trench warfare in
WWI, would occur very rarely, if ever, when United
States troops are involved.

Now we also need to consider another way that
the word defensive can be applied to BW. The United
States gave up its offensive weapons program under
the direct orders of President Richard Nixon. On 25
November 1969, Nixon announced that, “the U.S.
shall renounce the use of lethal biological agents and
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weapons, and all other methods of biological warfare.
The U.S. will confine its biological research to defen-
sive measures (Miller et al. 2002).” In this example,
the term defensive refers to the ways and means of
protecting—defending—troops or the civilian popu-
lation from BW attack or an attack from transnational
bioterrorists. The way that it worked out, the United
States determined that a defensive program primarily
would involve rapid development of vaccines. The
FDA, which regulates vaccines, has a reputation for
being slow. So slow in fact that it would be a factor in
responding to unknown zoonotic agents. Moreover,
it was a matter of substantial concern if our national
strategy was to be based primarily on vaccines.

The likelihood of conflict with Iraq or other na-
tions with weaponized Anthrax triggered a response in
the United States, which fairly quickly began produc-
ing vaccine. The Iraqis had biological weapons from
the 1980’s until at least 1996, and the man who took
credit for developing them told me that he anticipated
that Anthrax might be used against Iranians during the
First Gulf War, which was fought between Iraq and
Iran in the 1980’s. But even so, he personally had
been assured by Saddam Hussein that BW was only a
last ditch defensive move against Iranians on Majnoon
Island and the Al Faw Peninsula during Operation
Kheibar in 1984. He insisted to me that his weapon-
ized anthrax was not ready for use during Operation
Kheibar, although the Iraqis did use chemical weapons
to defend themselves from the Iranians. Finally, he
also insisted that he never imagined that his biological
weapons would be used against Americans. The truth
might never be known, particularly the answer to our

question about whether or not Iraq actually did use
BW against the Iranians essentially trapped in place on
Majnoon Island. In retrospect it seemed like the ideal
physical situation for using anthrax, but according to
my source, the anthrax spores coagulated due to charge
and clogged the exit ports in the containers carried by
fixed-wing aircraft or helicopters set up to disperse the
disease-causing pathogenic bacteria. Ifthat is true, then
it is likely by luck alone the Iranians were not exposed
to BW agents such as anthrax.

But there is an exception—a situation when
the anticipated strategic use of a biological weapon
changes dramatically. This occurs when either type of
weapon—one with live pathogens or one consisting of a
toxic bio-product—talls into the hands of transnational
terrorists. All rules are off. A frightening hint of what
that is like was provided by ISIS when they invaded
northern Iraq and easily and quickly captured Mosul.
Several years before ISIS declared a Caliphate, our
team from Texas Tech University conducted fieldwork
near Mosul. As a result we knew the entire story of
radioactive materials buried or stored in various places
near Mosul. As ISIS moved in, they conducted pub-
licized searches for these materials with an oft-stated
intention to create radioactive dispersal devices for use
against their many enemies. Although the ISIS strat-
egy included trying to actually create a governmental
infrastructure and eventually a caliphate-like nation,
they represented something more like transnational
bioterrorists. As such, they provided insight into how
dangerous such an organization can be. Fortunately,
biological weapons seem to have remained out of their

grasp.

THE JAPANESE BW PROGRAM

The World was fortunate that Germany did not
seriously pursue BW during the Second World War
(Cornwell 2003). However, the Japanese more than
made up for the absence of a major German Program
in Europe. The Japanese Program developed well be-
fore the attack on Pearl Harbor. Unlike other countries
with similar programs, the Japanese eagerly deployed
their biological weapons, especially against Chinese
civilians (Harris 2002). The Japanese BW Program
is a large and complex story that goes far beyond the
present essay. The single most important point about

the Japanese BW Program is that they deployed and
actually used their weaponry.

The Japanese program was administered through
Imperial Army Unit number 731, which was deployed
principally to Manchuria from the 1930s on to the end
of the war. Unit 731 operated in a deeply secretive
space consistent with their mission, which included
research and testing on human subjects and use of BW
for military or quasi-military purposes. There is no way
to know for certain how many thousands of people were
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killed by Unit 731, but the number 200,000 is conserva-
tive. The awful legacy of Unit 731 was complex and
many faceted. The Unit 731 staff created projects to
study the effects and symptoms of diseases including
water-borne bacterial diseases and zoonotic diseases
such as plague. In addition to using Chinese civilians
as human test subjects, the Unit also used prisoners of
war (including, reportedly, American POW’s). And as
if to underscore the pure evil, the Unit also undertook
vivisection “experiments” on human beings. It was
not unusual for these dissections to be conducted on
live, un-sedated individuals who died in agony as their
internal organs were being cut out (Harris 2002). Today
there is a museum built by the Chinese near the city of
Harbin that commemorates the Chinese who suffered
terribly at the hands of Japanese Army Unit 731.

A sociopathic individual named Ishii Shiro was
the “father” of Japanese biological warfare in the sense
that he pushed the government to create the program
and when that occurred he was the man who led the
program. His background was in Army medicine, and
ironically he was an expert on clean water. But his
expertise was misspent and he used his understanding
of water purification for the exact opposite—he de-
veloped projects to contaminate Chinese water supply
with typhus, paratyphus, and cholera-causing bacteria
(Harris 2002).

Why were the Japanese so willing to develop
a BW Program and in doing so commit unspeakable
atrocities? This important question has been discussed,
but still is an unsolved mystery. Some attribute the
behavior of the Japanese to racism directed at Western
peoples. There seems to be some reality in this expla-
nation; in fact in Manchuria the Japanese referred to
humans used in experiments as “logs,” which indicates
that they were regarded as alive but non-human (Har-
ris 2002). According to the late Col. Robert Traub [in
several conversations with me while we conducted field
work in northern Pakistan], the Japanese also referred
to Chinese as “Manchurian monkeys” when they wrote
reports and scientific articles. Cultural, religious, and
racial factors seem to have interacted in providing
Japanese military officers with whatever they needed
in order to explain and be comfortable with their own
behaviors (Dower 1986; Hanson 2002). According to
Harris (2002), the prevailing line of thinking, among
the Japanese leadership, was as follows: “The supe-

rior Japanese race would benefit immeasurably from
the sacrifices of people who were, in general, of little
value to mankind. The world would be a better place
to live...they reasoned, without so many sub-humans
wasting the planet’s limited resources.”

One important consequence of the Japanese BW
Program was that the United States very quickly estab-
lished its own Program at Camp (later “Fort”) Detrick
in Maryland. Research was conducted there and at the
home universities of funded bacteriologists. Officially,
in 1943, Detrick was named the U.S. Army Biologi-
cal Warfare Laboratories (USBWL). Angst prevailed
among interested parties in the United States, with some
individuals believing that the United States should
quickly develop and then use BW weapons against
the Japanese. This thinking was typical of most of the
people who formally or informally visited with Presi-
dent Roosevelt. One notable exception was Admiral
William Leahy, President Roosevelt’s Military Chief
of Staff. Admiral Leahy said that using BW against
Japan “would violate every Christian ethic I have ever
heard of and all the known laws of war” (Leahy 1950).

One thing about BW seems certain. People
involved in bioweapons research and development,
or in power positions about R&D policies, feel that
it is important to explain themselves. The Japanese
started with their supposed racial superiority and built
toward an explanation that exonerated them as barbar-
ians—in a sense they were doing the “right” thing and,
furthermore, the sub-humans murdered through crude
experimentation were given an opportunity for redemp-
tion (Dower 1986). The belief that non-Japanese were a
“lower life form” and expendable to a higher cause thus
gave comfort to any Japanese that had second thoughts
about vivisection and other atrocities perpetuated on
Chinese civilians, Russian soldiers, and American
POW?’s. For its part, the United States also pursued
creation of an awful, cartoonish characterization of
Japanese that essentially painted them as ape-like or
other non-human (Dower 1986).

Although secretive, the main goals of Unit 731
were known to American intelligence by the early
1940’s. As data were collected from various sources,
concern about the supposed successes of the Japanese
use of plague bacterium to attack rural Manchurian
villages had reached the White House and President
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Franklin D. Roosevelt personally by sometime in early
months of 1942, if not before. There was a growing
concern about the Japanese BW Program within a
very few highly selective offices of the United States
Government. The White House was one such place,
and that level of concern was reinforced when the
President signaled his support for R&D that would both
develop a United States offensive program and prepare
the military and nation for possible Japanese attacks.
Organization was one of several huge management and
administrative challenges. What agency would handle
strategic planning and who could do the biological and
disease-associated research and laboratory work to cre-
ate an American program? How would intelligence fit
into the puzzle and how would information be filed and
kept accessible? The complexity was real. To under-
stand this basic fact, it might be necessary to remind
ourselves that personal computers and desk-top data
storage simply did not exist in the early 1940°s. From a
leadership point-of-view, the concern about a Japanese
bacteriological attack and response to the situation was
the second major unanticipated challenge within three
years. The first such challenge was outlined in a letter
written to President Roosevelt by Albert Einstein in
1939. It was this famous letter in which Einstein both
warned and alerted the President about the potential
of atomic weapons and recommended that the United
States start stockpiling uranium. So, this instance did
the same thing in regard to United States response to
Japanese biological weapons.

One response on the part of the White House was
to appoint in 1942 a War Reserve Service Committee

(the WRS) Chaired by George W. Merck, whose fam-
ily had created and operated Merck Pharmaceutical
Company. In October 1942, at the request of Secretary
of War Henry Stimson, the United States National
Academy of Sciences created an ABC Committee of
scientific consultants, mostly representing the academic
field of bacteriology in a variety of American univer-
sities. At the time, the term “bacteriology” covered
bacteria, which were too small to be investigated easily
with optical microscopy. Viruses still were very poorly
known, although this would change dramatically in the
next decade.

The “ABC” designation was intentional; it held
no actual meaning and presumably helped obscure the
secret purpose of the organization, which was to rap-
idly develop the fledgling United States BW Program.
Meanwhile, the United States Army medical command
deployed a field team to the southern border of China.
The thinking behind this strategic deployment is obvi-
ous as soon as one notices the presence of Colonel Rob-
ert Traub, an American expert on fleas and, ultimately,
plague. After the war, Traub also was nominated for a
Nobel Prize in Medicine for his wartime work on typhus
as amember of a team led by Theodore Woodward (also
a nominee). Although neither Traub nor Woodward
(or other members of their team) was awarded a Nobel
Prize in Medicine, Traub continued to conduct field
research in Asia. In conducting research on zoonotic
disease, he always included a mammalogist.

RoLLIN H. BAKER—MAMMALOGIST AND NAVAL OFFICER

The involvement of the United States Army in
medical research relevant to BW had been underway
for many years prior to WWIL. If we were to select
a starting point it probably would be the battle with
mosquito-borne yellow fever virus, which was encoun-
tered during the construction of the Panama Canal,
begun by France in 1881. But France withdrew from
the complex engineering project on account of the loss
of personnel. The main culprit was yellow fever, which
could be deadly and was not yet understood other than
in terms of its basic pathways. The United States took
up the challenge in 1904 and opened the Canal to ship

traffic about a decade later. Interest in Yellow Fever
and other zoonotic diseases outlived the construction
phase, and a large number of biologists of various
stripes worked in the Canal Zone conducting research
on zoonotic disease and host species. All of this work
gave the U. S. Army the edge in experience relevant to
creating a response to the Japanese BW Program when
the Second World War began for the United States.

The Army medical experience with yellow fever
in Panama was applied to the creation and deployment
to the Pacific of a Naval Medical Research Unit (NAM-
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RU-2). The naval personnel in this adventure included
mammalogists Rollin H. Baker and David M. Johnson.
Rollin Baker had enlisted in 1942 with a partially com-
pleted graduate experience at the University of Texas
(Austin). He was assigned to an ancient destroyer
(commissioned in 1919), the USS Belknap (DD-251),
which operated on antisubmarine patrol in the North
Atlantic. But unbeknownst to Baker, NAMRU-2 was
being organized while he was chasing and destroying
German U-boats. By luck alone, the Belknap stopped
at Norfolk and Baker went ashore to visit Remington
Kellogg at the Smithsonian. On this particular occa-
sion (March or April 1944), Kellogg surprised Baker by
requesting that he visit with Commander James Shapiro
at the Navy Bureau of Medicine located at the Naval
Observatory, which was about a forty minute walk from
the U.S. Museum of Natural History.

“I walked into Jim Shapiro’s office. He looks at
me and grins and said, ‘are you a mammalogist?’ And
I said, yes sir. That is what [ am. He said, ‘would you
like to get out of sea duty and become a mammalogist
for U.S. Naval Medical Research Unit number two?’
And he explained what they’re going to do out [in] the
Pacific. Oh my Lord...the right place at the right time.
So Shapiro said, ‘okay,” and he got a lot of information
from me. He said, ‘go on back to your ship...go on back
to your duty [station] and you’ll get orders.” I got on
back to the ship and I told them what happened. They
didn’t believe me, [and] said, ‘you can’t get ordered
from sea duty. You’ve been trained to be a fighting
officer type of person. How in the Sam Hill can you
be transferred to a less priority position?” Which [au-
thority] BuMed would have, you know what I mean?
Everybody wanted line officers and I was qualified not
only [for] deck duty, but qualified [also] for destroyers
underway. [ was in line to be exec [XO, the Executive
Officer] you know, Captain or something if I had stayed
around long enough. Anyway, in June I received these
orders to report to the Rockefeller Institute for Medical
Research...” (Herman 1994).

As the NAMRU-2 team assembled at Rockefeller,
they had other surprises too. According to Baker, he
was handed cash ($25,000) to spend on equipment
and supplies for their Pacific Island venture. He al-
ways claimed to me (Phillips) that he never heard any
mention of the Japanese BW Program, although in
retrospect it was obvious that he had been selected for

a special team and very specific job. Still, very few
people knew what was coming. The Japanese Program
had been more of a curiosity in the opening year of the
war; now it was a tangible threat. The causality rate
could be extreme if one assumed that the United States
ultimately would have to lead the Allies in an invasion
of the Japanese “Home Islands.” Insofar as BW was
concerned, an obvious question was: Under what
circumstances would their government authorize the
use of BW? Intelligence agents, including personnel
in NAMRU-2, interviewed Japanese prisoners, espe-
cially those in the military medical units—typically the
only ones to survive and surrender to American forces
(Harris 2002). Overall, there was general agreement
that Japan was preparing, or at least likely to prepare,
for bacterial warfare against the U.S. troops that were
expected to invade Okinawa. Rollin Baker and many
of his NAMRU-2 colleagues were on Guam, studying
the species inhabiting the island and, in the case of
rodents, the species associated with scrub typhus, a
mite-borne zoonotic disease that at that time seemed
to have potential as a weapon (Herman 1994).

In 1945, Rollin Baker’s thinking was that “the
idea of the NAMRU-2 group going in there [as part
of the invasion force landing on Okinawa] was to
determine how feasible [it was] for a research team to
go in during invasion times and carry on preventive
medicine, research studies [on] some of the conditions
that the troops were finding and their health problems
and how to alleviate them....This was part of the rea-
son that the Okinawa invasion was made. Of course
the pre-spraying was done,” he added, cryptically, in
reference to a project to prepare the battlefield by heavy
DDT spraying before D-day and the landing. What
Rollin Baker left unsaid was the real reason why the
pre-invasion spraying was done.

Captain Thomas Rivers, the first commander of
NAMRU-2, worked out a battle plan for Okinawa.
The first idea was based on the high expectation that
the Japanese would likely use bacteriological war-
fare—specifically their ceramic shell bomblets filled
with plague-infected rodent fleas. The NAMRU-2
intention was to alter the battlefield by spraying DDT
on the landing beaches, fields, and other logical targets
where the Japanese were likely to bomb with plague.
Lt. John Maple was assigned this task—the aircraft
flew low and slow and sprayed DDT. The spraying
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was effective, but unfortunately Lt. Maple was killed
in action. The second idea was that it would be critical
to rapidly recognize that a BW attack had occurred.
For this reason, Captain Thomas Rivers decided to
send ashore a team that could directly study any unan-
ticipated zoonotic diseases, and perform autopsies on
troops who died from illness rather than from combat
during the invasion. Thus, a team led by Dr. Richard
Shope, a Naval Officer and famous virologist who was
amember of the original NAMRU-2 team, went ashore
on D-day + 6. Shope was particularly interested in
Japanese encephalitis b virus, which was thought to be
another zoonotic agent that could have been weapon-
ized, but was not.

In this interview (conducted by the U.S. Navy),
Rollin Baker was asked if he had gone into Okinawa
with the landing force (Herman 1994). His answer is
enlightening. “A young man named Merle Markley,
who had a Master’s degree in wildlife biology from
Oregon State University, was a first-class Pharmacist’s
Mate that my lab picked out of the fleet [when NAM-
RU-2 was formed]. They wouldn’t let me go. They
had enough officers, I guess, coming, so [Markley] went

and represented our lab.” Markley reached Okinawa on
D-day plus 6, and quickly started putting out mouse and
rat traps to see which species of small mammals were
there and what was their habitat association(s). Thanks
to previous research on scrub typhus the NAMRU
mammalogists had some ideas of what to look for in a
new locality, be it island or mainland. As it turned out,
Markley was briefly famous because Japanese troops
watched him set his trap line and then launched mortar
rounds where they had seen him doing something in
the jungle. As Rollin Baker put it, “the great stunt was
that [Markley] had a bunch of traps down in this little
valley, and the Japs [mortared] it during the night, and
[Markley] claims he lost all of his traps” (Baker 1994;
Herman 1994).

After Okinawa, Rollin Baker expressed sarcastic,
tongue-in-cheek disappointment that the war ended so
abruptly in August 1945. He had hoped to finish some
of his field projects and was pleased when he was asked
to stay on and conduct research for almost a year post-
conflict. He and his shipmate scientists were reassigned
to Rockefeller.

THE JAPANESE PLAN FOR A BW SNEAK ATTACK

As it turned out, separate from the defense of
Okinawa, the Japanese Command also had planned a
BW attack on California for 22 September 1945. It was
a truly exotic mission that relied on a combination of
secret technologies and combinations of equipment and
techniques. The Japanese had created a huge Sentoku
[-400 Class submarine in order to accomplish complex,
combined missions. Aside from its size, speed, and
diving, this submarine essentially was a submersible
aircraft carrier. With a keel length of slightly more
than 400 feet, the Sentoku submersibles were 60%
larger than the largest contemporaneous United States
submarine. In fact, the size of the boat was similar
to modern nuclear-powered ballistic missile-carrying
submarines. The typical WWII American submarine
was diminutive alongside the 1-400.

The 1-400 had four diesel motors that generated
7,000 hp for surface running and electric motors that
generated 2,400 hp for submerged running. With these
power plants, the submarine could cruise at 18.7 knots

with a range of 37,500 nautical miles (while averaging
14 knots).

The Sentoku carried three Aichi M6A1 Seiran
seaplanes, along with parts for a fourth aircraft. These
amphibian aircraft were carried with their wings rotated
90° (leading edge down, trailing edge up) and then
folded back along the fuselage sides. When the giant
submersible was underway, the three airplanes and
maintenance gear were carried in a 115-foot cylindri-
cal hangar. This capsule-like hangar was positioned
slightly to starboard of the mid-line and attached to
the deck of the submarine. A long, upswept catapult
occupied the sub’s foredeck.

The planned attack on the United States was
called Operation Cherry Blossoms at Night. The idea
was to terrorize American citizens living along the west
coast. Any guess about what would have happened if
the Japanese had brought their giant submarines (three
were expected to participate) to within range for the
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nine seaplanes and their cargos of plague-infected fleas
to attack San Diego? The timing (just after the United
States invasion of Okinawa) and intent (terrorize and
kill thousands of civilians) might be interpreted as a
fore-planned response to the expected United States
invasion of Japanese property. The United States
focus was on blunting a Japanese attack with BW on
Okinawa, whereas the Japanese wished to hit the U.S.

mainland with plague-infected fleas in retaliation for
the allied invasion of Okinawa. In any case, as it turned
out the timing was off and Japan surrendered after
two horrific atomic explosions. With the surrender of
Japan, the United States took possession of the giant
submarines, and rather than allow the Russians access
to the subs, they were secretly scuttled by the United
States Navy.

MAMMALOGY NEEDED

The surrender of Japan marked the beginning of
a new and dangerous era. What should have been an
ending to the worst of human behavior conducted on a
massive scale was instead an open door to even worse
behavior. Although the United States was clearly a
major winner of the war, within a few short years the
country slipped into a new conflict. And this time it
was on the Korean Peninsula. Surprisingly, although
the government responded perfectly during the Sec-
ond World War, it failed to develop and implement a
comprehensive plan for reconstruction and redirection
of talent into reconstruction after the war. This reac-
tive approach led to some embarrassing actions on the
part of the United States. For instance, on at least one
occasion an attempt was made to secure secretly the
slides and preserved tissues from human beings used
in Japanese BW experiments. Moreover, ultimately
the United States ignored its own legal traditions and
failed to prosecute the Japanese involved in the atroci-
ties of Unit 731. Even the sociopathic Ishii Shiro was
protected from legal action, presumably in exchange
for information that he had accumulated.

Conflict on the peninsula was significant by every
measure. For our purposes it was an outbreak of an
unknown disease in troops that became a pivotal mo-
ment. The United States Marines had barely survived
the huge counterattack by Chinese troops who streamed
into Korea from the north during the fall and bitterly
cold winter of 1950 (Sides 2018). In June 1951 there
was an outbreak of an unknown, but serious, disease.
A total of 55 cases were reported at the same time in
a single regiment of United States Army infantry en-
gaged in combat with North Korean and Chinese troops
north of Seoul. Two possibilities were considered: 1)
an unknown but naturally occurring zoonotic disease

had been encountered; 2) an unknown zoonotic disease
had been introduced to the battlefield intentionally by
the enemy forces. In some ways the practical, medical
response had to be the same, so these two options were
not mutually exclusive (Phillips et al. 2009). Politically,
however, the response had to be distinct, and there was
a great deal of excitement and concern about it. The
main response was to form an Army team that included
a mammalogist, Lt. J. K. Jones, Jr., and other types of
field-oriented biologists all of whom worked on the
technical (non-political) issues. Politically, the North
Koreans and Chinese announced that the United States,
backed by the Japanese BW personnel left over from
the previous war, had introduced BW to the Korean
conflict. Some Americans and Canadians accepted
that notion and were happy to blame the United States
(Endicott and Hagerman 1998; Phillips et al. 2009).
Scientifically, it ultimately was easy to prove that the
illness was natural and not due to an intentional release
of a previously unknown strain of hemorrhagic fever
virus (Lee et al. 1978; Johnson 2004). The mammal-
ogy piece of the puzzle involved the discovery that the
virus was associated with a particular species of wild
mouse, genus Apodemus. The political piece of the
story has not been resolved; presumably it contributes
to the bellicose behavior of North Korean (DPRK)
leader Kim Jong Un and might explain the source of
his disproportionate fear of the United States.

The Soviet Union emerged from the Korean
conflict with a growing BW Program. When the So-
viet Union collapsed in 1991, the government and the
economy of the huge, cobbled-together nation state
were left in disarray. The significance of this tumultu-
ous outcome was multifaceted—it meant one thing to
political observers and quite another to scientists. But
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most important of all, there was the danger to United
States national security posed by thousands of suddenly
unemployed weapons experts. This is where Anne
Harrington and Andrew Weber took on significant roles
in building contacts with former weapons experts and
developing redirection of former weapons personnel
into civilian pathways. Their original thinking in-
cluded the creation of grant opportunities and through
diplomacy the creation of two unique international or-
ganizations—the International Science and Technology

Center (ISTC) and the Science and Technology Center
in Ukraine (STCU). Although these twin organiza-
tions had similar charters and purposes, the existence
of two—one headquartered in Moscow and one head-
quartered in Kiev—reflects quite well the political
divide between these two countries after the dissolution
of several of the old republics. The science centers
functioned in both cases as a mechanism for funding
former weapons personnel with the idea of keeping
them associated with their original laboratories.

IN CoNcLUSION

So, what have we learned since the 1930°s? There
is good news and bad news, which often is the case as
we learn lessons. The good news is that mammalo-
gists have played an important role from 1938 up until
now. The contributions to field technologies have kept
pace with the broader laboratory-based technologies.
Moreover, there are plenty of examples to support the
idea that mammalogists continue to learn the secrets of
fieldwork, which is the key to their role(s) in fighting
bioterrorism and biological warfare.

The bad news is that there is no reason to expect
either bioterrorism or biological warfare to disappear on
its own accord. In fact it seems as though the situation
is becoming more and more dangerous. If we were to
look for culprits we almost certainly would point to the
Russian Federation and their current client-state, Syria.
The willingness of the Russians to continue to support
the Syrian government despite its use of chemical
weapons is truly appalling. There is no reason to doubt
that Syria would use biological weapons if they had
them in functioning order. ISIS remains an existential
threat as a transnational terror organization. There also
seems to be no doubt that they used chemical weapons
in the vicinity of Mosul, Iraq. Their behavior as ter-
rorists means that they would be more likely than not
to use whatever weapons they obtained.

There are several challenges that confront the
United States and our allies. The most important of
these is to create an appropriate, agile, decision-making

tree. The United States is too large and the government
is too slow-moving to respond quickly to an attack
either from an established nation or transnational bioter-
rorists. Itis ironic that a country like the United States,
blessed as it is with scientific and technical talent, is also
vulnerable to a biological attack. It would be highly
appropriate for a new agency, or team of persons, to
compose an interagency unit to look at the dilemma
created by the size and a kind of paralysis that threatens
to overwhelm our ability to respond rapidly to a crisis
caused by bioweapons or bioterrorism.

It would be helpful if the United States had an
agency that focused on BW and preparations for a
national response to an attack. Such an agency might
be located within the framework of the State Depart-
ment, which could provide existing experience in sci-
ence diplomacy and expertise in international science,
including non-proliferation specialists.

There are several roles for mammalogists, espe-
cially people with training in fieldwork, both traditional
and modern. Clearly, there are plenty of basic questions
about the interplay of mammals as reservoirs and the
factors involved with the zoonotic agents associated
with them. Hopefully mammalogists will assert them-
selves into the process and show what can be done and
how it relates to basic microbiology and virology, which
are important areas of knowledge but not independent
of mammalogy.
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ABSTRACT

In the field of human identification, remains may be skeletonized and highly
fragmented. This damage to remains often precludes identification as to the species
of origin. PCR-based amplification of a portion of the mitochondrial 12S rRNA gene
is a quick, inexpensive method for determination of a species. This chapter describes
the development of such an assay at the Armed Forces Medical Examiner System—
Armed Forces DNA Identification Laboratory (AFMES—AFDIL) and the subsequent
implementation of the protocol into regular casework. The species identified from 605
samples tested are described, along with the impact of this protocol on the streamlining
of testing osseous materials in a human identification laboratory.

Key words: 12S rRNA, BLAST, DNA, human identification, protocol develop-

ment, skeletal remains, species identification

INTRODUCTION

In modern mass fatality events, the remains pre-
sented for analysis typically are intact, and are, at the
least, visually identifiable as human. Remains from
past events, however, can be fully skeletonized and
may be found in fragments or in a highly damaged
state in which the species of origin is not readily ap-
parent. Fully skeletonized remains may be subjected to
fragmentation post-mortem from human impact (e.g.,
farming, industrial activities, road building) or simply
age. Additionally, remains may undergo fragmentation
at time of death, particularly in events that involve
plane crashes or explosions. This can be particularly
true in times of conflict, when high-energy events are
more common.

The specimens submitted to the Armed Forces
Medical Examiner System—Armed Forces DNA Iden-
tification Laboratory (AFMES—-AFDIL, a.k.a. AFDIL)
by the Defense POW/MIA Accounting Agency (DPAA)
include remains excavated from decades-old events
world-wide. Some locations, particularly those in
Southeast Asia, experience an annual variability in
soil temperature and moisture combined with high soil
acidity that rapidly erodes any skeletal fragments. In
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many cases, the only conclusion that can be drawn from
osteological analysis of these remains is that they are
consistent with, but not exclusive to, human in origin.

In 2007, AFDIL implemented into casework a
complete demineralization protocol for the extraction
of DNA from osseous materials (Loreille et al. 2007).
This protocol involves a complete dissolution of the
skeletal materials, and a more efficient extraction of
DNA than presented in Edson, et al. (2004). This
protocol allowed for the reduction in size of samples
submitted to AFDIL by the DPAA Laboratory. Prior
to 2007, the requested size of the element sampled
was 5.0 g or greater, as the required input for DNA
extraction was 2.0-2.5 g of material (Edson et al.
2004). With complete demineralization, coupled with
an organic purification, the input size was reduced to
0.2 g, allowing the DPAA to re-evaluate cases previ-
ously thought to be untestable due to the small size
of fragments recovered. Excluding teeth, the average
size of a sample submitted to AFDIL decreased from
7.66 g to 4.11 g with the implementation of complete
demineralization. The trend has continued with imple-
mentation of an inorganic purification coupled with the
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complete demineralization (Loreille et al. 2010; Edson
and McMahon 2016), to an average sample size of 3.59
g. Therefore the size of the samples submitted to the
AFDIL decreased by approximately 50% and, although
DPAA anthropologists examine the remains prior to
submission, accurate determination of species origin is
often precluded by the small and severely compromised
condition of the elements.

Since the implementation of the demineralization
protocol, AFDIL successfully has reported mtDNA
sequence data for 86% of the more than 9,000 samples
tested. When reportable sequence data cannot be pro-
duced, one possible explanation is that the endogenous
DNA is either too fragmented or too limited in quantity
to be recovered with currently validated assays. An-
other possibility is that the fragments are not of human
origin. When preliminary attempts to obtain mtDNA
are unsuccessful, modifications are made to the ampli-
fication reaction to accommodate DNA fragmentation,
inhibition, and low quantities of DNA. Additionally,
standard practice at DPAA has been, when possible,
to resample those skeletal elements that did not yield
reportable sequence data so that AFDIL can attempt
to successfully obtain a mtDNA profile. These pro-
cesses are time-consuming and costly, and may also
continue to be unsuccessful if the specimen is not of
human origin. To prevent needless DNA testing, and
to provide critical information to DPAA, it is important
to determine if the failure to produce conclusive data is
due purely to sample degradation, and thus low quan-
tity/quality DNA, or is instead due to the non-human
origin of the skeletal element. This is extremely vital
in cases for which small fragments of uncertain origin
are the only biological remains recovered for a par-
ticular incident.

Human identification efforts may not seem to
have that much in common with wildlife biology; how-
ever, the DNA analysis tools that can be used are very
similar. Although advanced methods exist for precise
species identification of biological materials (e.g., melt
curve analysis: Kitpipit et al. 2016; cytochrome-b: Tobe
and Linacre 2010; Ciavaglia et al. 2015; Linacre and
Lee 2016), AFDIL uses the amplification of the 12S
ribosomal (rRNA) gene as a rapid screen to determine
if smaller skeletal elements are human in origin. In
2005, primers that amplified the cytochrome-b gene
on the mitochondrial genome were evaluated for use
in casework (Freeman, internal validation). Although
cytochrome-b has been found to be successful for
determination in forensics settings (Branicki et al.
2003), the size of the amplicon (300 bp) is too large for
usage with degraded skeletal remains, leading to the
evaluation of the 12S rRNA gene. Polymerase chain
reaction (PCR) primers developed by Balitzki-Korte
et al. (2005) target this gene within mtDNA. These
primers bind to a small, highly conserved region across
a range of species and amplify a short (146 bp), yet
variable portion of the mitochondrial 12S rRNA gene,
allowing for the development of a species identifica-
tion assay tailored for highly compromised remains.
The size of this amplicon is comparable to the primer
sets commonly used on the most degraded DNA that
target small fragments (typically 150 bp or less) of the
human mtDNA control region (Gabriel et al. 2001).
Although small, this portion of the 12S rRNA gene
has been shown to provide information sufficient to
differentiate taxa at the species level (Balitzki-Korte et
al. 2005; Melton and Holland 2007). The following text
provides a description of the protocol development and
a summary of the usage of the technique in casework.

ProTocoL DEVELOPMENT

Morphological and histological determination
of human versus non-human origin.—Prior to DNA
testing, anthropologists assess human versus non-
human origin of skeletal remains based on macro- and
microscopic morphological characteristics. Larger
elements generally can be characterized as either hu-
man or non-human based upon morphological features.
However, when small bone fragments are encountered,
size may preclude a human or non-human designation

based upon bone morphology. In these cases, a thin
section cut from the fragment may be examined mi-
croscopically, and qualitative analyses, which include
determination of different types of micromorphology
such as plexiform bone or osteon banding, are used
to determine whether or not the bone is consistent
with non-human origin (Mulhern and Ubelaker 2001;
Benedix 2004; Hillier and Bell 2007). Although the
presence of plexiform bone or osteon banding defini-
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tively classifies a bone as non-human, the absence of
this bone type does not automatically indicate human
origin. According to DPAA procedures utilized during
this study, histological analysis results in a judgment
of either “match to non-human” or “inconclusive.” If
the osseous material cannot be identified conclusively
as non-human based upon microscopic analyses or the
sample is not large enough to examine its histology,
a fragment is submitted to AFDIL for 12S mtDNA
testing.

Extraction of DNA from the bone.—Upon arrival
at AFDIL from DPAA, osseous fragments are cleaned
using a Dremel® tool (Dremel, Racine, Wisconsin),
washed with sterile deionized water (diH,0) and 100%
(v/v) ethanol (Pharmco-Aaper, Brookfield, Connecti-
cut), and allowed to air dry. After cleaning, the os-
seous sample is sectioned for pulverization. Samples
submitted to AFDIL are typically 2.0-5.0 g, but the
desired input for the extraction protocol is 0.25-0.5
g. Pulverization is performed using a Waring blender
with a professional base (MC2 cup; Waring, Stamfield,
Connecticut).

Samples in this study used two different extrac-
tion protocols: complete demineralization coupled with
an organic purification, and complete demineralization
coupled with an inorganic purification (Edson and
McMahon 2016; Edson 2019). For both protocols,
the pulverized bone material is incubated overnight
at 56°C using an extraction buffer (0.5 M EDTA, pH
8.0; 1% N-Lauroylsarcosine) and Proteinase K (200
mg/mL; Ambion™, Thermo Fisher, Gaithersburg,
Maryland). Purification follows with either an organic
purification using 25:24:1 phenol:chloroform:isoamyl
alcohol (Sigma-Aldrich, St. Louis, MO) followed by a
wash with n-Butanol (Sigma-Aldrich) or an inorganic
purification with the QIAquick PCR purification kit
(QIAGEN, Hilden, Germany). Samples were concen-
trated using Amicon Ultra-4/30K centrifugal filter units
(Millipore, Billerica, Massachusetts) and the extracted
DNA is brought to a final volume of 100-200 pL with
TE (10 mM Tris, 0.1 M EDTA; pH 8.5).

128 amplification, sequencing, and data analy-
sis.—PCR was conducted using primers that target
a 146-bp region of the 12S rRNA gene described in
Balitzki-Korte et al. (2005). Amplification of 1-3
uL DNA extract was performed in a 50 pL reaction

containing 10 units AmpliTaq® Gold DNA polymerase
(Life Technologies, Gaithersburg, Maryland); 1X
GeneAmp® PCR Buffer I (Life Technologies); 200
uM dNTPs (Life Technologies); and 0.4 uM of each
primer. Non-acetylated bovine serum albumin (BSA;
0.025 mg/mL, Sigma-Aldrich, St. Louis, MO) was
eliminated from the amplification after it was found
that there was cross-reactivity with the primers, giv-
ing false results of Bos faurus DNA. In accordance
with in-house quality control standards, appropriate
extraction and amplification controls were included.
Thermal cycling for both amplification and sequencing
reactions was carried out in a GeneAmp® 9700 (Life
Technologies) using the 9600 emulation mode. The
optimized cycling conditions for amplification were
96°C for ten minutes followed by 38 cycles of 94°C
for 30 seconds, 50°C for 30 seconds, and 72°C for one
minute with a final extension step of 72°C for seven
minutes. The PCR products were confirmed using a
2% agarose gel stained with Ethidium bromide (5 mg/
mL). Ifapositive result was obtained, purification was
performed using 1.5 puL Exo-SAP-IT® (Affymetrix,
Santa Clara, California) and 17.5 pL dilution buffer
(50 mM Tris; pH 8.0).

Cycle sequencing was conducted in 20 pL re-
actions with 3.6 puL BigDye® Terminator v1.1 Cycle
Sequencing Kit (Life Technologies), 0.4 pL dGTP
BigDye® Terminator v1.0 (Life Technologies), 4 puL
dilution buffer (400 mM Tris, 10 mM MgClL,; pH 9.0),
and 0.5 uM of sequencing primer. Both amplification
primers were utilized to generate sequence data from
both strands for each sample. Input volume of purified
product was either 1 pL or 7 pL depending on band
intensity observed on the agarose gel. Sequencing
products were purified with Performa® DTR V3 Short
or Ultra 96-Well Plates (Edge Biosystems, Gaithers-
burg, Maryland) and dried down in an evaporator/
concentrator centrifuge. Samples were resuspended
with 10 pL Hi-Di™ Formamide (Life Technologies)
prior to separation on an Applied Biosystems 3130x/
and/or 3500 Genetic Analyzer (Life Technologies).

Sequences were aligned using Sequencher™
version 4.1 or higher (GeneCodes, Ann Arbor, Michi-
gan) and a consensus sequence of approximately 109
bases, depending on species origin, was generated for
each sample. Once the 12S consensus sequence was
established, the Basic Local Alignment and Search
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Tool (BLAST) available online (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) (Altschul et al. 1990; Zhang
et al. 2000) was used to search the National Center
of Biotechnology Information (NCBI) database. The
consensus sequence string, which excludes the prim-
ers, was entered into the nucleotide-nucleotide BLAST
(BLASTN) program and searched against the “Nucleo-
tide collection (nr/nt)” (NCBI Nucleotide) database
using the default search parameters. The BLASTN
search results were then reviewed to assess sample
origin. For each sequence returned from the database
search, BLAST generates statistics that reflect the simi-
larly of the alignment (bit score, or “Max Score”), the
statistical significance (Expect value, or “E-value”) of
the database hit, as well as the percentage of identical
(“Max Ident”) and covered (“Query Coverage”) bases
(Madden 2002). The sequence homology (reported
as the “Max Ident” in BLASTN search results) was
used to establish the thresholds described in Table 1.
A 128 sequence of 75 or more bases can be reported as

LIS

“human”, “non-human”, or “inconclusive.” All mixed
sequences are reported as “inconclusive” due to the in-
ability to definitively determine human or non-human
origin, and sequences less than 75 bases are reported as
“insufficient data”. Samples determined to be of human
origin are reported as “consistent with” or “presumed
to be” human depending on the sequence homology
with the Homo sapiens sequence (100% and >90%,
respectively). “Non-human” sequences are reported
similarly, and are classified as the common taxon (e.g.
genus, family) opposed to a specific species when more
than one non-human species is homologous with the
searched sequence. These BLASTN interpretation
guidelines, though developed primarily to distinguish
between human and non-human origin, also permit
more specific classifications to be made by the analyst.
Further, any identification as “human” using this as-
say is considered with caution as exogenous modern
human DNA has the potential to contaminate lower
quality specimens.

Table 1. Classification guidelines implemented at AFDIL for the 12S species identification assay. The sequence
homology refers to the maximum identity (“Max Ident”) reported for each alignment generated by the BLASTN query.
Regardless of the sequence homology, a sample is classified as “Inconclusive” if both human and non-human species
are present in the search results or if no human or animal species are homologous with the queried sequence.

Classification Sequence Homology BLASTN Search Results
Human 100% Homo sapiens (and Homo neanderthalensis) ONLY
Presumed to be Human >90% Homo sapiens (and Homo neanderthalensis) ONLY
Non-Human 100% One or more taxa (other than Homo sapiens)
Presumed to be Non-Human >90% One or more taxa (other than Homo sapiens)
Inconclusive - Homo sapiens and other animal taxa
- Neither animal nor Homo sapiens (e.g., bacteria)
<90% One or more taxa
N/A “No significant similarity found”

Insufficient Data

Mixed sequence

Sequence less than 75 bases

BLiND STUDY

Thirty-eight skeletal fragments were selected
by DPAA anthropologists and submitted blindly to
AFDIL for species identification using the 12S assay.

The samples varied by species, age, preservation, and
geographic origin. Of the 38 samples submitted for this
study, 37 (97%) produced sequence data resulting in an
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unambiguous match in the NCBI Nucleotide database
(Table 2). In 76% (29) of cases, 128 testing produced
sequence data consistent with the species determina-
tion made via anthropological analysis. Eight of the
remaining samples (4, 8, 16, 23, 25, 26, 29, and 33)
generated reproducible 12S sequence data and were
successfully associated with a species in the NCBI
Nucleotide database, but were inconsistent with the
species assignment made by the DPAA anthropolo-
gists. DPAA anthropologists subsequently performed
more extensive physical examinations and determined
that six of the eight samples were consistent with the
genera, if not the species, indicated by the 12S assay.
The osteological reassessment of the other two samples
(8 and 23) indicated that they were consistent with the
12S determinations. Regardless, all eight samples were
non-human according to both the 12S and anthropo-
logical taxonomic classifications, which is the foremost
purpose of the assay.

Of particular interest were the species identifica-
tion results for Sample 9. Replicate amplifications pro-
duced the same 128 sequence for which the BLASTN
search produced a best match inconsistent with the
geographical location of the recovery site. Acinonyx

jubatus (Cheetah) was the top hit but there were three
mismatches (94% identity) between the queried and
database sequences. A subsequent BLASTN query per-

formed less than a year later resulted in a 100% match
to Viverricula indica (Small Indian Civet), a more likely
origin based on the sample metadata and consistent with
the anthropological classification. Nevertheless, the
sequence data clearly indicated a non-human source and
initially would have been reported as “Non-Primate”
based on the previously stated guidelines (Table 1).

Sample 19 was the only blind study bone speci-
men that remained unresolved at the conclusion of this
study. Initial 128 testing classified the bone fragment
as human. However, the skeletal element was a com-
plete right radius from a medium-sized canid and had
been unequivocally identified as non-human by DPAA
anthropologists. Extraction of a re-sampled fragment
revealed the presence of a mixture between two species,
Homo sapiens and Canis lupus familiaris (Domestic
Dog). The major contributing sequence of the 12S
mixture was human and assumed to be a contaminant
that dominated the endogenous canid DNA. In these
situations, when a 12S “inconclusive” classification
results from a human:non-human mixture, case-specific
details would be examined in order to establish the best
course of action for the sample and to determine which
component of the mixture is the contaminating species.
Possible strategies include 128 testing of a new cutting
of'the same bone or re-extraction of the original sample
if additional material is available.

USE IN CASEWORK

Since the validation of this testing protocol in
2010 and through the spring of 2018, 605 samples
have been tested using the 12S assay. Of these, 254
(42%) were reported as inconclusive and 95 (16%) were
determined to be human. Those shown to be human
continued though the regular casework processing of
mtDNA Sanger sequencing. The remaining 256 (42%)
were determined to be non-human. It is most common
for non-specific elements (i.e., long bones or bone frag-
ments) to be found to be non-human (Table 3). There
appears to be little or no correlation between size of
the fragment submitted and whether it is non-human
in origin.

Samples recovered from Southeast Asia are most
commonly tested using the 12S amplification strategy

and also are more likely to be non-human (Table 4).
Remains recovered from Southeast Asia often can be
highly fragmented due to the circumstances surround-
ing the loss and/or the acidic nature of the soil, which
can break down osseous material. It is more difficult to
accurately ascribe smaller fragments as human or non-
human. In addition, very small fragments may be all
that is recovered and it becomes a choice as to whether
to use the entire sample for microscopic or DNA analy-
sis. In two different cases, the results were a mixture of
human and pig (Sus scrofa). The low-quality mtDNA
profiles generated from the samples were determined to
be consistent with the profiles of members of the field
recovery team (Edson and Christensen 2013). Other
mixtures of animal and human, or animal and animal,
are thought to have occurred via excessive handling or
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Table 3. The 12S rRNA testing results for each type of skeletal element, and the average weight of each type of element.
“Long Bones” and “Bone Fragments” are listed independently of each other as a type of element as the former implies
there was enough of the osseous material present to determine element was a long bone, wheras the latter is a non-
specific catch-all for small fragments.

Human Inconclusive Non-Human
Number Avg. Weight Number Avg. Weight Number Avg. Weight

Tested (g) Tested (2) Tested (g)
Bone Fragment 47 0.94 78 1.23 107 1.30
Calcaneus -- -- 2 3.45 -- --
Clavicle -- -- 2 1.0 -- --
Cranium (general) 3 1.31 31 1.92 4 1.91
Cuneiform -- -- 1 1.9 -- --
Femur 2 4.39 13 3.94 2 2.7
Fibula -- -- 2 1.89 -- --
Frontal -- -- 4 1.67 -- --
Humerus 1 3.10 10 2.99 4 1.46
Long Bone 26 1.28 58 1.77 101 1.75
Mandible 2 2.25 4 2.05 3 2.19
Metacarpal 1 0.40 2 0.80 3 0.54
Metatarsal 1 0.99 2 1.65 1 0.60
Occipital -- -- 1 4.2 -- --
Os coxa -- -- 3 3.09 2 1.87
Parietal -- - 3 2.46 - —
Phalanx -- -- 2 0.44 -- --
Radius 1 2.50 7 2.36 1 3.00
Rib 5 0.83 6 1.07 23 1.08
Scapula 1 2.45 1 1.4 1 1.35
Talus -- -- 3 233 -- --
Temporal -- -- 4 4.04 2 0.86
Tibia 1 1.50 4 3.064 2 1.98
Tooth (Molar) -- -- 2 n/r -- --
Ulna -- -- 6 222 -- --
Vertebra (Any) 3 1.86 1 4.5 -- --

Zygomatic -- -- 1 0.78 -- --
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Table 4. Summary of animals detected in the 12S rRNA testing and the conflict of origin. The original species
designations are indicated and were not adjusted with more recent searches. Oftentimes, the geographic location
of a country from which the remains were recovered will provide clues as to the animal, even if the 128 results
are more general. Some of the results seem unlikely (e.g., the Common House Gecko); however, the sequence
was duplicated through either extraction or amplification and confirmed prior to searching in BLAST and being
reported. Remains from Southeast Asia were typically recovered from Vietnam, Laos, or Cambodia; those
recovered from the Korean War were from the Korean peninsula; and those from World War II were from world-
wide locations (e.g., Tarawa Atoll, Germany, Papua New Guinea).

WWII Southeast Asia Korean War
Human (Homo sapiens) 21 70 4
Arctic cod (4Arctogadus glacialis) 1
Order Artiodactyla (non-specific) 2
Asian Black Bear (Ursus thibetanus) 1
Family Bovidae 7
Family Cercopithecidae 1
Family Cervidae 5
Chicken (Gallus gallus) 1
Cow (Bos taurus) 30 90
Deer (non-specific) 2 9
Order Diprotodontia 1
Dog (Canis familiaris) 2
Dolphin (non-specific) 1
Giant Grouper (Epinephalus lanceolatus) 1
Goat (Capra hircus) 2
Common house gecko (Hemidactylus frenatus) 1
Horse (Genus Equus) 1 1
Edward’s Giant Rat (Leopoldamys edwardsi) 1
Macaque (Genus Macaca) 5
Muntjac (Genus Muntiacus) 2
Family Phasianidae 1
Pig / Wild Boar (Sus scrofa) 23 35 1
Rat (Genus Rattus) 1
Sea Turtle (Superfamily Chelonioidea) 1
Softshell Turtle (Palea steindachneri) 1
Sheep (Ovis aries) 4
Water Buffalo (Bubalus bubalis) 18
Non-human (non-specific) 2

Inconclusive 82 169 3
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gnawing. Although not a validated protocol, the ob-
served mixtures can be separated visually by an analyst
and searched in BLAST if so desired. This is a fairly
simple process since the human sequence is known.

One of the difficulties with using BLAST is
that the NCBI database it accesses is self-curated
and continuously being updated. The assignment of
‘non-human’ will not change; however, the species
assignment may be different. This is particularly
notable for rare species that may not be commonly
added to the database. For example, a recent search
of the NCBI database for the purposes of this study
revealed that thirteen of fifteen samples are now clas-
sified as a more specific species (e.g., original search
result Family Cervidae and new search result (Rusa
unicolor, Sambar Deer) and one sample did not change
(Genus Muntiacus, muntjacs). However, one sample
changed to a more general category. This sample was
previously determined in 2014 to be a Wattle-necked
Softshell Turtle (Palea steindachneri); re-running the
search in 2019 resulted in a 100% match to not only
P. steindachneri, but also the Asiatic Softshell Turtle

(Amyda cartilaginea), an IUCN threatened species. By
the calling criteria of AFDIL, the sample would now
be reported to DPAA as being Family Trionychidae,
rather than a specific species.

In addition, those who upload sequences are on
their own to provide accurate information on the taxa
to which the sequence belongs. The standards put in
place as part of the AFDIL validation tend to eliminate
incorrect ‘matches’. However, there are cryptids that
are part of the NCBI database that occasionally match
to samples submitted by DPAA. The most common
‘match’ is to the Kting Voar (Pseudonovibos spiralis),
also known as the Snake-eating Cow or the Spiral-
horned Ox. Although the designation is subject to
controversy (Olson and Hassanin 2003), testing has
indicated that the specimens are most likely from Do-
mestic Cows (Hassanin et al. 2001) or Water Buffalo
(Kuznetsov et al. 2001) rather than a mythical beast.
Nonetheless, the sequences are still present in the NCBI
database (e.g., GenBank Accession No. AF231029).
Matches to the Kting Voar include other Bovids and
are usually attributed to the Family Bovidae.

DiscussioN

The use of highly sensitive methods, such as
those employed at AFDIL including the 128 assay, is
a necessity in cases involving decades-old skeletal re-
mains. Unfortunately, with this type of testing, modern
contaminating DNA is always a concern (Malmstrom
etal. 2005; Gilbert et al. 2006; Pilli et al. 2013) despite
precautions taken to minimize contamination during
remains recovery and laboratory processing (Edson et
al. 2004; Kemp and Smith 2005; Barta et al. 2013; Ed-
son and Christensen 2013; Edson and McMahon 2016).
Consequently, an identification of human should be
considered in the context of other case information and
molecular data including any human mtDNA testing
since exogenous modern human DNA may mask the
authentic DNA from the non-human species, which
is likely only present at low levels in poor quality
specimens. The classification guidelines established
at AFDIL for the interpretation of the 12S data aim to
ensure the greatest level of confidence in the resulting
species identification. However, all information must
be considered if contamination from an exogenous
source, human or non-human, is suspected.

The comparison between 12S and osteological
taxonomic assignment of the blind study samples
demonstrates how difficult it can be for anthropologists
to accurately differentiate between various non-human
species in situations involving small, severely compro-
mised skeletal fragments. Although immunological
and histological analyses have been shown to facilitate
the determination of human or non-human origin (Cat-
taneo et al. 1999; Ubelaker et al. 2004; Lowenstein
et al. 2006; Hillier and Bell 2007), reliable species
identification based solely on these analyses may still
be limited. Morphological determination of species
is dependent on the experience and knowledge of the
anthropologist in addition to the size of the fragment.
The reproducibility of the 12S result is not reliant on the
analyst but rather on the BLAST alignment algorithm
and composition of the NCBI Nucleotide database.
Therefore, the sequence data generated by the 12S assay
enables an unbiased determination of taxonomic origin,
and in particular whether a sample is or is not human.



EDSON ET AL.—GENE SEQUENCING TO IDENTIFY SPECIES OF SKELETAL REMAINS 81

Species identification using this 12S assay,
though superior to osteological analyses, is limited by
the composition of the NCBI Nucleotide database and,
depending on the application, the inter-species variation
of the targeted mtDNA region. As evidenced by the
initial BLASTN search for Sample 9 of the blind study,
a 100% homologous sequence may not be returned
by the search if the exact taxon has not been captured
in the database. In these situations, the most closely
related species represented in the database will be
returned as the most significant alignment. This was
the case for Sample 9 in which the V. indica sequence
was not present in the database at the time of the initial
query (May 2010) and was added approximately seven
months later (December 2010). Although the database
continues to grow, no doubt facilitating sequence
identifications at the species level over time, current
designations using this 12S assay should be weighted
heavily on sequence homology. This consideration is
reflected in the classification guidelines employed at
AFMES-AFDIL (Table 1) in which 100% homology is
required in order to report a specific species. With that
being said, identical queried and searched sequences

may not definitively identify the exact taxon since this
small region of the 12S rRNA gene could potentially
be conserved among closely related species.

Because DPAA recovery missions take place
across the globe, often in areas with indigenous primate
populations, AFDIL may receive skeletal fragments
from other primates commingled with human remains.
In fact, the 12S sequence generated from several
samples in a case from the Vietnamese province of
Quang Binh was classified as genus Macaca (macaque),
as it was 100% consistent with two macaque species.
Macaques, though primates, are members of the Cer-
copithecidae family. Humans are much more similar
to other apes within the Hominidae family. Minimal
differences and large regions of homologous bases also
are observed between the sequences of Homo, Gorilla,
and Pongo genera. Based on the similarity of 12S
sequences among hominids, AFDIL guidelines require
at least 75 bases of sequence and 100% homology to
conclusively classify a sample as having originated
from a human.

CONCLUSIONS

Based on the results obtained from the application
of this protocol to the blind study as well as routine
case samples, the 125 assay described here is a robust
and reliable method for the species identification of
degraded bone fragments. This protocol easily could
be implemented into any forensic laboratory already
performing standard mtDNA sequence analysis. The
12S assay remains a low-cost, low-tech process by

which species of origin may be determined. This
species identification assay has become an invaluable
tool for human identification efforts at AFDIL due to
its ability to determine the species origin of severely
compromised skeletal specimens and thereby allow
laboratory resources to be focused on samples that are
human in origin.
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DIVERSIFICATION WITHIN THE ORNATE (SOREX ORNATUS) AND VAGRANT SHREW
(SorEX v4GRrANS) COMPLEX IN THE SAN FRANCISCO BAY AREA OF CALIFORNIA

JAMES L. PATTON

ABSTRACT

Shrews of the Sorex ornatus — Sorex vagrans complex, while distinguished by
morphological, molecular, and karyotypic traits over most of their respective ranges,
present a conundrum of character discordances in the greater San Francisco Bay re-
gion of central California that historically has been difficult to untangle. The utility of
cranio-mandibular characters to diagnose both species is documented, and additional
mitochondrial sequences are added to expand the current understanding of phylogeo-
graphic units within the complex. Patterns of character variation in dorsal pelage color,
upper incisor tine pigment pattern, and cranio-mandibular mensural variables are then
examined for currently recognized taxa of both species from the San Francisco Bay
Area, with specific comparisons of shrews from wetland and tidal marshes around
the Bay using a combination of univariate and multivariate methods. These analyses
highlight the discordance between phenotype and the limited genotypic assessments of
multiple populations, patterns that likely result from a history of repeated hybridization
leading to mitochondrial capture, a hypothesis that must await future studies of these

remarkably variable shrews.

Key words: ornate shrew, San Francisco Bay Area, Sorex ornatus, Sorex vagrans,

taxonomy, vagrant shrew

INTRODUCTION

Sorex ornatus (ornate shrew) and Sorex vagrans
(vagrant shrew), two of the 11 species in the genus
whose ranges encompass at least part of California,
have among the widest distributions in the state. These
two are morphologically very similar sister species
(Junge and Hoffmann 1981; Willows-Munro and Mat-
thee 2011), but differ by a mean molecular divergence
(mtDNA cytochrome-b gene [Cytb]) of 6.93% and an
estimated divergence date ranging from 2.5 mya (Es-
teva et al. 2010) to 0.8 mya (Hope et al. 2014).

By current understanding, the two species have
primarily complementary, non-overlapping distribu-
tions in California (Fig. 1). Sorex ornatus is broadly
distributed through central California west of the
foothills of the Sierra Nevada, in southern Califor-
nia from the Transverse Ranges south to San Diego
County and beyond in Baja California, and extends
into wetland pockets in the western Mojave Desert
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around the southern terminus of the Sierra Nevada.
It occurs in tidal marshes that fringe the greater San
Francisco Bay region and estuary marshes along parts
of the central and southern coasts, on Santa Catalina
Island, in isolated wetland pockets on the floor of the
San Joaquin Valley, and in the Sierra de la Laguna at
the southern end of Baja California Sur. Sorex vagrans,
in contrast, is distributed in northern California, along
the Pacific coast from Monterey Bay to the Oregon
border and further north; across northern California
into the southern Cascade Range and isolated Great
Basin ranges to the east; and south along the crest and
eastern slopes the Sierra Nevada to the vicinity of Lake
Tahoe. Itis also found in isolated wetland pockets east
of the Sierra Nevada in Mono Basin, Adobe Valley,
Long Valley, northern Owens Valley, and Deep Springs
Valley. Range limits of this species outside of Cali-
fornia are unclear, largely because of a general lack of
detailed analyses of both morphological and molecular
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Sorex ornatus

Sorex vagrans

Figure 1. Approximate distributions of Sorex ornatus and S. vagrans in California, as currently understood (maps
redrawn from the California Gap Analysis Project, University of California Santa Barbara; Davis et al. 1998).

characterization of member populations over the broad
distribution mapped by Findley (1955) and Hall (1981).
Sorex ornatus and S. vagrans contact one another, or
overlap, north of the Golden Gate around the edge of
San Pablo Bay, in marshes around San Francisco Bay
in Contra Costa, Alameda, Santa Clara, and San Mateo
counties, and in salt marshes that fringe Monterey Bay
in Monterey County.

A third taxon in the S. ornatus — S. vagrans
complex is Sorex sinuosus, described originally as a
species (Grinnell 1913) limited to the salt marshes of
Grizzly Island in Solano County, California. Rudd
(1955) treated this taxon as a valid species, but one
that hybridized with both S. ornatus to the east and
south in Sacramento and Contra Costa counties and S.
vagrans in Sonoma and Marin counties. Brown and
Rudd (1981), Junge and Hoffmann (1981), and Owen
and Hoffmann (1983) subsequently subsumed sinu-
osus Grinnell as a subspecies of S. ornatus, a decision
maintained by Hutterer (2005) but not by Woodman
(2018), who assigned sinuosus Grinnell as a subspe-
cies of S. vagrans.

The analyses presented here focus on S. ornatus
and S. vagrans of the greater San Francisco Bay region,
an area of substantial diversity but with discordant
patterns of relationship based on limited published
morphological, karyological, and molecular data (e.g.,
Rudd 1955; Brown 1974; Brown and Rudd 1981;
Junge and Hoffmann 1981; Owen and Hoffmann 1983;
Maldonado et al. 2001, 2004). The data employed are
largely limited to morphological, morphometric, and
colorimetric variables obtained from the large collec-
tions housed in the mammal collection of the Museum
of Vertebrate Zoology, critical samples of which were
collected and used by Robert L. Rudd in his seminal
published contributions. In addition, the phylogeo-
graphic clade structure delineated by Maldonado et
al. (2001, 2004) was supplemented by adding new
sequences from key areas on the north side of San Pablo
Bay and throughout the range of S. vagrans from the
southern Cascades, Warner Mts., and the Sierra Nevada
and adjacent desert valleys.

An expanded phylogeographic assessment of
clade structure and distribution of members of the S.
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ornatus —S. vagrans complex in California is presented
first and then followed by an assessment of the diag-
nostic utility of characters posited in the literature to
distinguish S. ornatus from S. vagrans. These include
univariate external and cranio-dental measurements,
upper first incisor medial tine states, and dorsal pel-
age color attributes. Lastly, variability is reviewed
for these same traits among samples from the greater

San Francisco Bay region where discordance in the
distribution of molecular haplotypes, karyotypes, and
literature assessments of species boundaries occurs
(e.g., contrast Junge and Hoffmann 1981 and Brown
and Rudd 1985 with Maldonado et al. 2001, 2004),
with special reference to the allocation of tidal marsh
specimens to either S. ornatus or S. vagrans.

CURRENT TAXONOMY

Hutterer (2005; see also Owen and Hoffmann
1983) allocated nine taxa to S. ornatus and Woodman
(2012) added a 10th. Eight of these have their type
localities, and all or part of their distributions, within
California. Two occur within the San Francisco Bay
Area: (1) californicus Merriam, 1895:80; type locality
“Walnut Creek, Contra Costa County, California],”
with a current range that extends from the Santa Lu-
cia and Gabilan ranges in the central coastal region
northward to the San Francisco Bay, east through the
Sacramento-San Joaquin Delta, and north into the
Sacramento Valley (Grinnell 1933). And (2) sinuosus
Grinnell, 1913:187; type locality “Grizzly Island, near
Suisun, Solano County, California,” with its range re-
stricted to the islands and tidal salt marshes that fringe
the northern edges of Suisun Bay in Solano County
(Brown and Rudd 1981). Woodman (2018) assigned
sinuosus Grinnell to S. vagrans, based on a shared
mitochondrial DNA relationship, but the more tradi-
tional assignment of Grinnell’s sinuosus to S. ornatus
is retained here.

There has been no comprehensive review of
S. vagrans since Findley (1955), with the exception
of Hennings and Hoffmann (1977), who separated
S. monticolus Merriam as a species, and Carraway
(1990), who revised vagrans complex members along
the north coast of California, Oregon, and Washington.
Currently, there are three subspecies listed within Cali-
fornia (Gillihan and Foresman 2004; see also Wood-
man 2018), all of which occur in the San Francisco
Bay Area: (1) vagrans Baird, 1857:15; type locality
“Shoalwater Bay, W.T. [=Willapa Bay, Pacific Co.,
Washington];” range across northern California from
Marin County to Humboldt County (Carraway 1990),
the southern Cascade Range and the northern Sierra

Nevada. (2) halicoetes Grinnell, 1913:183; type local-
ity “Palo Alto, Santa Clara County, California;” range
restricted to salt marshes around San Francisco Bay,
from Belmont (San Mateo County) to San Pablo Creek
marsh, Contra Costa County. And, (3) paludivagus
von Bloeker, 1939:93; type locality “salt-marsh at the
mouth of Elkhorn Slough, Moss Landing, Monterey
County, California;” range includes coastal salt marsh
and wetland areas in west-central California, from San
Gregorio, San Mateo County south to at least Seaside
Lagoon, Monterey County. Samples from upland
habitats along the San Francisco Peninsula are referred
to this taxon (e.g., MVZ records, by Seth B. Benson).

Species Recognition

Morphological diagnoses.—Sorex ornatus and S.
vagrans are stated to differ in overall size, tail length,
general dorsal pelage coloration, and several cranial
features (Table 1; Grinnell 1913; Jackson 1928; and
Ingles 1965).

Junge and Hoffmann (1981) and Owen and
Hoffmann (1983) stressed the utility of the pigmenta-
tion pattern on the medial tine of the 1 upper incisor
as diagnostic for many pairs of similar shrews. Spe-
cifically, they characterized S. ornatus by a large tine
whose pigment is completely confluent with that of the
incisor, and S. vagrans by a smaller tine with the pig-
ment area elevated above, and usually separated from,
that of the incisor. The utility of this trait is examined
below, but three character states are identified instead
of two (see Methods and Materials).

Karyotypic differences—The two species in the
San Francisco Bay Area have karyotypes that differ in
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Table 1. Morphological characters distinguishing S. ornatus and S. vagrans in California. Variable names following
each attribute refer to those identified in the Materials and Methods.

Sorex ornatus

Sorex vagrans

Summer pelage color relatively pale, grayish brown
Body size smaller (TOL)

Tail absolutely shorter (TAL)

Skull flat in lateral profile (CD; also CHo)

Braincase narrower in dorsal view (CB)

Foramen magnum positioned higher on occiput (FMoH, and
ratio FMoH/CHo)

Foramen magnum shallower in ventral view (FMvL)

Summer pelage color relatively dark, brownish gray
Body size larger (TOL)

Tail absolutely longer (TAL)

Skull taller in lateral profile (CD; also CHo)

Braincase broader in dorsal view (CB)

Foramen magnum positioned more ventrally on occiput
(FMoH, and ratio FMoH/CHo)

Foramen magnum deeper in ventral view (FMvL)

autosomal arm number but not in diploid complement
(Brown 1974; Brown and Rudd 1981): S. ornatus
—2n =54, FN = 76, with a haploid autosomal set of
three metacentric (M), nine submetacentric (SM), and
14 acrocentric (A) chromosomes, specimens from
Monterey, Solano, Sonoma, and Yolo counties; and S.
vagrans —2n = 54, FN = 62, with a haploid autosomal
set of 3M, 2SM, 21A; specimens from Marin [S. v.
vagrans| and San Mateo [S. v. halicoetes] counties).
Importantly, Grizzly Island specimens of Grinnell’s
sinuosus possessed a karyotype identical to that of S.
ornatus, as did specimens from the tidal marshes along
the North Bay at least as far west as Novato Creek in
Marin County that Rudd (1955) regarded as hybrids.

mtDNA phylogeography.—Maldonado et al.
(2001, 2004) defined three cytochrome-b (Cyfb) clades
within the S. ornatus — S. vagrans complex. (1) A

Southern clade distributed throughout southern Cali-
fornia from Santa Barbara on the coast, Santa Catalina
Island, and the Transverse Ranges south into northern
Baja California, with an isolate in the Sierra de la
Laguna in southern Baja California Sur; (2) a Central
clade that unified samples from the western foothills of
the Sierra Nevada, San Joaquin Valley, and Monterey
Bay; and (3) a Northern clade that included topotypes
and near-topotypes of sinuosus Grinnell, a sample
from Tehama County in the northern Sacramento
Valley Maldonado et al. (2001, 2004) attributed to S.
ornatus, and samples of S. vagrans from localities as
distant as the north coast of Sonoma County (Bodega
Bay) and the Sweetwater Mts. in Mono County on the
border with Nevada east of the Sierra Nevada. These
samples included 29 unique sequences (25 from Cali-
fornia), 343 to 392 bp in length, from 161 specimens
and 21 localities.

METHODS AND MATERIALS

Bay Area geographic terminology.—For readers
unfamiliar with the geography of the San Francisco
Bay region, regional areas referred to herein include:
(1) San Francisco Peninsula, bounded on the west by
the Pacific Ocean and on the east by San Francisco
Bay, and comprising San Francisco, San Mateo, and
parts of Santa Clara counties; (2) East Bay, Alameda
and Contra Costa counties bounded on the west by San
Francisco Bay and part of San Pablo Bay, on the north
by the Carquinez Strait and Suisun Bay, and on the east
by the Diablo Range; and (3) North Bay, which groups

Solano, Napa, Sonoma, and Marin counties on the north
side of Suisun Bay, the Carquinez Strait, and San Pablo
Bay. On the west, the North Bay is separated from the
San Francisco Peninsula by the Golden Gate, the strait
that connects the Pacific Ocean with San Francisco Bay.

Molecular analyses.—The data set developed
by Maldonado et al. (2001, 2004) was expanded by
obtaining between 801 and 1,140 bp sequence of Cytb
from 127 specimens from 61 localities in California
(localities and voucher catalog numbers or GenBank
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accession numbers for all available sequences are
listed in Appendix A, S1). New, unique sequences
were submitted to GenBank (accession numbers:
MK691325-MK601381). DNA extraction, amplifica-
tion, Cytb primers, and sequencing protocols followed
procedures provided in previous publications (e.g.,
Smith and Patton 2007).

Because the data originally collected by Maldo-
nado et al. (2001) were limited in sequence length, new
sequences were pared to 801 bp of Cyrb for analysis and
missing data in the shorter Maldonado et al. sequences
were replaced with a null. Since the focus here is on
morphological similarity and disparity among shrews
of the S. ornatus — S. vagrans complex, only a gross
overview of statewide phylogeographic patterns is
provided. To do this, a minimum evolution tree was
generated, with bootstrap support calculated from
1,000 replicates, with replacement, using MEGA7
(Kumar et al. 2016). The complete dataset contained
152 individual sequences.

Morphological samples.—Approximately 1,100
specimens of California S. ornatus, from 73 separate
localities, and S. vagrans, from 94 localities from the
San Francisco Bay Area were examined. All material
is housed in the mammal collection of the Museum of
Vertebrate Zoology. These include the holotypes of S.
halicoetes Grinnell MVZ 3638) and S. sinuosus Grin-
nell (MVZ 16470). Specimens were grouped into local
samples for each of the following analyses (sample
sizes and locality data for these samples are given in
Appendix A, S2-S3).

Morphometric variables.—External measure-
ments (total length [TOL], tail length [TAL], hind foot
length, with claw [HF], ear height, from notch [E],
and body mass [MASS]) were obtained from speci-
men labels. Twenty-five cranio-mandibular variables
were measured using a calibrated micrometer with a
Dino-Lite© AD4113TL digital microscope (AnMo
Electronics Corp, New Taipei City, Taiwan), with pix-
els converted to a metric scale at a precision of 0.001
mm. To minimize measurement error, each skull and
mandible was repositioned, imaged, and measured five
times, with the mean of those repeated measurements
then used in all analyses. The position of the pair of
digitized points that delimit each measurement is il-
lustrated in Figure 2. Measurements chosen largely

follow those defined by Woodman and Timm (1993):
greatest skull length (GSL — anterior margin of up-
per incisors to posterior margin of cranium); cranial
breadth (CB — greatest distance across the mid-points
of the cranium); interorbital constriction (IOC — least
distance across the frontal bones between the orbits);
rostral breadth (RB — breadth across the premaxilla);
condylobasal length (CBL — posterior margin of upper
incisor, in ventral view, to posterior margin of occipital
condyles); palatal length (PL — length of palate from
posterior margin of upper incisor to anterior margin of
mesopterygoid fossa); length of the upper unicuspid
row (UniTRL — distance from anterior margin of Ul
and posterior margin of US); length of molariform
teeth (P4-M3L — distance from anterior margin of
P4 and posterior margin of M3); length of the upper
tooth row (upperTRL — distance from anterior margin
of Ul and posterior margin of M3); breadth across
upper first unicuspids (U1B — breadth across the outer
margins of the left and right Uls); breadth across 2nd
upper molars (M2B — breadth across outer margins of
left and right M2s); basioccipital width (basiW — least
width across the basioccipital); length of the foramen
magnum, in ventral view (FMvL — length of foramen
magnum from posterior margins of occipital condyles
to anterior margin of foramen); width of the foramen
magnum, in ventral view (FMvW — width of foramen
magnum from inner margins of occipital condyles in
ventral view); cranial depth (CD —height of cranium,
in lateral view); width of the zygomatic plate (ZPW —
minimal distance across the zygomatic plate, in lateral
view); mandibular length (manL — distance from ante-
rior margin of 1st lower incisor [i1]alveolus to posterior
margin of ramus); length of the mandibular tooth row
(manTRL — distance from anterior margin of 1st lower
incisor [11] alveolus to posterior margin of m3); length
of first lower molar (m1L — distance between anterior
and posterior margins of ml); height of the coronoid
process (HCP — least distance from ventral margin of
ramus to distal margin of the coronoid process); height
of coronoid valley (HCV — least distance from ventral
margins of ramus and sigmoid notch between coronoid
and articular condyles); height of articular condyle
(HAC - least distance from ventral margin of ramus
and distal margin of articular condyle); height of cra-
nium, in occipital view (CHo — height of cranium from
ventral margins of occipital condyles to top of cranium,
in occipital view); height of the foramen magnum, in
occipital view (FMoH — height of foramen magnum
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Figure 2. Twenty-five cranio-mandibular variables taken with a Dino-Lite® AD4113TL
digital microscope; see text for variable abbreviations. Solid circles represent the
approximate position of the pair of digitized points that bound each variable measurement.
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from ventral margins of occipital condyles to anterior
margin of foramen, in occipital view); foramen mag-
num width, in ventral view (FMoW — width of foramen
magnum from inner margins of occipital condyles).

To augment the tail length comparison, the num-
ber of caudal vertebrae were counted in 278 skeletons
collected from throughout the California ranges of both
S. ornatus (specimens pooled from Alameda, Contra
Costa, Kern, Mariposa, Orange, and San Diego coun-
ties) and S. vagrans (El Dorado, Inyo, Lassen, Marin,
Plumas, Shasta, Siskiyou, and Tehama counties; local-
ity and specimen data accessible from http://arctos.
database.museum/SpecimenSearch.cfm). The sacrum
of all specimens consisted of five elements, all fused
in older individuals but with the fifth element often
unfused in younger ones; in 91% of specimens, each
sacral element had a neural spine, those that did not
were invariably the fifth element. The first vertebra in
the caudal series was regarded as the first free element
posterior to the five sacral ones, and could be identified
unambiguously by the lack of a neural spine, the lack of
prezygapophyses resulting in contact between adjacent
elements at the centrum alone, and the presence of a
sesamoid chevron at the ventral junction of each cen-
trum pair, beginning with that of the fifth sacral and first
caudal elements (terminology from Thorington 1966).

Only specimens judged to be adult by tooth wear
supplemented by available reproductive data on speci-
men labels were included in the analyses. Four age
categories based on the degree of wear on the maxillary
and mandibular teeth were identified, as follows: (1)
all teeth in place but with sharp, largely unworn cusps;
pigment present on all cusps of PM4-M3 and on all
unicuspids (rarely including US5). (2) Teeth moderately
worn; some pigment, visible in lateral view, remaining
on upper incisor, most unicuspids, and taller cusps of
PM4-M2. (3) Teeth worn and largely devoid of any pig-
mented cusps (minimal pigment still present on upper
incisor and highest cusps of U1-U2 and PM4). (4) Teeth
heavily worn; none retaining even a vestige of pigment.
For the largest single locality sample (Martinez marsh
S. ornatus, n = 122; Appendix A, S3), none of the 25
cranio-mandibular variables exhibited significant dif-
ferences attributable to age, sex, or age*sex interaction
(two-way ANOVA with Bonferroni corrected P-values
at o < 0.002). Hence, all individuals were pooled in
the following analyses.

Medial tine of upper I*' incisor.—Junge and
Hoftmann (1981) emphasized the relationship of the
pigmented area of the accessory medial tine to that of
the main pigmented area of the first upper incisor as
an important character useful for distinguishing sev-
eral species of soricine shrews. They noted a lack of
ontogenetic change in tine size or pigmentation and
that there appeared “to be little individual variation of
the tine within species (p. 5).” This latter assertion has
remained largely untested, except by Carraway (1990)
who identified 11 states in this character for S. vagrans
and related shrews in the Pacific Northwest.

Three classes of medial tine to shaft pigment
patterns could be differentiated, with reasonable consis-
tency: state 1 —upper pigment boundary of medial tine
confluent with upper pigment boundary of main shaft
of I1, even if the two pigment areas are separated by a
pale gap (Fig. 3a,b); state 2 — upper pigment boundary
of tine above upper pigment boundary of main shaft
of I1, but tip of tine well within that pigmented area;
the two pigment areas may or may not be separated
by pale gap (Fig. 3c,d); and state 3 — both the upper
pigment boundary of tine and its tip are at or above the
upper pigment boundary of main shaft of 11; the two
areas always separated by a pale gap (Fig. 3e,f). State
1 has been posited to characterize S. ornatus, and state
3 S. vagrans (Junge and Hoffmann 1981; Owen and
Hoffmann 1983).

Colorimetric variables.—The three 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 yellow])
were examined. To obtain these values, each shrew
skin was photographed at a distance of 25 cm using
a Nikon DX SWM micro 1:1 lens and under standard
lighting conditions at 4600°K; the brightness of each
photograph was then increased by a factor of 150 to
yield a uniform white background with L* =90, a* =
0, and b* = 1. Color values were then recorded at five
points along the mid-dorsum on each photograph using
the Lab color mode in Adobe PhotoShop CC™ (Adobe
Systems Inc., San Jose, California), and averaged to
provide a single value for each variable in subsequent
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Figure 3. Two examples each of the three medial tine
pigment states recognized: state 1 (a — MVZ 115195, S.
ornatus, Tilden Park, Contra Costa Co., California; b —
MVZ 119097, S. ornatus, salt marsh, 2 mi E Martinez,
Contra Costa Co., California); state 2 (¢ —MVZ 107816,
S. ornatus, mouth Salinas River, Monterey Co., California;
d — MVZ 96141, S. vagrans, 3 mi W Inverness, Marin
Co., California); and state 3 (e—MVZ 101800, S. vagrans,
Pierce Ranch, Tomales Point, Marin Co., California);
f— MVZ 3639, S. vagrans, Palo Alto, Santa Clara Co.,
California). The horizontal white lines are tangential to
the upper boundary of the medial tine pigment; note that
in state 1, this boundary is also confluent with the main
upper boundary, but in state 3, the medial tine pigment
is elevated above and separated from that of the main
incisor shaft.

analyses. Values for a* and b* were converted to C*
(chroma, or relative saturation) as the square root of a*?
+ b*2, and h° (hue, or angle of the hue in the CIELab
color wheel) was converted as h® = arctan (b*/a*).

Statistical procedures.—Univariate and multi-
variate routines in JMP-Pro (version 14; SAS Institute
Inc., Cary, North Carolina) were used for all morpho-
logical analyses. These included univariate summaries
of cranio-mandibular and colorimetric variables and
frequencies of caudal elements and upper incisor tine
scores. Multivariate principal components (PCA) and
canonical variates analyses (CVA) of log,  transformed
cranio-mandibular variables generated reduced-axis
perspectives of overall variable differences among
pre-defined reference groups. In several CVA, some
locality samples were treaded as unknown, with their
posterior probabilities used to determine the relation-
ship of each unknown specimen to the respective refer-
ence groups. Finally, X? contingency tests were used
to compare categorical variable distributions among
samples, and the null hypothesis was evaluated by
likelihood ratio tests. All skulls were examined under
a dissecting microscope for the presumptive diagnostic
traits (Table 1) before assembling the sets of samples
used throughout. To minimize the likelihood of Type
1 error, all multiple comparisons used Bonferroni cor-
rected P-values for the rejection of the null hypothesis
(Dunn 1961; Rice 1989).
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RESuULTS

mtDNA Phylogeography

Phylogeographic groups recovered from all avail-
able Cytb sequence data and their geographic distribu-
tions are depicted in Figure 4 (localities and voucher
specimens number of the new sequences are listed in
Appendix A, S1). Note that the three (Southern, Cen-
tral, and Northern) clades delineated by Maldonado et
al. (2001) remain intact, each with substantial internal
support (95 to 100% bootstrap support). The Northern
clade, however, now expands geographically to include
all specimens of S. vagrans from northern California,
including those from the Sierra Nevada and adjacent
wetlands to the east of that montane axis. The few new
specimens from localities in Marin, Sonoma, and So-
lano counties also possess Northern clade haplotypes,
as did those of S. 0. sinuosus examined by Maldonado
et al. (2001).

Northern n=95

° =)
Maldonado et al. new
. 2001, 2004 [Inyo, Marin,
0.024 sSinuosus [Solano, Modoc, Mono,
vagrans Somoma, Nevada, Lassen,
100 Tehama] Shasta, Sierra,
Siskiyou, Solano,
Tehama]
0.065
1 - Central A n =42
californicus [Alameda,

0.016 ornatus Contra Costa,

P Fresno, Inyo,

95 ’e”th’s Kern, Mariposa,

salarius Merced, Monterey,
0.049 Stanislaus]
97
ornatus SLOLLthern V n=15
0.087 . [Los Angeles,
. 0.023 parvidens Orange,
98 salicornicus Sag Belr;ardino,
i ; an Diego,

willetti Ventural

p= monticolus-Inyo Co. MVZ 221231

1 monticolus-Inyo Co. MVZ 201265

trowbridgii mariposae MVZ 216204

Trait Differences between S. ornatus and S. vagrans

Univariate character differences.—The utility of
univariate characters posited by previous authors (Table
1; Grinnell 1913; Jackson 1928; Ingles 1965; Junge and
Hoftmann 1981) as diagnostic in distinguishing these
two species was evaluated from pooled data for 408
S. ornatus and S. vagrans from the San Francisco Bay
Area. The S. ornatus specimens included those from
Alameda and Contra Costa counties, both upland and
Martinez marsh samples (combined n = 196); the S.
vagrans sample included all specimens from coastal
Marin County (combined n = 212; localities and in-
cluded specimens listed in Appendix A, S3).

Early workers had a perceptive eye. Bonferroni
corrected P-values at o = 0.005 derived from a one-

Southern
clade

Figure 4. Left: Simplified minimum evolution phylogram of clade relationships among California samples of the S.
ornatus—S. vagrans complex. Numbers above each node are mean p-distances for each included group of sequences;
those below nodes are bootstrap values when > 95. Clades are identified as per Maldonado et al. (2001), with numbers
of sequences included in each indicated. For the Northern clade, circles identify the original data from Maldonado
et al. and squares are new sequences from North Bay and Sierra Nevada specimens of S. vagrans. Infraspecific taxa
currently assigned to specimens in each clade are listed, as are the counties within California where specimens were
collected. Note that the Northern clade remains paraphyletic, as it includes all S. vagrans sequences as well as those
allocated to S. 0. sinuosus (Solano County). The tree is rooted by sequences of S. trowbridgii and S. monticolus. Right:
Distribution of sample localities of each of clade depicted in the phylogram.
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way ANOVA reject the null hypothesis of statistical
equivalence in the comparison of the two species for
each variable listed in Table 1. Sorex ornatus is a
smaller shrew with a slightly, but significantly shorter
tail (as indicated by tail length obtained from specimen
labels or counts of the number of caudal vertebrae in
preserved skeletons; Table 2). It also has a flatter skull
(as indexed by lesser cranial depth in lateral view [CD]
and shorter cranial height in occipital view [CHo]), a
narrower braincase (CB), a foramen magnum extending
higher onto the occiput (FMoH and ratio FMoH/CHo),
and, as a corollary, a shallower foramen magnum when
viewed ventrally (FMvL). Furthermore, and consistent
with statements by Junge and Hoffmann (1981) and
Owen and Hoffmann (1983), these two species differ
in the distribution of I1 medial tine pigmentation states,
with state 1 characterizing the majority of S. ornatus
and either state 2 or 3 characterizing S. vagrans (Table
2; raw counts of all samples given in Appendix B,
Table SB1).

Color differences between San Francisco Bay
Area S. ornatus (including sinuosus Grinnell) and S.
vagrans.—Color differences in the dorsal pelage among
populations of shrews in the San Francisco Bay region
have formed much of the basis for their current taxo-
nomic assignments. Rudd (1955) posited that shrews
from tidal marshlands along the northern shore of San
Pablo and Suisun bays that were intermediate in dorsal
pelage darkness were hybrids between what he regarded
as three species, the melanic S. sinuosus from Griz-
zly Island and both the paler S. ornatus from the East
Bay Contra Costa County and S. vagrans from Marin
County. Junge and Hoffmann (1981:31) subsequently
stated that dark individuals of both S. ornatus and S.
vagrans occupied all salt marshes fringing the San
Francisco Bay Area. These authors also concluded “the
salt marshes of the ‘North Bay’ from Martinez to Tolay
Creek are occupied by S. ornatus sinuosus.”

CIELab color attributes were examined for 125
shrews of S. 0. californicus, S. o. sinuosus, S. v. paludi-
vagus, S. v. halicoetes, and S. v. vagrans (localities and
included specimens are listed in Appendix A, S2 and
sample statistics in Appendix B, Table SB2). Seasonal
differences were first tested for all color parameters
by separating specimens into wet (= winter: October
through March) and dry (= summer: April through

September) seasonal cohorts, consistent with Califor-
nia’s Mediterranean annual climate pattern. In separate
analyses for each sample with 17 or more specimens,
and with similar numbers of specimens from each
season, seasonal color differences were found only
in the sample of S. o. sinuosus from Grizzly Island,
Solano County. For this taxon, winter specimens were
darker (mean L* = 8.6) and less saturate (mean C* =
6.1) than summer specimens (mean L* = 10.4 and
mean C* = 8.4), both significant by one-way ANOVA
at P =0.007 and 0.002, respectively. No sample of S.
vagrans from Marin (S. v. vagrans), San Francisco (S. v.
paludivagus), or Santa Clara (S. v. halicoetes) counties
exhibited seasonal differences, nor did the two samples
of S. ornatus from Contra Costa County (upland S. o.
californicus and Martinez marsh). Among the three
samples of S. vagrans, P-values obtained from one-
way ANOVA for L*, C*, and h° were 0.292, 0.088,
and 0.201, respectively; corresponding P-values for the
two S. ornatus samples were 0.186, 0.154, and 0.170.
Despite the seasonal differences in the S. o. sinuosus
sample, pooling these in the comparison among the five
Bay Area shrew taxa did not affect the following results.

Based on one-way ANOVAs and pairwise Tukey
post-hoc tests, with Bonferroni corrected P-values at o
=0.005, Grizzly Island S. o. sinuosus is uniformly sepa-
rated from the other four taxon samples for all three dor-
sal pelage color characters, significantly darker (mean
L*=9.12; P <0.0001 in each pairwise comparison),
less saturate (mean C* = 6.79; P < 0.0001), and with
a more reddish hue (mean h° = 0.932; P ranged from
0.0028 [S. o. sinuosus vs. S. v. vagrans] to <0.0001 [all
other comparisons]; Table 3). Differences in lightness
and saturation are visible to the eye; hue differences
are slight and were not apparent when study skins are
compared. San Francisco Bay marsh S. v. halicoetes
also is significantly darker and less saturate than either
other samples of this species or S. o. californicus (mean
L*=14.72; P ranged from 0.0009 [S. v. halicoetes vs.
S. v. paludivagus] to < 0.0001 [S. v. halicoetes to both
S. o. californicus and S. v. vagrans]; mean C* = 14.03;
P <0.0001 in all three pairwise comparisons]), but does
not differ from any of them in hue (P ranged from 0.294
[comparison to S. v. vagrans] to 0.687 [comparison to
S. o. californicus]). Sorex o. californicus cannot be
distinguished from S. v. vagrans by any dorsal color
variable (Table 3).
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Table 2. Mean, standard error, range, and sample sizes for each of the seven traits listed in Table
1 that have been posited as diagnostic for S. ornatus and S. vagrans. Samples are those from the
San Francisco Bay Area: S. ornatus from the East Bay Alameda and Contra Costa counties, and
S. vagrans from the San Francisco Peninsula, San Francisco Bay marshes, and Point Reyes in
Marin County. Significance levels are derived from one-way ANOVA for mensural variables,
at a Bonferroni corrected oo = 0.005. Data for both the number of caudal vertebrate and upper
incisor 1 medial tine states are the median and range; significance is based on X? contingency tests.

Variable S. ornatus F-value / p-value S. vagrans
total length (TOL) 97.8+0.5 F| 0, =28.02 101.2+04
82-108 P <0.0001 87114
n=101 n=292
tail length (TAL) 353+0.3 F| L, =220.55 404+0.2
27—-41 P <0.0001 32-49
n=101 n=292
number of caudal vertebrae 14 X =62.28 15
11-15 P <0.0001 13-16
n=>53 n=225
lateral profile (CD) 4.66 £ 0.02 F\ ,,=932.10 5.55+0.02
3.61-5.46 P <0.0001 4.47-6.20
n=196 n=212
occipital profile (CHo) 4.05+0.02 F\ 0, =892.95 4.85+0.02
3.48-4.78 P <0.0001 3.97-541
n=196 n=212
braincase breadth (CB) 7.75 +0.02 F| 0, =434.63 8.18+0.01
7.22-8.58 P <0.0001 7.59-8.77
n=196 n=212
height of foramen magnum, oc- 2.47+0.02 F L, =1397 2.38+0.01
cipital view (FMoH) 1.95-3.03 P =0.0002 1.84-2091
n=196 n=212
ratio FMoM/CHo 0.609 + 0.004 F y=43115 0.493 +0.0049
0.432-0.789 P <0.0001 0.391 -0.626
n=196 n=212
length of foramen magnum, ven- 1.71 £0.01 F| ,,=503.92 2.12+0.01
tral view (FMvL) 1.29-222 P <0.0001 1.56 -2.65
n=196 n=212
upper incisor 1 medial tine 1 X, =271.1 3
1-2 P <0.0001 1-3

n=141 n=252
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Table 3. Minimally non-significant subsets for the five samples of Bay Area taxa (species or subspecies) of the Sorex ornatus—Sorex vagrans complex,

based on one-way ANOVA and Tukey post-hoc tests, with significance among subsets at a Bonferroni corrected a. < 0.001, for each of the three dorsal color

attributes (L* = paleness; C* = chroma; and h° = hue) and canonical variates 1 scores (CV-1). Sample means of each color variable and mean CV-1 score

for each a posteriori defined taxon are given.

C* (saturation) h° (hue) CV-1 scores

L* (paleness)

mean

subset

mean

subset

mean

subset

mean

subset

21.95 paludivagus A 21.51 halicoetes A 1.143 vagrans A 1.462

A

vagrans

1.105 californicus A 1.218

A

californicus

A 21.13

vagrans

A 21.18

californicus

B 18.09 californicus A 20.39 paludivagus A 1.099 paludivagus B 0.253

paludivagus

-0.878

B 14.03 vagrans A 1.077 halicoetes C

halicoetes

14.72

C

halicoetes

-2.773

SInuosus D

B 0.932

SINUOSUS

6.79

sinuosus

9.12

SINUOSUS
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In a CVA (not shown) comparing these five taxon
samples based on the dorsal pelage color parameters
L*, C*, and h°, the first axis explains 79.4% of the
total pool of variation with L* contributing by far the
most heavily (standardized L* coefficient = 0.959 com-
pared to 0.049 and 0.027, respectively). This analysis
strongly separates S. o. sinuosus from each of the other
four samples along the first canonical axis, with CV-1
scores identifying the same minimally non-significant
subsets as the single variable L* alone, again defined by
Tukey post-hoc tests following a one-way ANOVA ata
Bonferroni corrected o of 0.005 (Table 3). Thus, Grin-
nell’s sinuosus differs equally strongly (at P <0.0001)
from S. o. californicus and S. v. vagrans, and less so
from both S. v. paludivagus and especially S. v. hali-
coetes, the latter which Grinnell (1913:184) remarked
“resembles S. sinuosus in notably blackish coloration;
but sinuosus is most extreme in this respect.”

8. ornatus and S. vagrans of the San Francisco Bay
Area

Shrews of the S. ornatus — S. vagrans complex
from the San Francisco Bay Area present a complex set
of character discordances, several of which have been
either alluded to (e.g., Junge and Hoffmann 1981; Owen
and Hoffmann 1983) or detailed (e.g., Rudd 1955;
Brown and Rudd 1981) in earlier publications. The
following is a three-part analysis of the shrews from this
region, each focused on a set of prior questions or hy-
potheses concerning shrews in smaller geographic areas
within this large area. Sample localities are mapped in
Figs. 5 and 6 (see Appendix A, S3 for list of localities
and specimen catalog numbers). Appendix B provides
state distributions for the upper incisor medial tine
pigment patterns (Table SB1), sample means, standard
error, range, and samples sizes for dorsal pelage color
(Table SB2) and cranio-dental variables (Table SB3).

Five reference groups (S. v. vagrans, S. v. palu-
divagus, S. v. halicoetes, S. o. californicus, and S. o.
sinuosus).— Principal Components Analysis (PCA)
was used to reduce the 25 log-transformed cranio-
mandibular variables to a few multivariate axes and
tested the commonality of the five-taxon samples in a
posteriori comparisons (Table 4 provides eigenvectors,
eigenvalues, and percent contribution for the first four
PC axes, which combine to explain 62.02% of the varia-
tion). This analysis included 483 specimens (taxon
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<> = S. ornatus californicus
@ =S. ornatus sinuosus
@ = S. vagrans halicoetes
QO =S. vagrans paludivagus
O =S. vagrans vagrans

10 mi

Figure 5. Sample localities of S. vagrans and S. ornatus in the greater San Francisco Bay Area,
excluding those from the tidal marshes of the North Bay mapped in Figure 6. The two coastal
Marin County samples of S. v. vagrans are bounded separately, as are the San Pablo and Martinez
marsh samples of S. o. californicus (heavy dashed lines), which initially were treated as unknown
in a CVA designed to allocate them to either S. o. californicus or S. o. sinuosus (see text; localities
listed in Appendix A, S3).

s, o
‘ = S. ornatus sinuosus
(O = S. vagrans vagrans
|:|a= marsh samples

10 mi

Figure 6. Map of the North Bay shrew localities. Reference samples of S. o. sinuosus and S. v.
vagrans (S Marin and Pt. Reyes) are bounded by heavy white lines; letters identify tidal and other
marsh samples treated as unknown in the CVA (see text; localities listed in Appendix A, S3).
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Table 4. Standardized scoring coefficients of five taxa (S. o. californicus, S. o. sinuosus,
S. v. halicoetes, S. v. paludivagus, and S. v. vagrans) of shrews from the greater San
Francisco Bay Area for the first four principal components (PC) axes, with eigenvalues
and percent explained variation given below. Variable scores highlighted in bold are
those that contribute most to specimen dispersion on PC-1 and PC-2.

Variable PC-1 PC-2 PC-3 PC-4
Log,, [GSL] 0.297 -0.025 -0.044 -0.037
Log,, [CB] 0.259 -0.097 0.192 -0.052
Log,, [10C] 0.179 0.133 0.154 0.065
Log,, [RB] 0.042 0.371 0.280 -0.141
Log,, [CBL] 0.297 -0.022 -0.083 -0.036
Log,, [PL] 0.252 0.095 -0.242 -0.062
Log,, [UniTRL] 0.141 0.037 -0.318 0.001
Log,, [P4-M3L] 0.245 0.127 -0.180 -0.005
Log,, [upperTRL] 0.259 0.119 -0.308 0.020
Log,, [U1B] 0.013 0.444 0.245 -0.095
Log,, [M2B] 0.184 0.332 0.165 -0.013
Log,, [basiW] 0.141 0.050 0.232 0.080
Log,, [FMvL] 0.165 -0.424 0.107 -0.082
Log,, [FMvW] 0.174 -0.204 0.129 0.428
Log,, [CD] 0.226 -0.296 0.128 -0.041
Log,, [ZPW] 0.155 -0.103 -0.036 -0.209
Log,, [manL] 0.270 0.089 -0.176 -0.018
Log,, [manTRL] 0.232 0.127 -0.269 0.042
Log,, [mIL] 0.139 0.131 -0.200 0.107
Log,, [HCP] 0.211 0.047 0.265 -0.135
Log,, [HCV] 0.178 0.017 0.314 -0.104
Log,, [HAC] 0.205 0.019 0.182 -0.099
Log,, [CHo] 0.232 -0.276 0.104 0.026
Log,, [FMoH] -0.016 0.208 -0.019 0.413
Log,,[FMoW] 0.088 0.022 0.149 0.702
eigenvalue 9.639 2.498 1.992 1.274

% contribution 38.56 9.99 7.97 5.50
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samples and included localities are given in Appendix
A, S3). Cranial and mandibular length variables, such
as GSL, CBL, PL, upperTRL, manL, and manTRL,
have the greatest influence on the dispersion of indi-
vidual specimen scores on the first axis; rostral width
variables (RB and U1B) and those of both cranial height
(CD, CHo) and foramen magnum height, width, and
length (FMoH, FMvW, FMvL) provide greatest influ-
ence on the second axis (Table 4). This set of variables
includes those treated by earlier workers, and confirmed
above, as diagnostic in distinguishing these two species
of shrews (see Tables 1 and 2 and accompanying text).

The two samples of S. v. vagrans (Pt. Reyes and
S Marin; Fig. 5) do not differ in a one-way ANOVA
comparing their respective PC-1 and PC-2 scores (P
= 0.853 and 0.301, respectively). These specimens
were thus combined into a single S. v. vagrans sample
for comparison to other Bay Area taxa in subsequent
analyses.

Combined PC-1 and PC-2 scores do perform
well in distinguishing between the five Bay Area taxa
of the S. ornatus — S. vagrans complex when their re-
spective sample scores were grouped in an a posteriori
one-way ANOVA using pairwise Tukey post-hoc tests,
with Bonferroni corrected P-values at .= 0.005 (Table
5). PC-1 groups S. v. halicoetes and S. v. paludivagus,
separates S. o. californicus from all other samples, and
the S. v. vagrans sample provides a bridge between the
other two S. vagrans samples and S. o. sinuosus. PC-2
groups the two samples of S. ornatus as distinct from
the three S. vagrans. For PC-3, while the sample of

99

S. o. californicus separates from S. o. sinuosus (at P
=0.0005), the three samples of S. vagrans provide an
overlapping bridge between these two extremes.

A CVA using all 25 cranio-mandibular variables
delineated two axes that combine to explain 91.1% of
the total variance (Table 6, which also highlights those
variables with the highest loadings on both axes). The
bivariate plot depicting 50% ellipses of CV-1 and CV-2
specimen scores clearly separated S. o. californicus
from the three samples of'S. vagrans, with S. o. sinu-
ous placed in a somewhat intermediate position (Fig.
7). Tukey post-hoc tests from one-way ANOVA on
the distribution of CV-1 scores (with Bonferroni cor-
rected P-values at o = 0.005) indicate that of the three
S. vagrans samples, shrews from the San Francisco
Peninsula (both the upland S. v. paludivagus and marsh
S. v. halicoetes) are statically homogeneous (P =0.487)
and that S. v. paludivagus is identical to S. v. vagrans
(P =0.452) but S. v. halicoetes and S. v. vagrans are
divergent (P < 0.0001). Nevertheless, the three S.
vagrans samples are strongly separated from both S.
o. sinuosus and S. o. californicus (P < 0.0001 in each
pairwise comparison), as are the latter two from each
other (also P < 0. 0001). CV-2 scores fail to separate
S. o. sinuosus from S. o. californicus (P = 0.167) but
the three S. vagrans samples are separable on this axis
(pairwise P < 0.0001 in each comparison).

Both S. o. californicus and S. o. sinuosus lack
character state 3 of the first upper incisor medial tine
(Appendix B, Table SB1), although these two samples
differ notably in the number and proportion of states

Table 5. Minimally non-significant subsets for the five samples of Bay Area taxa (species or subspecies) of the Sorex
ornatus — Sorex vagrans complex, based on one-way ANOVA and Tukey post-hoc tests, with significance among
subsets at a Bonferroni corrected o < 0.001, for the first three Principal Components axes. Mean sample scores for
each a posteriori defined taxon are given for each PC axis.

PC-1 PC-2 PC-3
subset mean subset mean subset mean
halicoetes A 2.557 Sinuosus A 1.208 californicus A 0.984
paludivagus A 2.525 californicus A 1.177 halicoetes AB 0.659
vagrans AB 1.587 paludivagus B -0.749 halicoetes BC 0.260
Sinuosus B 0.413 halicoetes B -0.924 vagrans BC -0.050
californicus C -2.127 vagrans B -1.028 sinuosus C -0.493
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Table 6. Standardized scoring coefficients of five taxa (species or subspecies)
of shrews from the greater San Francisco Bay Area for the first three conical
variates (CV) axes, with eigenvalues and percent explained variation given
below. Coefficients highlighted in bold are those that contribute most to
the dispersion of the five taxa on CV-1 and CV-2 axes depicted in Figure 5.

Variable CV-1 CV-=2 CV-3 CV-4
Log,, [GSL] 0.125 0.335 -0.344 0.005
Log,, [CB] 0.438 0.332 -0.230 -0.002
Log,, [10C] 0.193 -0.203 -0.046 0.227
Log,, [RB] -0.257 -0.123 -0.132 -0.112
Log,, [CBL] -0.166 -0.061 0.289 -0.350
Log,, [PL] -0.195 0.181 -0.271 0.488
Log,, [UniTRL] 0.003 -0.460 0.184 0.422
Log,, [P4-M3L] 0.325 -0.010 0.009 -0.349
Log,, [upperTRL] -0.248 0.190 -0.216 -0.165
Log,, [U1B] -0.388 0.184 0.291 0.174
Log,, [M2B] 0.019 0.076 0.252 -0.222
Log,, [basiW] 0.009 0.452 0.169 0.077
Log,, [FMvL] 0.173 0.205 0.626 -0.061
Log,, [FMvW] -0.077 0.123 -0.292 -0.021
Log,, [CD] 0.410 -0.076 0.372 0.246
Log,, [ZPW] 0.105 0.155 -0.069 -0.213
Log,, [manL] 0.335 -0.132 -0.369 0.615
Log,, [manTRL] 0.012 0.059 0.092 -0.531
Log,, [mIL] -0.057 -0.260 -0.122 0.279
Log,, [HCP] -0.095 -0.692 0.611 0.265
Log,, [HCV] -0.043 0.661 -0.413 0.079
Log,, [HAC] 0.055 -0.398 0.170 -0.229
Log,, [CHo] 0.290 -0.433 -0.339 -0.030
Log,, [FMoH] 0.020 0.264 -0.111 0.417
Log,,[FMoW] -0.067 0.250 0.601 0.207
eigenvalue 3.221 0.839 0.234 0.161

% contribution 72.29 18.84 5.27 3.61
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Figure 7. Bivariate plot of CV—1 and CV-2 scores for samples of S. o. californicus (East
Bay upland, on the left), S. o. sinuosus (Grizzly Island, in the middle), and the three samples
of S. vagrans on the right (S. v. halicoetes [San Francisco Bay marshes], S. v. paludivagus
[San Francisco Peninsula upland], and S. vagrans [coastal Marin County; S Marin and Pt.
Reyes combined]). Data are presented as ellipses that encompass 50% of sample specimen
scores; mean sample scores (black circles); and overlapping box-plots that illustrate the
skew in sample scores on both CV axes. These two axes combine to explain 91.1% of
the total variation in the data. The inset in the upper right illustrates character vectors that
determine the dispersion of specimen scores in this plot; only those expressing the highest

loadings, as indicated by line length, are identified (see Table 6).
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1 (83%, n =35 vs. 40%, n = 15, respectively) and 2
(17% vs. 60%). All three samples of S. vagrans contain
specimens with tine state 3, which has been considered
diagnostic for this species, but a few individuals in each
sample exhibit state 1 and a substantial number have the
intermediate state 2. The distribution of the character
states for the five Bay Area reference samples in three
separate X? contingency analyses was compared using
a likelihood ratio test. Overall, the five taxa exhibited
highly significant differences in character state distribu-
tions (X°, = 155.28, P<0.0001). In separate analyses,
tine state distributions were significantly different
between S. o. californicus and S. o. sinuosus (X*, =
8.83, P = 0.003) but not among the three samples of
S. vagrans (X*,= 9.03, P = 0.060). Each of the three
S. vagrans samples differed in tine state distribution
from both S. o. californicus (X*,ranged from 55.78 to
107.69, P <0.0001 in each pairwise comparison) and
S. o. sinuosus (X°, ranged from 22.79 to 29.04, P <
0.0001 in pairwise comparisons).

East Bay Martinez marsh S. ornatus vis-a-vis
upland S. o. californicus and S. o. sinuosus.—Junge
and Hoffmann (1981) and Owen and Hoffmann (1983),
based primarily on stated similarity of dark dorsal pel-
age, assigned specimens from the salt marshes near
Martinez on the south side of Suisun Bay to S. o. sinu-
osus. These authors, however, provided neither data
nor analyses to support their assertion. Their hypoth-
esis was evaluated by comparing the three CIE color
attributes of the Martinez marsh S. ornatus (n=31) to
both upland S. o. californicus (n = 33) and the melanic
Grizzly Island S. o. sinuosus (n = 17; sample localities
and specimen numbers listed in Appendix A, S2, and
color values in Appendix B, Table SB2).

Martinez marsh S. ornatus differ neither in pel-
age lightness (L*) nor chroma (C*) from S. o. califor-
nicus (F| ;=0.435; P=0.512 and F| ;= 0.066; P =
0.799, respectively) but is decidedly divergent from
S. o. sinuosus in both attributes (L*: F L4 = 227.60,
P <0.0001; C*: F, . = 117.76, P < 0.0001). Hue
differs among all three samples (h°: F, (/= 10.25, P =
0.0001). In a CVA based on these three attributes, and
treating the Martinez specimens as unknown, these
individuals are uniformly assigned to S. o. californicus
(mean posterior probability = 0.976, 95% confidence
limits 0.943—-1.000) and not to S. o. sinuosus (mean
posterior probability = 0.024, 95% confidence limits

0.000-0.057). Martinez marsh S. ornatus cannot be
assigned to S. o. sinuosus by color attributes alone,
as originally posited by Junge and Hoffmann (1981).

Other morphological characters also indicate that
specimens from the Martinez marsh are best allocated
to S. o. californicus than S. o. sinuosus. For example,
the predominant tine state for both the Martinez marsh
sample and S. o. californicus is state 1 (Appendix B,
Table SB1), and the distribution of states in these two
samples is not significantly different (X*, = 3.69, P =
0.055). Alternatively, the majority of S. o. sinuosus
specimens have tine state 2 and a state distribution
different from the Martinez marsh sample (X*, = 20.27,
P <0.0001). In a CVA of the 25 cranio-mandibular
variables using the S. o. californicus and S. o. sinuosus
samples as reference groups to which each specimen
from the Martinez marsh sample was then compared
(analysis not shown), the latter unambiguously align
with S. o. californicus (mean posterior probability =
0.922; 95% confidence limits 0.884-0.960) and not
to S. o. sinuosus (mean posterior probability = 0.078;
95% confidence limits 0.040-0.116).

A global view of S. ornatus and S. vagrans of the
San Francisco Bay Area.—The unequivocal linkage of
the Martinez marsh sample of S. ornatus to the adjacent
upland S. o. californicus based on color characteris-
tics of their dorsal pelage forced a reconsideration of
the status of sinuosus Grinnell as a potentially valid
species-level entity. To do this, the five-taxon CVA
described above and depicted in Fig. 7 was rerun using
the same samples of S. o. californicus, S. o. sinuosus,
S. v. halicoetes, S. v. paludivagus, and S. v. vagrans as
reference groups but treating as unknown all marsh-
land samples that fringe San Pablo and Suisun bays
and the Sacramento—San Joaquin river delta (localities
and samples mapped in Figs. 5 and 6). This analysis
included 975 specimens (localities and specimens listed
in Appendix A, S3).

The first CV axis explained 72.3% of the total
pool of variation (Table 6). Sample CV-1 scores were
compared by one-way ANOVA and Tukey post-hoc
tests to visualize the pattern of similarity and dis-
similarity of cranio-mandibular relationships of all
samples from west to east across the San Francisco
Bay Area (Fig. 8). Significance tests were applied to
each geographically adjacent pair of samples across
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Figure 8. Box plots of CV-1 scores for all greater San Francisco Bay Area samples of the S. ornatus—S. vagrans
complex. Samples are arranged generally from west to east (see Figures 5 and 6), except that the two East Bay S.
ornatus californicus samples (upland Alameda and Contra Costa country and Martinez and San Pablo Bay marshes)
are positioned on the far right, and the two San Francisco Bay S. vagrans taxa (marsh S. v. halicoetes and upland S. v.
paludivagus) are positioned to the far left. Vertical arrows indicate major statistical break points, where geographically
adjacent pairwise comparisons are *** = P < (0.0001. A minor break occurs between Tolay Creek and Black Point
(pairwise * = P = 0.002). Across the bottom, solid lines encompass localities where the S. vagrans or S. ornatus
karyotypes and/or mtDNA sequences have been described (karyotypes from Brown 1974 and Brown and Rudd 1981;
mtDNA clades from Maldonado et al. 2001 and Figure 4).
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side of Suisun Bay (c-Joice Island, d-Cordelia marsh,
and e-Southampton Bay; pairwise P values = 0.032
to 0.177); and (4) samples from the tidal marshes that
rim the north shore of San Pablo Bay (from f-Mare
Island west to n-Larkspur; all but a single P-value
ranged from 0.011 to 0.999). A minor difference (P
= 0.0003) between i-Tolay Creek and j-Black Point
disrupts the otherwise consistent similarities among
this set of samples.

Figure 8 also illustrates the complexities of vary-
ing phenotypic intermediacy these samples represent
and accentuate the discordance, based on available
data, of both karyotype and mtDNA clade membership.
The East Bay S. o. californicus differ from all others
in belonging to the Central mtDNA clade (Fig. 4) yet
share the same karyotype with S. o. sinuosus. All other
North Bay samples, including S. o. sinuosus, for which
karyotypes are known (Brown 1974; Brown and Rudd
1981) belong to the Northern mtDNA clade.

To further illustrate the degree of morphological
intermediacy expressed by individual specimens from
all population samples across the North Bay, ternary
diagrams were constructed from posterior probabilities
derived from a separate CVA using single reference
samples of three Bay Area taxa (S. o. californicus, S.
o. sinuosus, and S. vagrans [pooled samples of S. v.
halicoetes, S. v. paludivagus, and S. v. vagrans]; sample
statistics provided in Appendix B, Table SB4). Each
reference sample, not surprisingly given that CVA
minimizes within-group variance but maximizes that
between groups, have high mean posterior probabilities
to themselves (> 0.94 in each case), even though a few
individuals do express some similarity to one or the
other reference taxa (apparent in the distribution of
individual specimen posterior probabilities visualized
in ternary plots, Figs. 9 to 11). Importantly, though,
individuals from each unknown sample exhibit dif-

ferent patterns of association with the reference taxa
based on the geographic positions of their respective
localities. Individuals of S. ornatus from San Pablo
and Suisun Bay marshes in Contra Costa County align
strongly with the geographically adjacent upland S. o.
californicus (mean posterior probabilities of 0.959),
a recapitulation of the results for the Martinez marsh
samples on the south side of Suisun Bay described
above. Note that each specimen posterior probability
falls within, or very close to, the distribution of poste-
rior probabilities of reference S. o. californicus (Fig. 9).

In contrast, North Bay tidal marsh samples
comprise individuals with widely disparate posterior
probabilities, but their separate distributions are more
complex as their level of intermediacy may involve
only two, or all three, reference samples. The eastern
samples from Rio Vista (a) to Southampton Bay (e; see
map, Fig. 6) group morphologically with either S. o.
californicus or S. o. californicus and the S. o. sinuosus
reference sample (Figs. 8 and 10). Average posterior
probabilities of individual assignments of these four
marsh samples to S. o. californicus and S. o. sinuosus
are 0.466 and 0.517, respectively; values that are sta-
tistically indistinguishable (one-way ANOVA, Tukey
post hoc tests, P =0.720). These four samples exhibit
virtually no influence from S. v. vagrans (average pos-
terior probability, 0.017). In contrast, individuals from
the marshes around the northern margins of San Pablo
Bay express posterior probabilities that fall between
the three reference samples (Fig. 11). Average indi-
vidual posterior probabilities are statistically higher
to S. 0. sinuosus (mean posterior probability = 0.561;
one-way ANOVA, Tukey post hoc tests, P < 0.0001)
while assignments to S. 0. californicus (mean posterior
probability = 0.208) and S. o. vagrans (mean poste-
rior probability = 0.231) are homogeneous (one-way
ANOVA, Tukey post hoc test, P = 0.407).
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Figure 9. Ternary plot of the distribution of individual specimen posterior probabilities of the three reference

samples (S. o. californicus, S. o. sinuosus, and the pooled S. vagrans) and both the Martinez and San Pablo Bay

marsh samples treated as unknown. Large circles with unique shades of gray, and surrounded by similar shaded

ellipses, identify each reference sample specimen; small black circles identify each individual from two marsh
samples treated as unknowns in the CVA (see maps, Figures 5 and 6).
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Figure 10. Ternary plot of the distribution of individual specimen posterior probabilities for marsh samples from the
North Bay from Southampton Bay through Suisun Bay to the Sacramento River delta. As in Figure 9, large circles
with unique shades of gray, and surrounded by similar shaded ellipses, identify each reference sample specimen;
small black circles identify each individual from the four eastern North Bay marshes treated as unknowns in the
CVA (see map, Figure 6).
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Figure 11. Ternary plot of the distribution of individual specimen posterior probabilities for tidal marsh that rim
the northern margin of San Pablo Bay. As in Figure 9, large circles with unique shades of gray, and surrounded
by similar shaded ellipses, identify each reference sample specimen; small black circles identify each individual
of the nine San Pablo Bay samples, from Mare Island on the east to Larkspur on the west, treated as unknowns
in the CVA (see map, Figure 6).
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DiscussioN

Two obvious conclusions derive from the re-
sults presented above; neither is novel, nor probably
unexpected.

First, and excluding shrews from the tidal marsh-
es around the northern rim of the greater San Francisco
Bay region, the species S. ornatus and S. vagrans are
delineated by trenchant morphological differences.
The utility of those diagnostic traits enumerated in
early publications and listed in Table 1, for example,
is upheld — S. ornatus has a shorter, flatter skull, with
a narrower braincase and a foramen magnum placed
higher on the occiput so that it also is anteroposteriorly
shorter in ventral view, and is characterized typically by
pigmentation of the upper incisor medial tine contained
wholly within that of the main incisor shaft (state 1) or,
more rarely, with its proximal edge slightly elevated
above (state 2; Fig. 3). In contrast, S. vagrans has a
longer, more domed skull, wider braincase, and a fora-
men magnum placed lower on the occiput making it
more expansive in ventral view. Its upper incisor me-
dial tine is characteristically small with the pigmented
portion typically separate from, and elevated above,
that of the main incisor shaft (state 3). Additional,
non-morphological characters, as best understood with
available sampling, and as described in the literature or
presented herein, are largely concordant. The two spe-
cies possess distinct karyotypes (Brown 1974; Brown
and Rudd 1981) and belong to separate, well-supported
mtDNA clades (Maldonado et al. 2001; Fig. 4).

Second, character discordance is present among
tidal marsh samples around the northern margin of San
Pablo Bay east to Grizzly Island in Suisun Bay, at least
as far as is now known. Here are found individuals
that have the S. ornatus karyotype but, with the limited
available mtDNA sequence data, are part of the well-
supported Northern clade otherwise comprising all
samples of S. vagrans. Furthermore, the population
samples especially around the north rim of San Pablo
Bay exhibit a complex pattern of intermediacy between
S. ornatus and S. vagrans in all morphological charac-
ters, be these cranio-mandibular measurements, upper
I1 medial tine scores, or dorsal pelage color attributes.
There are too few specimens from localities farther
east in the Sacramento-San Joaquin river delta or the
Sacramento Valley and adjacent uplands for statistical

comparisons (MVZ has only 11 from eight localities
throughout this large area). While each of these share
the qualitative cranio-mandibular attributes of S. or-
natus, it remains to be determined if larger samples
will exhibit the type of character intermediacy and
discordance that typifies shrews from the North Bay.

The fact of substantial character discordance
leaves several unanswered questions with regard to
the S. ornatus — S. vagrans complex from the San
Francisco Bay Area. The most obvious of these are:
(1) what might explain the full range of phenotypes
present in most of the North Bay samples (Figs. 9-11),
the stair-stepped character change among them (Fig. 8),
and the discordance among morphological phenotype,
karyotype, and molecular clade assignments (also Fig.
8)? (2) What taxonomy would best capture the diversity
of shrews in this area?

The hybridization hypothesis.—Rudd (1955) used
several cranial and pelage characteristics to describe
zones of intergradation between Grizzly Island S. o.
sinuosus and upland populations of S. o. californicus
from the East Bay Contra Costa County. He also
grouped three populations (Southampton Bay [my
sample e-Southampton Bay; Fig. 6], Van Sickle Island
[south of Grizzly Island; not examined here], and Sears
Point Road [sample g-NW Vallejo; Fig. 6]) with S. o.
sinuosus based on these attributes, but emphasized that
each contained some influence from S. o. californicus.
And he concluded that western-most populations
contacted and hybridized with S. vagrans in Marin
County to form a hybrid swarm between these taxa at
Tolay Creek (sample j-Tolay Creek; Fig. 6). This set
of conclusions generally mirrors the patterns of char-
acter distribution, and sample intermediacy, previously
described and depicted in Figs. 8 to 11, except that the
Tolay Creek sample is no more a “hybrid swarm” than
are most of the other San Pablo Bay tidal marsh samples
along the transect.

The discordance between phenotype-karyotype
and mtDNA clade assignments can be explained by
mitochondrial capture following an earlier episode
of hybridization, an increasingly common finding in
detailed studies of closely related species of mammals
and many other organisms. Discordance due to dif-
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ferent evolutionary histories of the mitochondrial and
nuclear genomes can be tested by current laboratory
methods and remains a problem for future investiga-
tion. Another important issue for future resolution is an
explanation for the full array of character phenotypes,
encompassing those of both reference species and
spanning nearly the entire intervening morphospace
present in so many of the tidal marsh samples (e.g.,
Figs. 6 and 9-11). Assuming that phenotype is under
substantial genetic control, there are two likely, but not
mutually exclusive, explanations. First, both species
were present and hybridizing, at least limitedly, at each
locality before the time of sample collection. Second,
individuals with intermediate phenotypes were not at a
strong selective disadvantage, so that the range of ob-
served phenotypes represents a long period of multiple
generations of backcrossing, which would inevitably
reconstitute parental-appearing phenotypes. With the
limited information now available, the latter hypothesis
is at least partially supported. Using the upper incisor
medial tine pigmentation states as a species-diagnostic
attribute (i.e., state 1 = S. ornatus, state 3 = S. vagrans;
Table 2 and Junge and Hoffmann 1981), no specimens
from Mare Island (sample f) west along northern San
Pablo Bay to San Rafael (sample m) possess the S.
vagrans state 3. Furthermore, the average cranio-
mandibular CVA posterior probability of these samples
to S. 0. sinuosus is 0.561 but only 0.231 to S. v. vagrans.
Both results suggest that the influence of hybridization
among these serially adjacent and interacting popula-
tions has been asymmetric favoring S. o. sinuosus and
that some stability in each had been achieved by the
time of collection. Molecular technology today would
permit one to examine the array of underlying geno-
types in these historic samples and detail whether or
not, for example, hybridization had affected the entire
genome or had been selectively restricted to certain
parts, and if there had been differential introgression
from S. o. sinuosus, or even S. o. californicus across the
Carquinez Strait, as sources. And a follow-up study,
based on newly collected specimens, could address
whether changing environmental conditions over the
past half-century since these samples were collected
have changed both the nature and consequences of
hybridization, if that hypothesis were supported.

Another corollary question that remains is why
there is no apparent evidence of hybridization between
S. o. californicus and S. v. halicoetes, whose distribu-

tions overlap in the salt marshes at several points around
San Francisco Bay. What is it about these taxa, or the
ecological relationships where they co-occur, that has
apparently generated a different evolutionary history
than that between S. o. sinuosus and S. v. vagrans
around San Pablo Bay? These shrews resident in the
Bay Area offer a rich arena for evolutionary studies.

Taxonomic resolutions.—There is no question
that S. ornatus and S. vagrans in the San Francisco
Bay Area represent separate species. Excepting the
discordances across the North Bay marshes, the two
are distinct in cranial morphometrics, karyotypes, and
mitochondrial DNA. They are also sympatric, and even
syntopic, at a number of localities in the marshes rim-
ming Monterey Bay (von Bloeker 1939; unpublished
data) as well as both San Francisco and San Pablo bays
(e.g., Aviso marsh in Santa Clara County and San Pablo
marsh in Contra Costa County). In each of these areas
of overlap, there is complete concordance between
morphological and mtDNA clade assignments, and no
evidence of morphological intermediacy.

Of'the taxa of S. ornatus examined herein, Grin-
nell’s sinuosus, despite its membership in the Northern,
otherwise uniquely S. vagrans, mtDNA clade, pos-
sesses an S. ornatus karyotype and is phenotypically
closer to S. ornatus in cranio-mandibular (Fig. 8) and
upper incisor tine traits, even if unique in dorsal pelage
color. Given that the discrepancy between phenotypic-
karyotypic and molecular assignments can be explained
by past mitochondrial capture, the assigmnent by previ-
ous authors of sinuosus Grinnell to S. ornatus and not to
S. vagrans (sensu Woodman 2018) is supported. Fur-
thermore, Grinnell’s taxon is sufficiently distinct from
other regional samples of S. ornatus, particularly the
adjacent S. o. californicus, in morphological attributes
(cranio-mandibular measurements, upper incisor tine
pigmentation, and dorsal pelage coloration) to warrant
subspecies status. This decision follows the conceptual
argument and analytical framework advocated for tri-
nomial use by Patton and Conroy (2017). The range
of S. o. sinuosus should also be expanded from Grizzly
Island west to at least Southampton Bay (see Fig. 8),
a conclusion also reached by Brown and Rudd (1981).

The East Bay S. o. californicus also is sufficiently
distinct, at least in the geographically limited analyses
presented, to warrant recognition (contra Hutterer
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2005). Junge and Hoffmann’s (1981; restated in Owen
and Hoffmann 1983) assignment of the Martinez marsh
samples to S. o. sinuosus is not supported; these speci-
mens are clearly part of S. o. californicus. Thus, S. o.
californicus includes individuals living in both upland
and marsh habitats, and extends to the northeast at
least as far as the Rio Vista area in the marshlands that
border the lower Sacramento River delta. Whether
it continues further north into Yolo and Sacramento
counties (as suggested by Brown and Rudd 1981), or
beyond, must await further study.

The geographically confined samples of S. va-
grans that were examined, especially given the very
large range of this species (Gillihan and Foresman
2004), limit useful comments about subspecific validity.
Hutterer (2005) recognized both Zalicoetes Grinnell
and paludivagus von Bloeker apart from nominotypical
S. v. vagrans. Grinnell’s halicoetes, which nearly cir-
cumscribes San Francisco Bay in its tidal marshes and
estuaries, is only minimally separable from upland S.
v. paludivagus in cranio-mandibular multivariate space
(they do not differ along any PCA axis [Table 5] and
only slightly on CV-2, which explains only 18.8% of the
total variation [Table 6]). The two do differ in dorsal
pelage color (S. v. halicoetes is significantly darker
[mean L* = 14.73 versus 18.07] and more saturate
[mean C* =14.03 versus 21.51]). If color alone is suf-
ficient for taxonomic recognition, then S. v. halicoetes
warrants that status.

For the most part, the shrews examined herein
do fall into recognizable, and supportable, taxonomic
units to which available names appropriately apply.
The nagging question that remains, however, is to how
to treat the tidal marsh samples around the northern rim
of San Pablo Bay (those from Mare Island [sample
in Fig. 6] to Larkspur [sample n]). Brown and Rudd
(1981:34) recognized the problem of “a less definable
westerly identification” with these populations “nei-
ther S. o. sinuosus nor S. o. californicus.” They also
wrote (p. 34) that while “some populations are clearly
separable... a new subspecific name would disguise
their individuality...[and] since all populations are
distributed allopatrically, they are better referred to as
S. o. californicus.”

Based on the analyses presented herein, the state-
ment above by Brown and Rudd (1981) is supported,

with the exception of that last phrase. Assigning
samples with such “individuality” to a particular taxon
(e.g., S. o. californicus) is incompatible with the range
of phenotypes expressed in each. These samples share
only the apparently global S. ornatus karyotype and
possess a broad mixture of phenotypes with less S. o.
californicus influence than that of the other adjacent
taxa. Nor does assignment to any of the other named
taxa in the San Francisco Bay Area. Until, and if,
genomic tools might uncover the genetic basis for the
intermediacy expressed in samples from Mare Island
to Larkspur (e.g., Fig. 11), the results suggest treating
each of these samples as S. ornatus — S. vagrans hybrid
populations.

Future Directions

As has been suggested at several points in this pa-
per, shrews of the S. ornatus — S. vagrans complex, both
globally throughout their respective ranges or within
limited geographic areas such detained herein, are ripe
for a concerted field and museum program that would
take advantage of the laboratory and analytical meth-
ods now available. A host of evolutionary, ecological,
and systematic questions remain to be addressed; col-
lectively these would underscore an exciting research
program for a young scholar. Such studies could
combine renewed collections at key geographic sites
around the San Francisco Bay Area, and in other areas
within California where the two species co-occur (e.g.,
marshes around Monterey Bay), and targeted sampling
of historical specimens housed in museum collections.
It is now possible to sample preserved specimens in
ways that hardly impact the specimen (for example,
Bietal. 2013).

However, continuing work on these shrews in
their natural habitats across the San Francisco Bay
region, or elsewhere in California, is hampered by the
extreme loss of wetland habitats to urban development
and water distribution policies supporting agricultural
expansion in recent decades. As a consequence, several
taxa included in the group now are listed as endangered,
threatened, and/or of special concern by regional, state,
and/or federal agencies (lists of California threatened or
endangered taxa and those of special concern available
at https://www.wildlife.ca.gov/Conservation). Addi-
tionally, documented climate change that already has
led to a sea level rise of eight inches along the California
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coast and bays in recent decades is a detrimental force
that will only increase into the future (see, for example,
Ackerly et al. [2018], Pierce et al. [2018] and the re-
gional reports of California’s Fourth Climate Change
Assessment available at http://www.climateassessment.

ca.gov/regions/). The compounding impact of rising
waters coupled with preventive measures to preserve
adjacent urban, commercial, and agricultural lands will
undoubtedly result in continued loss of shrew habitat
in coastal marsh systems.
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APPENDIX A
Sample groups and included localities for each separate analysis.

S1 - Specimens and included localities for which cytochrome-b sequence is available; AF numbers refer to
GenBank sequences deposited by Maldonado et al. (2001). Localities are mapped in Figure 2.

Central clade, S. ornatus (n=42): Alameda Co., Livermore (MVZ 219053). Contra Costa Co., Orinda(MVZ
208913,216011-216012); Mallory Ridge (MVZ 219054). Fresno Co., Mill Creek, 1 mi S Dunlop (MVZ 223956).
Inyo Co., Cartago, Owens Lake (MVZ 226259-226260; MVZ 230724-230728); Little Lake (MVZ 230729).
Kern Co., Bodfish (MVZ 222857); Dock Williams Canyon (MVZ 219126, 219132); Fay Creek MVZ 223902-03);
Kern Lake (AF300669); Landers Creek, Piute Mts. (MVZ 227879-227883); Mill Creek, 12 mi S Bodfish (MVZ
223904); Pozo Creek, 8 mi NE Bakersfield (MVZ 223905); S fork Kern River (MVZ 222858-222860). Mariposa
Co., Coulterville (MVZ 207131); Domingo Flat (MVZ 225822); El Portal (AF300671-AF300672). Merced Co.,
Kelsey Ranch, 5.2 mi E Snelling (MVZ 207047); Merced River Ranch, Snelling (MVZ 207046). Monterey Co.,
Fort Ord (MVZ 216781-216782); Moss Landing (MVZ 199736); mouth Salinas River (AF300668). Stanislaus
Co., 1 mi W La Grange (MVZ 207045). Tulare Co., Trout Creek, Smith Meadow (MVZ 222647).

Northern clade, S. vagrans + S. ornatus (n = 95): El Dorado Co., Trout Creek Meadow, South Lake Tahoe
(MVZ 229760-229762, 229771-229772, 229783, 229791, 229816, 229826). Inyo Co., Buckhorn Springs,
Deep Springs Valley (MVZ 221232, 230730, 230732-230738); Lower Rock Creek, Rovana (MVZ 224838);
Silver Canyon, White Mts. (MVZ 217258, 225011). Lassen Co., Blue Lake (MVZ 227404); Pole Spring (MVZ
220156-220158). Marin Co., Abbott’s Lagoon (MVZ 191627-191628); 7.2 km WSW Olema (MVZ 191541).
Modoc Co., Pepperdine Camp, Warner Mts. (MVZ 206915); north fork Parker Creek, Warner Mts (MVZ 218821);
Shields Creek, Warner Mts (MVZ 218832). Mono Co., Benton Crossing (MVZ 230739); Bohler Creek (MVZ
216216-216218); Sweetwater Mts (AF300656). Placer Co., Sixmile Valley (MVZ 224680-224681). Plumas
Co., Drakesbad (MVZ 220649); Willow Lake (MVZ 220651-220663). Shasta Co., Emerald Lake, Lassen Vol-
canic National Park (MVZ 220427); Lake Helen, Lassen Volcanic National Park (MVZ 220429); Mt. Shasta
(AF300654); Trapline B-1, Lassen Volcanic National Park (MVZ 199183); Trapline B-2, Lassen Volcanic Na-
tional Park (MVZ 220521, 206294); Trapline F-2, Lassen Volcanic National Park (MVZ 196627); Trapline R-2,
Lassen Volcanic National Park (MVZ 196632, 196636—-116639, 206301, 206305); Trapline S-2, Lassen Volcanic
National Park (MVZ 196644, 200643, 206306). Sierra Co., Independence Lake (MVZ 222748); Sierraville (MVZ
217510). Siskiyou Co., Wild Horse Mtn. (MVZ 223027). Solano Co., Collinsville (MVZ 230314); Grizzly
Island (AF300665—-AF300667); Montezuma Slough, near Collinsville (MVZ 218666); Montezuma wetlands, 1
km W Collinsville (MVZ 230315). Sonoma Co., Bodega Bay (AF300657-AF330660); W side Sonoma Creek
bridge (MVZ 218665, 218667). Tehama Co., Dye Creek (AF300661-AF300664); Trapline R-1, Lassen Volcanic
National Park (MVZ 196649, 196651, 196664, 196667, 200575, 206315-206316).
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Southern clade, S. ornatus (n = 15): Los Angeles Co., Catalina Island (AF300673); Rancho Palos Verdes
(AF300680). Orange Co., Bolsa Chica State Beach (AF300681); Puente Hills (MVZ 216851). San Bernardino Co.,
Bluff Lake, San Bernardino Mts. (AF300667, AF300670); Fawnskin, San Bernardino Mts. (MVZ 198733—-198734);
Metcalf Meadows, S of Big Bear (MVZ 198735-198736). San Diego Co., Camp Pendleton (AF300679), Santa
Isabella (MVZ 222138-222139), Torrey Pines (AF300678). Ventura Co., Point Mugu (AF300672).

S2 — Samples and included localities examined for differences in dorsal color attributes between San Fran-
cisco Bay Area taxa of S. ornatus (including sinuosus Grinnell) and S. vagrans. Localities are mapped in
Figures 5 and 6.

S. o. californicus (n = 33): Contra Costa Co., Tilden Park (MVZ 114126, 115099. 115111-115116,
115118115121, 115571).

S. o. sinuosus (n = 17): Solano Co., Grizzly Island (MVZ 16467-16469, 16471-16472, 18700-18703,
35318-35319, 141183, 145804).

S. v. halicoetes (n = 32): Santa Clara Co., 1.75 mi NE Alviso; Palo Alto (MVZ 115005-115032); Palo Alto
(MVZ 3635-3637, 3639).

S. v. paludivagus (n = 23): San Francisco Co., near Laguna Honda Home, Sutro Forest, San Francisco
(MVZ 113458113462, 113464); Lake Merced (MVZ 113464); Twin Peaks, San Francisco (MVZ 114340). San
Mateo Co., Thornton, Skyline Blvd and Aleman Rd (MVZ 114346); Skyline Blvd, 4.5 mi S Lake Merced (MVZ
107732, 112875, 115065, 115578-115583); San Gregorio (MVZ 30361-30362); 2.25 mi E, 1.5 mi N Rockaway
Beach (MVZ 107706-107707).

S. v. vagrans (n = 20): Marin Co., Fort Barry (MVZ 101439-101440, 101542—-101548, 101550-101553,
102810-102812, 102814—-102817).

Martinez marsh [n = 31]: Contra Costa Co., 1.0 mi N and 2.0 mi E Martinez, salt marsh (MVZ 123595—
123597, 123639123656, 123791, 123823, 124184124186, 124344, 125220, 126075, 126515).

c-Joice Island [n = 25]: Solano Co., Cutoff Slough marsh, 0.1 mi N Joice Island (MVZ 125536-125546);
0.1 mi N Joice Island (MVZ 125548-125555, 125557-125562).

d-Suisun Marsh [n = 4]: Solano Co., Suisun City, salt marsh adjacent to Cordelia Street (MVZ 115592—
115595).

e-Southampton Bay [n = 14]: Solano Co., Southampton Bay, near Solano Public Dump (MVZ 115163—
115167, 115562-115570).

g-NW Vallejo [n = 26]: Solano Co., Sears Point Rd, 6 mi NW Vallejo (MVZ 113341-113353, 114141,
114143-114153); Sears Point Rd., W side Sonoma Creek Bridge (MVZ 183410).

h-Sonoma Creek [ =12]: Sonoma Co., 50 m from W side Sonoma Creek bridge at Hwy 37 (MVZ 218667
218672-218675, 218677); Hwy 37 at W side Sonoma Creek (MVZ 218665); Sears Point Road, W side Sonoma
Creek Bridge (MVZ 183410).

i-Tolay Creek [n = 31]: Sonoma Co., Tolay Creek, 1 mi N Sears Point (MVZ 115105-115106); Tolay
Creek, 0.5 mi S Sears Point (MVZ 115468-115470, 115599—115604); Tolay Creek, 0.75 mi S Sears Point (MVZ
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115598); Tolay Creek, 1.5 mi S Sears Point (MVZ 115108115110, 115453—1154467); Tolay Creek, 2.5 mi S
Sears Point (MVZ 115107)