SCIENCES

waid | eveneene THE NATIONAL ACADEMIES PRESS
This PDF is available at http://nap.edu/25351 SHARE m

Evaluating the
Taxonomic Status of the

MEXICAN GRAY WOLF
and the RED WOLF

FIND RELATED TITLES

Evaluating the Taxonomic Status of the Mexican Gray Wolf and
the Red Wolf (2019)

DETAILS

92 pages | 7 x 10 | PAPERBACK
ISBN 978-0-309-48824-2 | DOI 10.17226/25351

CONTRIBUTORS

Committee on Assessing the Taxonomic Status of the Red Wolf and the Mexican Gray
Wolf; Board on Life Sciences; Board on Agriculture and Natural Resources;

Division on Earth and Life Studies; National Academies of Sciences,

Engineering, and Medicine

SUGGESTED CITATION

National Academies of Sciences, Engineering, and Medicine 2019. Evaluating the
Taxonomic Status of the Mexican Gray Wolf and the Red Wolf. Washington, DC:
The National Academies Press. https://doi.org/10.17226/25351.

Visit the National Academies Press at NAP.edu and login or register to get:

Access to free PDF downloads of thousands of scientific reports
10% off the price of print titles .
Email or social media notifications of new titles related to your interests

Special offers and discounts

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.


http://cart.nap.edu/cart/cart.cgi?list=fs&action=buy%20it&record_id=25351&isbn=978-0-309-48824-2&quantity=1
http://nap.edu/25351
http://www.nap.edu/related.php?record_id=25351
http://www.nap.edu/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/25351&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=25351&title=Evaluating+the+Taxonomic+Status+of+the+Mexican+Gray+Wolf+and+the+Red+Wolf
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/25351&pubid=napdigops
mailto:?subject=null&body=http://nap.edu/25351

Evaluating the Taxonomic Status of the Mexican Gray Wolf and the Red Wolf

PREPUBLICATION COPY

Evaluating the Taxonomic Status

of the Mexican Gray Wolf and the Red Wolf

Committee on Assessing the Taxonomic Status
of the Red Wolf and the Mexican Gray Wolf

Board on Life Sciences
Board on Agriculture and Natural Resources

Division on Earth and Life Studies

A Consensus Study Report of
The National Academies of
SCIENCES * ENGINEERING + MEDICINE

THE NATIONAL ACADEMIES PRESS
Washington, D.C.
www.nap.edu

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25351

Evaluating the Taxonomic Status of the Mexican Gray Wolf and the Red Wolf

THE NATIONAL ACADEMIES PRESS 500 Fifth Street, NW Washington, DC 20001
This activity was supported by Contract No. 140F0918C0005 between the National Academy of Sciences
and the U.S. Fish and Wildlife Service. Any opinions, findings, conclusions, or recommendations ex-
pressed in this publication do not necessarily reflect the views of any organization or agency that
provided support for the project.

Digital Object Identifier: https://doi.org/10.17226/25351

Additional copies of this publication are available for sale from the National Academies Press, 500 Fifth
Street, NW, Keck 360, Washington, DC 20001; (800) 624-6242 or (202) 334-3313; http://www.nap.edu.

Copyright 2019 by the National Academy of Sciences. All rights reserved.
Printed in the United States of America.

Suggested Citation: National Academies of Sciences, Engineering, and Medicine. 2019. Evaluating the
Taxonomic Status of the Mexican Gray Wolf and the Red Wolf. Washington, DC: The National Academies
Press. doi: https://doi.org/10.17226/25351.

Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25351

Evaluating the Taxonomic Status of the Mexican Gray Wolf and the Red Wolf

The National Academies of
SCIENCES « ENGINEERING + MEDICINE

The National Academy of Sciences was established in 1863 by an Act of Congress, signed by Presi-
dent Lincoln, as a private, nongovernmental institution to advise the nation on issues related to
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On behalf of the committee, | thank all those who informed us about wolves, from in-person presen-
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tributions of so many people, and our thinking was constantly challenged by each increment in our
knowledge. All who spoke or wrote to us were generous with their thoughts, patient in fielding our ques-
tions, and unfailingly gracious in their comments. The committee’s gratitude for so much effort cannot be
overstated.

Joseph Travis
Chair, Committee on Assessing the Taxonomic Status
of the Red Wolf and the Mexican Gray Wolf
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Summary

Scientists strive to develop clear rules for naming and grouping living organisms. But taxonomy, the
scientific study of biological classification and evolution, is often highly debated. Members of a species,
the fundamental unit of taxonomy and evolution, share a common evolutionary history and a common
evolutionary path to the future. Yet, it can be difficult to determine whether the evolutionary history or
future of a population is sufficiently distinct to designate it as a unique species. A species is not a fixed
entity — the relationship among the members of the same species is only a snapshot of a moment in time.
Different populations of the same species can be in different stages in the process of species formation or
dissolution. In some cases hybridization! and introgression? can create enormous challenges in interpreting
data on genetic distinctions between groups. Hybridization is far more common in the evolutionary history
of many species than previously recognized. As a result, the precise taxonomic status of an organism may
be highly debated. This is the current case with the Mexican gray wolf (Canis lupus baileyi) and the red
wolf (Canis rufus).

As part of the March 29, 2018 appropriations bills, the U.S. Congress directed the U.S. Fish and
Wildlife Service (FWS) to obtain an independent assessment on the taxonomic validity of the Mexican gray
wolf and the red wolf. As of the writing of this report, FWS considers the Mexican gray wolf a valid taxo-
nomic subspecies and red wolf a valid taxonomic species. Both the Mexican gray wolf and the red wolf are
listed as endangered under the U.S. Endangered Species Act.?

In response to the Congressional mandate, FWS requested the Board on Life Sciences of the National
Academies of Sciences, Engineering, and Medicine to convene an ad hoc committee to assess the taxo-
nomic status of the red wolf and the Mexican gray wolf. The committee’s statement of task is provided in
Chapter 1.

GUIDING PRINCIPLES

Determining the taxonomic status of the Mexican gray wolf and the red wolf requires an understand-
ing of the contemporary meanings of species and subspecies. All modern species concepts are united by
the goal of identifying groups of organisms whose reproductive compatibility sustains genetic continuity.
Among the common principles that underlie multiple species concepts are (1) some level of reproductive
isolation between different species that is mediated by genetic and ecological factors, and (2) phylogenetic
continuity in time that is mediated by shared evolutionary history and inheritance. These principles provide
a compelling, comprehensive approach to identifying species. Most modern concepts of subspecies rely on
the notion of the partial restriction of gene flow, where subspecies are groups of actually or potentially
interbreeding populations phylogenetically distinguishable from, but reproductively compatible with, other
such groups.

Increasingly, genomic data reveal that gene flow among taxonomic groups through hybridization is a
common feature of the evolutionary history of many widely accepted species, including wolves. The com-
plete genetic separation and absence of admixture® is not a strict criterion for determining taxonomic status.
Thus, new approaches are needed for assessing whether a given group of organisms constitutes a distinct,
independently evolving lineage. The levels of genetic differentiation need not be the sole—or even

The mating and production of offspring from different species.

2The movement of gene variants or alleles from one species into another.

SESA; United States Public Law No. 93-205; United States Code Title 16 Section 1531 et seq.

“The formation of novel genetic combinations through the hybridization of genetically distinct groups.
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primary—evidence considered. Rather, multiple data types and tools are useful for addressing questions
about taxonomy. These data types fall into three broad categories: morphology, behavioral traits and eco-
logical roles, and genetic and genomic data. Support for the validity of a taxonomic designation of species
and subspecies relies upon the strength of evidence of these three data types individually and collectively.
Combining data of these three types can provide a more complete picture of the taxonomy and evolutionary
history of species and subspecies, generally, and of wolves specifically.

USING GENETICS AND GENOMICS TO DISCERN TAXONOMY

The nuclear DNA of canids consists of a haploid genome of approximately 2.5 billion base pairs.
Therefore, the nucleus of each cell contains two copies of this haploid genome, one maternally derived and
the other paternally derived. In addition, the mitochondrial genome of the cell contains a haploid genome
of approximately 16,000 base pairs of DNA (mtDNA), which are usually passed on from mother to off-
spring. Genetic differences among individuals within and between species arise as a consequence of muta-
tions that may replace one base with another, delete bases or insert new bases, or rearrange the order of the
bases. Tracing out such genetic changes can provide insights into the past history of, as well as the current
reproductive relationships among, populations and species.

Genetic technigues have become increasingly sophisticated and complicated. There are many statisti-
cal methods used for evaluating species and subspecies status. Research on the taxonomy of the Mexican
gray wolf and the red wolf includes studies and analyses of individual nuclear genes, mitochondrial DNA,
and whole genomes. Examining the genetic and genomic evidence on taxonomy of the Mexican gray wolf
and the red wolf requires an understanding of the fundamental concepts and methods underlying these
analyses.

THE TAXONOMIC STATUS OF THE MEXICAN GRAY WOLF

Gray wolves have great dispersal capabilities and generally disperse over long distances. They are
habitat generalists, and they occupy a wide variety of environments. These aspects of wolf behavior have
been used to argue that the recognition of subspecies of North American gray wolves, including Mexican
gray wolves, cannot be justified biologically. The designation of the Mexican gray wolf as a subspecies has
also been questioned because of disagreements in the application of subspecies concepts. There has been
speculation about Mexican gray wolves not having sufficient morphologic and genetic distinction to justify
their status as a valid subspecies. There has also been speculation that the extant Mexican gray wolf popu-
lation, which was derived from individuals from three captive lineages, may have included ancestry from
dogs or coyotes due to previous admixture. Thus, whether the Mexican gray wolf is a valid subspecies
hinges on the strength of the available evidence to answer to two questions:

(1) Is there evidence for distinctiveness of Mexican gray wolves from other North American Canis
populations?

(2) Is there evidence for continuity between the historic Mexican gray wolf lineage and the present
managed population?

Distinctiveness of Mexican Gray Wolves from Other North American Canis Populations
The Mexican gray wolf has, from its discovery, been considered distinct. Its size, morphology, and
coloration distinguish the Mexican gray wolf from other North American wolves. Genetic and genomic
analyses confirm that the Mexican gray wolf is the most genetically distinct subspecies of gray wolves in

North America. Arguments against recognizing the Mexican gray wolf as a subspecies are based on a def-
inition of subspecies that is not widely accepted in the scientific community. There is no evidence that
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Mexican gray wolf genomes include introgression from domestic dogs. Extant wild Mexican gray wolves
behave similarly to other North American gray wolves within the confines of the human-constricted
Mexican gray wolf recovery area; their wild behavior prior to their 1970 extirpation in the wild is poorly
documented. The Mexican gray wolf represents a smaller form of the gray wolf and inhabits a more arid
ecosystem than the gray wolf. At present, Mexican gray wolves are behaviorally and ecologically distinct.

Continuity between the Historic Mexican Gray Wolf Lineage and the Present Managed Populations

There is morphological continuity between the historical and extant Mexican gray wolf lineages.
While differences in allele frequencies and DNA sequences alone do not demonstrate the distinctiveness of
a lineage, the analysis of ancient DNA reinforces the conclusion that the historic population of Mexican
gray wolf represents a distinct evolutionary lineage of gray wolf. Furthermore, the extant Mexican gray
wolves are direct descendants of the last remaining wild Mexican gray wolves. The known history of the
extant Mexican gray wolves suggests that there is continuity between them and the historic lineage.

Synthesis of Findings

Mexican gray wolves are distinct from other North American gray wolves morphologically, paleon-
tologically, genetically, genomically, behaviorally, and ecologically.

Conclusion

The Mexican gray wolf is a valid taxonomic subspecies of the gray wolf, Canis lupus, with its current
classification of Canis lupus baileyi.

THE TAXONOMIC STATUS OF THE RED WOLF

The red wolf is a currently recognized species that historically inhabited much of the eastern United
States. During the 20th century, populations were driven to very low numbers by predator eradication pro-
grams and by habitat loss, and the wolves were largely replaced by coyotes spreading eastwards from their
original range in the western United States. A few remaining specimens from Texas and Louisiana with red
wolf morphology were captured before the red wolf was declared to be extinct in the wild, and these were
used to establish a breeding program. The descendants of this breeding program were reintroduced in North
Carolina and are now a managed population in the wild. There has been substantial controversy regarding
the species status of the red wolf. In particular, the individuals that were used to found the breeding program
were captured from a region where there had already been substantial admixture between eastward-expand-
ing coyotes and the local gray wolves or red wolves. Whether the red wolf is a valid species hinges on the
strength of the evidence to answer to three questions:

(1) Is there evidence that the historical population of red wolves was a distinct lineage?

(2) Is there evidence for distinctiveness of contemporary red wolf populations from gray wolves and
coyotes?

(3) Is there evidence for continuity between the historic red wolf population and contemporary man-
aged populations?

The controversy about the taxonomic status of the red wolf stems primarily from the degree to which
red wolves historically were a separate species or could be better categorized as either coyotes or gray

wolves, and the degree to which the extant (captive and managed) population descends from the original
red wolf population or, alternatively, is the result of admixture between coyotes and gray wolves.
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Distinctiveness of the Historical Population of Red Wolves

Fossil evidence suggests that at least five subspecies of Canis lupus were present in North America
1 million years ago. The earliest fossils attributed to C. rufus were found in Florida and dated as deriving
from 10,000 years ago. Fossil evidence also indicates that coyotes (C. latrans) arose in North America and
spread across the continent but disappeared from the East approximately 10,000 years ago. In the 1900s
coyotes returned to eastern North America. Based on the limited set of specimens available for analyses,
prior to contact with modern coyotes, populations of C. rufus could be morphologically distinguished from
C. lupus using canonical discriminant analysis. Although conclusions from studies based on skull morphol-
ogy differ on the issue of whether C. rufus represented a subspecies of C. lupus or a distinct species, an
analysis of the anatomy of the cerebellum supports the recognition of C. rufus as a distinct species.

North American canid species are genetically very similar to each other and have substantial amounts
of shared genetic variation. The mtDNA haplotypes® from historic wolf-like canids (before their recent
sympatry with coyotes) in the eastern United States cluster within the coyote clade.

Distinctiveness of Contemporary Red Wolf Populations from Gray Wolves and Coyotes

The contemporary population of red wolves in North Carolina is morphologically distinguishable
from sympatric coyotes and red wolf—coyote hybrids.

The red wolf population shows evidence of past genetic contributions from populations related to gray
wolves, coyotes, or both. The red wolf is genetically more closely related to coyotes than to western gray
wolves. The timing of the admixture between red wolves and other canids is still unresolved, but red wolves
have divergent genetic ancestry that predates European colonization®.

The red wolf has some degree of genetic ancestry not found in reference populations of western gray
wolves or coyotes.

Red wolves have a social organization and reproductive behavior that are more similar to those of
gray wolves than to coyotes, and when mates are available red wolves exhibit assortative mating.

Continuity between the Historic Red Wolf Population and Contemporary Managed Populations

Morphological analyses suggest a cohesiveness among red wolf specimens from the end of the Pleis-
tocene to the early 1900s, but it remains unclear if this continuity is shared with the extant captive and
managed populations. Genetic continuity between the managed red wolf population and the historic wolf
in the eastern United States cannot be firmly established without genomic data from ancient specimens.
However, the patterns of genetic variability are compatible with the hypothesis that the red wolf shares a
fraction of its genetic history with a canid distinct from modern reference coyotes and gray wolves.

The social behavior of the restored populations is very similar to that reported for the natural popula-
tion. The original distribution of red wolves seems to have been tied to the distribution of the eastern tem-
perate forests. Compared with coyotes, wolves require larger home ranges to obtain sufficient prey. This
requirement of larger home ranges is consistent between the original natural population and the extant
managed population in North Carolina. The diet of the red wolves in the restored population includes a
greater consumption of deer than the natural population, but this may be a function of prey availability and
body size. Both red wolves and coyotes in North Carolina consume a similar diet in terms of types of prey,
but they differ in the proportions of deer, rabbits and other small mammals in their diets and in their seasonal
consumption of these prey types.

SA unique sequence of mitochondrial DNA.

SEvidence suggests that admixture in red wolves took place prior to the 1500s (before significant European colo-
nization of what is now the eastern United States), and so is not the result of human-induced ecological changes (See
Box 2-2).
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Summary

Synthesis of Findings
The four possible taxonomic options for the red wolf are:

(1) itis a distinct species of wolf (Canis rufus)

(2) itis a subspecies of gray wolves

(3) itis a subspecies of coyotes, or

(4) itis a group of recently admixed individuals belonging to neither wolves nor coyotes.

The last option, “a group of recently admixed individuals,” can be rejected for three main reasons:
(1) the estimates of deep divergent DNA in red wolves; (2) the estimates of an admixture time mostly
predating the coyote expansion (even if the red wolf is considered a hybrid species between gray wolf and
coyote), and (3) the presence of unique alleles in red wolves that are also found in a population of wolves
on Galveston Island but not found with other reference populations. The third option, “a subspecies of
coyote” is not tenable. There are substantial morphological and behavioral differences between coyotes and
red wolves. Furthermore, prezygotic’ isolation mechanisms, possibly driven by size differences, are at least
partially maintained between red wolves and coyotes. Yet, the designation of red wolves as a subspecies of
the gray wolf also seems inappropriate. Red wolves, historically and presently, show genetic evidence of
being more closely related to coyotes than to gray wolves. The available evidence from morphology, be-
havior, and ecology, combined with genetic evidence of a relatively deep divergence and the maintenance
of some unique genetic ancestry, suggest that the most appropriate taxonomic designation for red wolves
is as a distinct species that possibly has historical admixture.

The time scales of divergence and the amount of introgression since divergence can affect taxonomic
considerations. However, even a recently emerged species can be recognized as such if it is ecologically,
functionally, and reproductively separated from other species. The extant red wolf seems to trace a large
proportion of its genome to relatively recent admixture with coyotes. The genomes of extant red wolves
might also represent much of the historic red wolf genome spread into fragments in different individuals.

Genomic DNA from historic red wolf specimens could help clarify the issue regarding continuity
between historic and extant red wolves. And, more precise genetic analyses might help determine the exact
proportion of the red wolf genome that has been replaced by recent admixture.

Conclusions

[

. Available evidence suggests that the historic red wolves constituted a taxonomically valid species.

. Extant red wolves are distinct from the extant gray wolves and coyotes.

3. Available evidence is compatible with the hypothesis that extant red wolves trace some of their
ancestry from the historic red wolves.

4. Although additional genomic evidence from historic specimens could change this assessment,

evidence available at present supports species status (Canis rufus) for the extant red wolf.

N

"Before the fertilization of an egg.
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Taxonomy is described sometimes as a science and sometimes as an art,
but really it’s a battleground.

—Bill Bryson, A Short History of Nearly Everything

For every organism, from the tallest tree to the noisiest cricket to the tiniest microorganism, there is a
name. Naming living things is a hallmark of human communication. Names enable people to explore, clas-
sify, and interpret the world around them for names carry with them an implicit grouping of objects. The
name “wolf,” for example, has meaning only to the extent that one can identify which creatures are wolves
and which are not. Not all communities name organisms the same way, however. For example, a puma, a
mountain lion, and a cougar are common names for the same animal; one community’s buzzard is another
community’s vulture. And some widely used and accepted common names are actually quite misleading.
The small mammal known as a “red panda” is not a panda at all, but a relative of the raccoon. To avoid this
confusion, scientists strive to develop clear rules for naming and grouping living organisms.

Taxonomy is the scientific study of biological classification. For millennia, scientific thinkers have
developed, refined, rejected, and re-developed rules to name and classify living and extinct organisms. In
the 4th century BCE, Aristotle developed the first taxonomic system to divide all known organisms into
two groups: plants and animals. More than 2,000 years passed before Carl Linnaeus established the bino-
mial naming system (genus and species) still used today. The “puma” is Puma concolor. The “red panda”
is Ailurus fulgens. These names reflect how the organisms are classified. The name of each organism, to
which genus it is assigned, and into which larger group it is classified (e.g. family and order) all reflect
scientists’ best understanding of an organism’s genetic and morphological characteristics and how they
compare with those of other organisms.

The fundamental unit of taxonomy and evolution is the species. Members of the same species share a
common evolutionary history and a common evolutionary path to the future. The species can also be a
fundamental ecological unit whose presence or absence can change the character of an entire ecosystem
(Box 1-1). Whether the goal is to study basic biological processes, preserve the diversity of species, or
maintain healthy ecosystems, scientists, policy makers, and the public must pay close attention to which
sets of individuals constitute a species and, conversely, which groups of individuals represent separate spe-
cies or distinct subsets of a single species, or subspecies. In particular, debate over the appropriate taxo-
nomic status of two types of wolf—the red wolf, Canis rufus, and the Mexican gray wolf, Canis lupus
baileyi—has been the source of controversy among those who seek to devise appropriate conservation and
management strategies for these animals. Assessing the evidence for the taxonomic status of these two
wolves is the purpose of this report.

PURPOSE OF THE STUDY
As part of the March 29, 2018, appropriations bills, the U.S. Congress directed the U.S. Fish and
Wildlife Service (FWS) to obtain an independent assessment of the taxonomic validity of the red wolf,

Canis rufus, and the Mexican gray wolf, Canis lupus baileyi. Currently, FWS considers the red wolf to be
a valid taxonomic species and the Mexican gray wolf to be a valid taxonomic subspecies. Both the red wolf
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and the Mexican gray wolf are listed as endangered under the U.S. Endangered Species Act (ESA; United
States Public Law No. 93-205; United States Code Title 16 Sect. 1531 et seq.). However, there is an ongoing
debate about the taxonomic status of both wolves.

In response to the Congressional mandate, FWS requested the Board on Life Sciences of the National
Academies of Sciences, Engineering, and Medicine to convene an ad hoc committee to assess the taxonomic
status of the red wolf and the Mexican gray wolf (Box 1-2).

The committee was not tasked with examining conservation decisions or recommending conservation
or recovery policies. The committee was also not asked to assess how red wolves and Mexican gray wolves
are designated under the terms of the Endangered Species Act.

To inform its task, the committee held a half-day public meeting in Washington, D.C.; a 1-day work-
shop in Irvine, California; and three webinars, each of which included multiple speakers. The public meet-
ing, workshop, and webinars featured speakers who have conducted research on all aspects of wolf biology,
from behavior to genomics, as well as scientists who have confronted similar taxonomic issues with other
groups of organisms. The agendas for the open sessions of the committee meetings, the workshop, and the
webinars are provided in Appendix C.

BOX 1-1 The Influence of an Individual Species on an Ecosystem

Species can play a vital role in an ecosystem’s processes and structure. But in some ecosystems
an individual species may play an outsized role. This is especially true for top predators, such as
wolves. Wolves are a dominant predator of elk in Yellowstone National Park, for example. The local
extinction of wolves in Yellowstone during the early 20" century enabled elk populations to rapidly
increase. Elk were then able to forage on young woody vegetation, such as cottonwood and aspen
trees, with little restriction. As a result, these trees were unable to mature (Beschta, 2003, 2005; Ripple
et al., 2001; Ripple and Larsen, 2000). The loss of cottonwood and aspen trees had cascading, detri-
mental effects on the Yellowstone ecosystem. The re-introduction of wolves in the mid 1990s reversed
many of the detrimental changes (Ripple and Beschta, 2004).

Scientists have observed the outsized effects of top-level predators in many ecosystems. Other
examples include the influence of Hart's killifish on nutrient cycling in tropical streams (Simon et al.,
2019), sea otters on kelp in the marine environment (Estes and Palmisano, 1974), the effects of song-
birds on white oak sapling growth in temperate forests (Marquis and Whelan, 1994), and the effects of
predatory beetles on nutrient cycling in alpine meadows (Wu et al., 2011).

BOX 1-2 Statement of Task

At the request of the U.S. Fish and Wildlife Service (FWS), the National Academies of Sciences,
Engineering, and Medicine will appoint an ad hoc committee to conduct an independent analysis of
scientific literature to answer the following two questions:

1. Is the red wolf a taxonomically valid species?
2. Is the Mexican gray wolf a taxonomically valid subspecies?

The committee will summarize the relevant science about the red wolf and Mexican gray wolf, including
research on the animals’ evolutionary history and genetic diversity. The committee will deliver its find-
ings and conclusions in a brief report divided into two sections, one for the red wolf and one for the
Mexican gray wolf.
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WHAT IS AWOLF?

The term wolf is part of the common name for several species of dog-like animals within the taxo-
nomic family Canidae. In addition to wolves, the canid family includes coyotes, foxes, jackals, wild dogs,
and domestic dogs. Species in the canid family are classified into over a dozen different genera.

Common names like “wolf,” “wild dog,” and “fox” do not perfectly match the scientific names and
the ways in which species are placed into genera. For example, the common name “fox” is used for species
in several different genera, such as the gray fox (Urocyon cinereoargenteus) and red fox (Vulpes vulpes) of
North America. The term “wolf” in the common name of a species also has a tenuous relationship with
taxonomy and is more closely allied with the ecological role that a species plays. North American wolves
and coyotes are classified in the genus Canis, but so are the Eurasian golden jackal (C. aureus), the African
black-backed jackal (C. mesomelas), and the African side-striped jackal (C. adustus). In turn, other species
that occupy an ecological niche very similar to that of the species of Canis have been placed in different
genera, including the South American maned wolf (Chrysocyon brachyurus), the Asian wild dog or dhole
(Cuon alpinus), and the African wild dog (Lycaon pictus).

Fossil evidence indicates that the ancestor of the genus Canis was a jackal-sized animal (jackals have
a mass of about 10 kg mass and shoulder height of about 45 cm) that lived in North America as early as 40
million years ago (Merriam, 1911; Wang et al. 2008). About 7-8 million years ago canids crossed the
Bering Strait to Eurasia, where they occupied a diverse array of habitats and eventually expanded their
geographic range throughout much of Europe, Africa, and Asia (Mech, 1970). Eventually canids returned
to North America. The earliest undisputed occurrence of a “wolf” in North America was the medium-sized
C. edwardii, which appeared about 3 million years ago (Nowak, 1979).

Scientists have recognized three historical North American lineages of wolves, each named after one
of the species in that lineage: C. dirus (dire wolf), C. lupus (gray wolf), and C. rufus (red wolf) (Martin,
1989). Since the discovery of these species, scientists have been revising their conclusions about how many
species are recognized in each lineage and about the relationships among the various populations of wolves
(Chambers et al., 2012). There are three reasons this process has been difficult. First, the proliferation of
descendants from C. edwardii or an animal like it occurred very rapidly, which makes it difficult to trace
those lineages accurately. Second, some species of wolves have hybridized with other species, which make
delineating among species challenging (Nowak, 2002). Third, the present-day geographic ranges of wolves
have changed dramatically because of predator control and habitat alteration, which makes it difficult to
reconstruct their historical distributions (Hinton et al., 2017).

It is important to understand this history. One reason is that those wolves that are found together or
geographically near one another now may not be the same wolves that were found together 10,000 or
100,000 years ago (Pardi and Smith, 2016). This affects which of those sets of populations might be ex-
pected to have developed mechanisms to avoid interbreeding. Another reason is that knowing which wolves
were where and when can provide critical evidence about what types of wolves are most closely related,
which of them are distantly related, and which wolves might resemble each other for reasons other than
their sharing of a recent common ancestor.

This report is focused on four canids: the gray wolf, the Mexican gray wolf, the red wolf, and the
coyote (Table 1-1). Research findings on the comparative biology and evolutionary relationships among
these four canids are the core evidence used by the committee.

EVOLUTION AND TAXONOMY
To appreciate why there has been debate over the taxonomic status of the red wolf and the Mexican
gray wolf, it is important to understand the relationship between evolution and taxonomy. Specifically, one

must appreciate how the dynamic nature of species—which are the result of ongoing evolution—can chal-
lenge those attempting to determine their taxonomy.
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TABLE 1-1 Common Names, Scientific Names, and Geographic Ranges of the Four Canid Species in
North America

Geographic range of C. lupus includes Canada
and parts of the United States (Alaska, California,
Idaho, Montana, Oregon, Washington, and
northwestern Wyoming)

SOURCE: Photos courlesy of MelbaColeman

Geographic range of C. lupus baileyi includes
northwestern Mexico and parts of southwestern
United States (southern Arizona and New
Mexico)

Geographic range of C. rufis includes parts of
southeastern United States (southeastern North
Carolina and southeastern Texas)

SOURCE: U.S. Fish and Willife Service.

Geographic range of C. latrans is throughout
Canada, Mexico, and the United States

SOURCE: Photo courtesy of Melba Coleman.
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While biologists agree that species are real entities, they have struggled to construct a suitable defini-
tion of species. The basic reason is that the convention for naming species, which can be traced back to
Linnaeus in the 18th century, was based on the presumption that species are fixed entities that do not change.
This would prove false.

Darwin’s description of evolution and more than 150 years of subsequent research have shown that
life is dynamic at all levels. New species are constantly forming, and existing species are constantly evolv-
ing, with genetic differences among them that grow larger over time. In other words, the relationship be-
tween members of the same species is a snapshot of a moment in time. That moment could be a point when
there are only slight differences between populations or a point when different populations of the same
species form well-defined, distinct groups. Nearly 100 years of research on the genetic differences between
species has shown that pairs of species can be found at many levels of divergence (Travis and Baer, 2016).
No single definition of a species seems capable of encompassing the diversity of relationships among pop-
ulations and species.

Biologists have developed a number of what are called “species concepts” in order to define a species
accurately. These concepts help scientists determine which populations represent the same species and
which represent different species. The concepts have different emphases (see Chapter 2). Embedded within
all of the species concepts is the principle that members of the same species will be able to mate with one
another and produce offspring that can thrive in the habitats that the species occupy. When this criterion is
met, the members of a species will fill a common ecological role and share a common evolutionary path to
the future.

Of course, it is not always possible to ascertain directly which organisms can mate with one another
or which matings will produce offspring that can thrive and which will not. In such a case one must fall
back on indirect methods, and scientists use many lines of evidence to infer which populations represent
the same species and which represent different species. An especially important line of evidence in the
modern era concerning the potential for reproductive capability is the use of DNA sequences to determine
the amount of genetic difference between two populations that may represent two species. The greater the
genetic differences between two populations, the less likely it is that individuals from these two populations
will recognize each other as potential mates, the less likely that any mating between them will produce
successful offspring, and thus the more likely that these two populations represent different species.

However, DNA sequence differences are not the sole criteria for determining a species. For example,
recent genetic analyses have shown that brown bears (Ursus arctos) and polar bears (Ursus maritimus) are
very similar in their DNA (Liu et al., 2014), so much so that if scientists made a decision solely on the basis
of genetic similarity, the two bears might be considered to be the same species. In addition, the two types
of bears are capable of mating with each other (Cahill et al., 2013), which is further reason to call them a
single species. In fact, the two bears are considered to be separate species. Each species has alleles not
found in the other; in addition, polar bears have unique morphological and physiological features, and they
are ecologically distinct from brown bears (Liu et al., 2014).

Taxonomy is shaped and reshaped by new discoveries. Thus, taxonomic designations can be consid-
ered to be working hypotheses that may be rejected when new evidence comes to light. For example, genetic
analyses indicated that the species known for decades as the slimy salamander, Plethodon glutinosus, is
actually a group of fourteen different species (Highton and Peabody, 2000). The slimy salamander occupies
forested areas in the eastern United States from upstate New York to central Florida and west to the Mis-
sissippi Valley. Morphologically, individuals are virtually indistinguishable from one end of the range to
the other. However, the genetic analyses revealed substantial differences among individuals from different
parts of the range. These differences are large enough that it is unlikely that salamanders from one portion
of the range would breed with those from another.

Species are important, and much can depend upon their recognition. The complexity of relationships
among species and the diverse lines of evidence can make the process of determining taxonomy seem ar-
bitrary and capricious. It is not. There are, however, controversies over how best to interpret the data in
hand for specific cases, and therefore some taxonomic decisions are contested. New data and innovative
methods of analysis can often help resolve these controversies.
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THE KEY ISSUES IN RECOGNIZING SPECIES AND SUBSPECIES

Controversies over the taxonomic validity of the Mexican gray wolf and the red wolf have arisen, in
part, because different scientists may apply the criteria for defining species and subspecies differently. So,
it is important to appreciate the challenges that scientists encounter when attempting to define a species or
subspecies.

Recognizing Species

Defining a species requires meeting three challenges. First, taxonomy requires a variety of data. The
example of polar bears and brown bears illustrates the importance of integrating genetic, morphological,
and ecological data. Controversy often arises when there are insufficient data of one or more types, but
decisions must be made on the basis of the data that is available.

Second, sets of populations can be in different stages in the process of species formation or, in some
cases, in different stages of the process of species dissolution. This situation can make it difficult to delin-
eate species, that is, to determine the dividing line between different species. One way to deal with this
difficulty is to apply historical knowledge to the data. Such “historical knowledge” may involve recon-
structing the past pattern of a species’ geographic distribution, its habitat use, and which other species were
involved. And sometimes “historical knowledge” refers to a reconstruction of the evolutionary history of a
species, including such details as which other species is its closest relative and which extant species most
resembles the common ancestor.

The third challenge facing those attempting to define a species is hybridization, the mating and pro-
duction of offspring from two different species, which has proven far more common in the evolutionary
history of many species than previously thought. Hybridization and introgression, the movement of gene
variants or alleles from one species into another, create enormous challenges in interpreting data on genetic
distinctions between groups. In some cases, such gene movement can erode the identity of individual spe-
cies and merge them into a single species (Rhymer and Simberloff, 1996). In others cases, hybridization
introduces new gene variants without eroding a species identity; the ancient hybridization of Neanderthals
and humans is an obvious example (Priifer et al., 2014). In other cases, some species originated as hybrids
between two other species but later evolved to be distinct from their parent species. The possibility of a
hybrid origin for some species is an old idea, dating back at least to Linnaeus. Analyses of DNA sequences
have produced evidence of many existing plant and animal species having a hybrid origin. Of course, a
variety of factors, including anthropogenic effects, can weaken the reproductive barriers between existing
species and promote the movement of genes from one species into other. It can be difficult to distinguish
these cases from genetic data alone; innovative analyses of DNA are necessary to do so and, even then, are
best complemented by other lines of evidence, when available.

Recognizing Subspecies

The major challenge in defining and designating subspecies is that, given a particular species, there
are many ways to define a subspecies (Haig et al., 2006). The earliest definitions of a subspecies identified
sets of populations whose members shared specific variations in color patterns or morphology that were not
found in other populations of the same species that were geographically separated from the population
under consideration. The modern definitions of subspecies follow the spirit of these original definitions,
focusing on congruent variation in many characteristics that distinguishes one geographically distinct set
of populations from other sets. The various definitions generally differ on the specific quantitative criteria
they use for when a subspecies designation is warranted, but all definitions emphasize geographic separa-
tion and distinctive sets of trait values.

Taxonomists who study different major groups of plants or animals tend to use different criteria for
designating subspecies. This does not mean that the criteria for recognizing a distinctive unit are arbitrary
and capricious. Rather, a distinctive group of populations may be considered a subspecies of a wide-ranging
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species by one group of taxonomists but considered to be a different species altogether by another (Isaac et
al., 2004). The different frequencies of subspecies designations in different groups can reflect biologically
based differences between taxa in the prevalence and patterns of distinctive geographic variation among
populations, but to some extent they also reflect the different taxonomic traditions of the scientists who
study different groups of species.

ORGANIZATION OF THE REPORT

This report consists of four chapters in addition to this one. In Chapter 2, the committee discusses in
more detail the general principles of taxonomy, species recognition, and species delineation. The chapter is
designed to set the committee’s assessment of the validity of the status of Mexican gray wolves and red
wolves firmly in the context of accepted general practice, and in that chapter the committee describes the
subset of species concepts that are most relevant to wolves, how they are applied to individual cases, and
how the committee used them to guide its interpretation of the evidence. The committee also discusses the
roles of hybridization and introgression in the process of species formation and species dissolution and their
influence on taxonomic designations. Genetic evidence consistent with past hybridization and introgression
in Mexican gray wolves and red wolves has provoked considerable controversy over the validity of their
current taxonomic classifications. The committee discusses the nature of the evidence usually brought to
bear on questions of species formation and delineation and, working from that evidence, develop a series
of questions that must be answered for either species or subspecies determination.

In Chapter 3 the committee describes methods for analyzing genetic and genomic data concerning the
differences among wolf taxa and their evolutionary relationships to one another. Different interpretations
of the same genetic and genomic data have inspired divergent opinions on the validity of the taxonomic
status of the Mexican gray wolf and red wolf. To understand how these different interpretations have arisen
and to understand the committee’s interpretation of the same data, it is important to appreciate the special-
ized statistical methods that are used to analyze these data and to understand their assumptions, what they
can reveal, and what they cannot reveal.

In Chapters 4 and 5 the committee applies the concepts from Chapter 2 and the results of analyses
conducted with the methods described in Chapter 3 to the Mexican gray wolf and the red wolf, respectively.
Each chapter begins with a brief review of the current taxonomy of each wolf and with specific questions
that have arisen concerning their current status. Each chapter then reviews the evidence from morphology
and the history of the species’ occurrence and geographic range, the evidence from genetics and genomics,
and the evidence from ecology and social behavior, particularly mating behavior, that underlay the findings
of the committee. These sections are followed by a synthesis of all of the evidence and a section with the
committee’s conclusions. The sections reviewing the morphological, genetic, ecological, and behavioral
evidence contain technical details about the available evidence, including the extent and quality of various
types of data and the analyses of those data. The synthesis section summarizes the committee’s assessment
of that evidence without the technical details.
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2

Guiding Principles for Identifying Species and Subspecies

| am fully convinced that species are not immutable.
—Charles Darwin, On the Origin of Species

Determining the taxonomic status of the Mexican gray wolf and the red wolf requires an understand-
ing of the contemporary meanings of “species” and “subspecies” and access to relevant genomic, ecologi-
cal, and morphological data. The goal of this chapter is to provide background in all of these topics, with a
strong focus on those considerations directly relevant to wolf taxonomy. The analytic strategies and stand-
ards for assessing the phylogenetic and taxonomic implications of those data are equally important to un-
derstand, and they are addressed in Chapter 3.

The chapter begins with an overview of species and subspecies concepts that are especially relevant
to canids in North America. The discussion emphasizes how these concepts can be applied in light of the
modern understanding that gene flow between species has played a major role in the evolutionary history
of many well accepted mammalian species, including the canids of North America. The chapter then de-
scribes a framework for integrating data of multiple types to address core questions in the designation of
taxonomic groups. It ends with a brief introduction to some analytic strategies that are useful for under-
standing genomic data, and it directs the reader to Chapter 3 for a more detailed discussion of those strategies.

WHAT IS A “SPECIES”? WHAT IS A “SUBSPECIES”?

Attempts to classify species are based on the longstanding view that species are real biological entities.
Ideas about the best way to define species have changed over time due, in part, to the increasing amounts
of data and to the availability of new types of data. Aristotle’s classification scheme focused on morpho-
logical similarities and differences, with species—a term that translates from Latin as “kinds”—assumed
to be entities static from their inception and distinct from one another. Carl Linnaeus, who established the
hierarchical naming system that is still used to classify organisms, was among the first to note hybridization
as a possible mechanism for the initiation of new species. In the mid-1800s, Charles Darwin proposed that
species arise through gradual change over time, embracing the ideas that traits can evolve and that new
species can form through the divergence of existing ones. This led to the notion that the evolutionary rela-
tionships among organisms can be depicted using a branching structure that is today known as a phyloge-
netic tree.

Darwin’s view of evolutionary relationships among organisms remains the guiding principle for mod-
ern taxonomy. Indeed, modern species concepts have universally moved away from the type-specimen ap-
proach of early taxonomists, which used an individual specimen to establish the defining characteristics of
a taxon, to focus instead on population-level features (Mayr, 1963; Howard and Berlocher, 1998; Coyne
and Orr, 2004), especially the range of individual phenotypes. Modern concepts pay particular attention to
the delineation of independently evolving lineages (Hey, 2001; Mace, 2004).

Ecological, morphological, and behavioral data can all be of use in identifying lineages. But chal-
lenges can arise when data of different types suggest different conclusions. For example, organisms that
have similar ecological roles are more likely to encounter and mate with one another, yet maintain distinct
genetic groups. Organisms that are closely related tend to have similar morphology and behavior. However,
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ecological and phenotypic similarities do not necessarily indicate a close genetic relationship because the
traits in question could have been strongly influenced by similar environmental factors.

Modern genetic data and analytical tools can help to address these challenges. DNA sequence data
complement ecological, morphological and behavioral data by providing information on the genetic
makeup of individuals and populations and making it possible to draw inferences about their genetic relat-
edness and history. Key insights on population history can emerge through an analysis of genomic data
from ancient samples collected using paleontological or archaeological approaches combined with genomic
data from modern populations that inhabit the same locations. Assembling data from both modern and
ancient individuals can be challenging, however. For North American canids, for example, while multiple
whole-genome sequences are available from a large set of modern individuals, data from older samples are
comparatively sparse.

The challenge for modern taxonomy is to use available data of diverse types to assess the taxonomic
status of various groups of organisms under modern species concepts. Although these concepts differ in the
emphasis they place on various factors, they all seek to identify groups of organisms whose reproductive
compatibility sustains genetic continuity, and they can all be evaluated using a combination of ecological,
phenotypic, and genomic data, as described in detail later in the chapter. This section focuses on three
widely used species concepts that are specifically relevant to the systematics of canids.

The Biological Species Concept

Ernst Mayr (1942) first defined the biological species concept, which sees species as groups of poten-
tially or actually interbreeding individuals that are reproductively isolated from other such groups. The vast
majority of biologists now agree on the value of this basic approach, but they also appreciate the complex-
ities involved in this approach in light of emerging evidence that hybridization is a key part of the history
of many taxonomically recognized species.

Reproductive isolation can occur in two different ways. First, pre-mating isolation refers to a situation
in which individuals from the separate populations never mate with one another due, for example, to geo-
graphic barriers or to ecological or behavioral differences. Such isolation will set two populations on inde-
pendent evolutionary trajectories. Second, post-mating isolation refers to the inability of individuals from
two different species to produce fertile descendants from a mating. This inability can be due to a number
of reasons, including that the eggs are not fertilized, that any fertilized egg is not viable, or that descendants
are viable but sterile. In such a situation, contemporary biologists would agree that the two populations
potentially belong to different species. It is not always practical to test for the presence of these post-mating
isolating mechanisms since assessing hybrid viability and fertility requires direct observation in the wild or
in a controlled setting.

Even if two populations have some levels of pre- and post-mating isolation, scientists have found that
gene flow can, on occasion, occur between those populations. In other words, even when two populations
have some degree of isolation, hybridization occasionally occurs. This indicates that absolute reproductive
isolation is likely an overly stringent criterion for designating species. In any attempt to classify North
American canids, which are both evolutionarily young and geographically overlapping (due in part to hu-
man-induced habitat alterations), it is important to keep in mind that hybridization is a common feature in
the history of many well-accepted species—and thus may appear between separate canid species as well.
Hybridization and its relevance to modern species concepts will be discussed in more detail later in this
chapter.

The Phylogenetic Species Concept
The phylogenetic species concept is largely compatible with the biological species concept, but it has
an added emphasis on shared ancestry—that is, individuals are inferred to belong to the same species if

they are descended from a common ancestor and share lineage-specific mutations. As a natural consequence
of the relentless processes of mutation and genetic drift (i.e., the random changes in the frequency of alleles
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due to chance), reproductively isolated species diverge at the DNA level over time, with or without changes
in their morphology or behavior. The divergence of groups is a natural consequence of reduced gene flow
between them, and is sometimes hastened by natural selection favoring different mutations in divergent
lineages. At the same time, natural selection can also preserve similar phenotypes in divergent lineages,
even though the underlying DNA sequences are changing. This can lead to cryptic species that are morpho-
logically similar but so divergent genetically that they are reproductively incompatible and thus have been
set on different evolutionary trajectories.

Chronospecies Concept

Changes can accumulate across generations of a given lineage, making modern members of a given
species highly distinct from their predecessors, despite genetic continuity among generations (Stanley,
1978). Thus, taxonomists have the concept of chronospecies, which is a group of organisms at one point in
time that evolved as a single lineage into a later group of organisms that had changed enough over time to
be considered a separate species. The determination of a chronospecies is generally based on time-series
documentation from morphological data alone. However, a chronospecies can be challenging to define
because historical samples are often limited, and it is challenging or impossible to assess how strongly
organismal phenotypes are shaped by contemporary environmental factors. As noted below, DNA extracted
from paleontological specimens can offer unprecedented opportunities to assess genetic cohesion between
past and present generations. In the case of North American canids, while DNA from historical individuals
is not always available, some key specimens and data have been obtained from the skeletal remains of a
few individuals.

In summary, new species are constantly arising, and existing ones are constantly changing. (Hey,
2001; Mace 2004). While no species concept is ideal, the principles underlying the biological species con-
cept, the phylogenetic species concept, and the chronospecies concept—some level of reproductive isola-
tion mediated by genetic and ecological factors, and phylogenetic continuity mediated by the processes of
mutation, drift, selection and inheritance—provide a compelling, comprehensive platform for identifying
species. By making observations at the genomic, ecological, and behavioral levels, it is possible to trans-
cend the limitations of the individual species concepts and provide a strong framework for evaluating the
taxonomic status of groups of North American canids within the context of all three modern concepts. This
framework is outlined later in this chapter.

The Subspecies Designation

Some classification schemes also recognize taxonomic groups below the species level. The earliest
definitions of subspecies distinguished sets of populations whose members share pattern, color, or morpho-
logical attributes not found in other, geographically separated populations of the same species. Most modern
concepts (Haig et al. 2006), including one suggested by Darwin, rely on the notion of a partial restriction
of gene flow. Virtually all modern definitions of subspecies follow the spirit of these original definitions,
with the general view being that subspecies are groups of actually or potentially interbreeding populations
that are phylogenetically distinguishable from, but reproductively compatible with, other such groups
(Mayr, 1953, 1963; Mayr and Ashlock, 1991).

“Species” as Defined under the Endangered Species Act

The U.S. Endangered Species Act (ESA) defines a species—for the purposes of the act—as not only
a species, but also as “any subspecies of fish or wildlife or plants, and any distinct population segment of
any species or vertebrate fish or wildlife which interbreeds when mature.” In other words, if the survival of
a subspecies that occupies a distinct geographic area is in jeopardy, then the ESA allows that subspecies to
be treated as a “species” for the purposes of restoration and recovery. The ESA thus provides the oppor-
tunity for legal protection of subspecies as well as “distinct population segments” (DPSs) of vertebrates as
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if they were recognized taxonomic species. DPSs have been defined under official policy (USFWA and
NOAA, 1996) on the basis of two characteristics: (1) the discreteness of the population segment in relation
to the remainder of the species to which it belongs; and (2) the significance of the population segment to
the species to which it belongs. Thus, the ESA uses the word “species” in a broader sense than the usual
biology-based definitions discussed above and throughout the remainder of this chapter, providing for sta-
bility of conservation policy even in the face of ever changing taxonomic designations and shifts in the
species concept itself.

UNDERSTANDING “SPECIES” IN LIGHT OF HYBRIDIZATION

As noted above, all contemporary species concepts are based on the idea of different species being
independently evolving lineages. This concept is relatively easy to apply if gene flow is nonexistent or at
least extremely rare among groups of organisms that are considered to belong to distinct species. Increas-
ingly, though, genomic data have revealed that the cross-species exchange of genetic material through
hybridization is a core feature of the evolutionary history of many widely accepted species (Arnold, 2006;
Mallet, 2005; Grant and Grant, 1992), raising challenges for the strict application of existing species con-
cepts. This section has two primary objectives: (1) to provide an overview of the hybridization processes
and examples of its outcomes and (2) to describe how species concepts are understood and applied in light
of emerging data on hybridization.

Several terms are used to describe the processes and outcomes of gene flow across taxonomic groups.
In the contemporary literature, “hybridization,” “introgression,” and “admixture” are sometimes used in-
terchangeably. In this report, hybridization refers to the mating of two individuals from different species to
yield offspring that have ancestry from both parents (Abbott et al., 2013) (Figure 2-1).

Interspecific mating does not always result in sustained hybridization. In some cases, when individuals
from different species mate they are unable to produce offspring, or their offspring are infertile. In other
cases, the offspring of a first generation (F1) hybrid and a member of the parental species or other hybrids
are infertile. Reduced hybrid viability or reduced hybrid fertility imposes a strict barrier to gene flow be-
tween the two hybridizing species. It can also drive the evolution of pre-mating isolation because of the
higher reproductive success of individuals that mate exclusively with members of their own species.

If hybrid individuals are able to produce fertile offspring, this can lead to the development of an ad-
mixed population. The admixed individuals can have a wide range of genetic contributions from each of
the two “parental” species. A number of long-term outcomes are possible. The survival and mating of hy-
brid individuals with one of the parental species can result in introgression, the movement of specific re-
gions of the genome of one parental species into the homologous chromosomes of some individuals of the
other species. If these chromosome regions contain differences between species (i.e., different alleles), the
presence of the new regions may or may not affect the fitness of the individuals who possess them. These
differences will remain in the population if they provide advantage or are not detrimental to the individuals
who carry them. Chromosome regions that carry alleles that are extremely detrimental (e.g., if the hybrids
that have those alleles die or cannot reproduce) will be removed by natural selection. Chromosomal regions
conferring alleles that only moderately reduce fitness can linger for a long time or even become fixed,
especially in small populations, where natural selection is weak as compared to genetic drift.

Hybridization produces specific molecular patterns. The DNA in the nucleus of each cell is divided
into a number of separate chromosomes. In mammals, including wolves, each cell contains two copies of
each chromosome. One chromosome within each of these pairs is inherited from the mother, the other from
the father. A hybrid individual, then, would have one chromosome in each pair from parental species 1, the
other from parental species 2. During the production of eggs and sperm, the two chromosomes within a pair
trade segments through genetic recombination, producing new chromosome copies composed of new com-
binations of the DNA from the original chromosomes. If hybrids are fertile, their offspring therefore inherit
individual chromosomes that contain segments from both parental species. With each successive genera-
tion, each segment is broken into smaller and smaller pieces, producing increasingly complex mosaics of
DNA from the two parental species.
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FIGURE 2-1 Interspecific hybridization and its potential outcomes. Hybrids arise when individuals of two different
species (wolf species A and wolf species B) and produce viable offspring (F1) that trace half of their ancestry to each
of the two parental species (represented here by the differing color and shape of the wolf heads). If the hybrids cannot
produce offspring, the two parental species remain genetically distinct. If hybrids can produce offspring admixture is
said to occur, potentially resulting in a set of individuals with variable amounts of ancestry contributed by species A
and species B. Depending on the details of mate choice and natural selection, the long-term outcomes of admixture
can range from the introgression—or movement—of just a small amount of DNA from one species into another, to a
complete replacement of one or both parental species by admixed individuals.

Admixture

Admixture, the formation of novel genetic combinations through hybridization of genetically distinct
groups, is now recognized as a core component of the history of many taxonomically recognized species.
For example, genomic analyses indicate that modern Europeans and Asians inherited a fraction of their
genome from Neanderthals and Denisovans. On average, 2—-3 percent of the genomes of humans originating
from areas outside sub-Saharan Africa consists of DNA that introgressed from Neanderthals (Green et al.,
2010), while Melanesians and aboriginal Australians trace 3—4 percent of their DNA to introgression with
Denisovans (Reich et al., 2010). These findings, coupled with information on the distribution of the sizes
of the introgressed regions that remained in the genome of modern humans, have led to the inference that
the hybridization of modern humans with Neanderthals and Denisovans occurred some tens of thousands
of years ago (Green et al., 2010).
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Indeed, hybridization is known to have occurred in all major lineages of non-human primates (Tung
and Barreiro, 2017; Zinner et al., 2011), including mangabeys (Rungucebus) (Zinner et al., 2009b); baboons
(Papio) (Zinner et al., 2009a), guenons (Guschanski et al., 2013), macaques (Fan et al., 2014; Guschanski
etal., 2013; Tosi etal., 2003) langurs (Ting et al., 2008), howler monkeys (Cortés-Ortiz et al. 2007; Mourthe
et al. 2018), marmosets (Malukiewicz et al. 2015) and lemurs (Wyner et al. 2002).

Introgression is possible even across highly diverged lineages. Perhaps the most extreme example of
introgression in mammals involves pigs (Sus scrofa), which show evidence of gene flow from an extinct
species outside the Sus genus that had diverged from pigs an estimated 8.5 million years ago (Ai et al.
2015). The divergent fragment of introgressed DNA harbors genetic variation associated with climate ad-
aptation and may be an example of adaptive introgression among species that have been diverging for
millions of years.

In summary, genome sequencing has revealed evidence that introgression between phenotypically and
genotypically divergent species has occurred in many mammalian lineages. As such, complete genetic sep-
aration and a complete absence of admixture appears no longer to be a strict criterion for defining species.

Hybridization

Hybridization is possible when populations that have been geographically isolated for some time re-
gain some level of contact. Contact can arise through either natural processes, such as a change in the course
of rivers, or through anthropogenic effects, such as the intentional or unintentional transport of animals. For
example, the pet trade in Brazil has led some species of marmoset (genus Callithrix) to be introduced into
urban areas that have been historically inhabited only by other marmoset species (Malukiewicz et al., 2015).
These introductions have resulted in hybridization among several species of marmosets that were adapted
to different ecological and social environments.

The Implications of Hybridization
Hybridization can have diverse implications for the evolutionary trajectories of the species involved.

Each of the outcomes described below is potentially relevant to the evolutionary history of canids in North
America.

BOX 2-1 Hybridization and Conservation

Hybridization provides an exceptionally tough set of problems for conservation biologists (Allendorf
et al., 2001). The issues are complex and controversial, beginning with the seemingly simple task of
defining hybridization. In spite of the availability of improved genetic data (including whole-genome se-
guences) which can be collected with relative ease for any species, interpreting the evolutionary signif-
icance of hybridization and determining the role of hybrid populations in developing conservation plans
is an extremely difficult task.

There are two major issues to address when considering the effects of hybridization for conserva-
tion. The first is to distinguish between natural and anthropogenic hybridization. As discussed in this
chapter, ancient or historical hybridization is now recognized as having occurred in the ancestry of many
species. However, taxa that are the result of recent hybridization caused by human activities might not
be considered to be worthy of protection. Thus, determining the timeframe of hybridization is crucial.

Second, some species are currently threatened by the spread of interspecific hybridization caused
by human activities. For example, hybridization with introduced rainbow trout (Oncorhynchus mykiss) is
widespread in populations throughout the native range of the westslope cutthroat trout (Oncorhynchus
clarkii lewisi), and most westslope cutthroat populations contain some admixture with rainbow trout
(Muhlfeld et al., 2017). How much rainbow trout admixture can be present in a population before it is no
longer classified and protected as a westslope cutthroat trout (none, 5 percent, 10 percent, 50 percent)?
There is no simple answer to this question.
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Continued Strict Genetic Separation of Species

Species may remain genetically distinct following hybridization. This outcome is most likely if the
two species involved harbor genetic incompatibilities that reduce the fitness or fertility of hybrid individu-
als. When the expression of such incompatibilities is extreme, it can result in the complete inviability or
sterility of hybrids. Under such a scenario, the alleles from one species never enter the gene pool of the
other. Even in the absence of complete sterility, though, hybrids can be unfit in ways that tend to limit
introgression. For example, admixed individuals two or three generations subsequent to the initial hybridi-
zation event sometimes suffer reduced fitness (Lynch and Walsh, 1998). In such cases, features may evolve
that reduce or prevent the occurrence of interspecific matings. These features might be genetic, behavioral,
ecological, or morphological; one example would be the call of a frog that allows an individual to identify
potential mates in that species (Butlin, 1987; Butlin and Smadja, 2018). Such features can limit introgres-
sion and, over the course of many generations, potentially eliminate introgressed genes, leaving negligible
evidence of hybridization in the genomes of the species involved.

Partial Genetic Separation of Species with Introgression of Some Genetic Elements

Species may remain distinct following hybridization but still retain the capacity for occasional ex-
change of genetic material. In such cases individual genomes are likely to be mosaics, with individuals of
one species having segments of DNA that are derived from another (e.g., Ellegren et al., 2012). The genetic
elements exchanged may in some cases be adaptive, and the exchange of genetic material may allow the
recipient species to adapt quickly to new environmental conditions through shared genetic variation.

Indeed, there is evidence for this adaptive introgression in several different species (e.g., Whitney et
al., 2006), including modern humans. For example, genomic regions that introgressed from Neanderthals
and Denisovans into modern human populations include genes associated with immune defense functions
(Quach et al., 2016) and with human survival in high-altitude environments (Huerta-Sanchez et al., 2014).
Similar examples abound in other lineages. Wu et al. (2018) inferred introgression among yak (Bos
grunniens), domesticated cattle (Bos taurus), the wisent (Bison bonasus), the gayal (Bos frontalis), and the
banteng (Bos javanicus). The introgressed regions contain genes that regulate red blood cell production and
high-altitude adaptation in both the yak and Tibetan cattle (Wu et al., 2018). These examples underscore
the capacity of hybridization to introduce beneficial variation without undermining the genomic distinctness
of the species involved.

Formation of Stable Hybrid Zones

It is possible for stable hybrid zones to form when species with ecological adaptations to different
environments inhabit neighboring or overlapping ranges or when two formerly geographically separated
species meet as a result of a range expansion of one or both of them. In the first case, ecological selection
may counteract the effect of hybridization and maintain distinct species. Even so, varying degrees of intro-
gression can occur in the area where the species meet. If the selection is sufficiently strong, separate species
can be maintained despite gene flow. However, at the genomic level the species will eventually become
genetically similar—that is, will come to have nearly identical collections of genes—except for the regions
harboring genes associated with local adaptations (see, e.g., Barton and Hewitt, 1981). Such species might
be functionally distinct, but they end up being genetically almost identical in some genomic regions. When
species experience secondary contact, stable hybrid zones (tension zones, cf. Barton and Hewitt, 1981) can
also be maintained by a balance between selection against hybrids and the dispersal of parental species into
the area of contact. In such cases, neutral introgression is expected, and adaptive introgression is possible,
but genomic regions that are associated with reproductive isolation will help reduce the production of hy-
brids, thereby maintaining species distinctness even in the face of gene flow.
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Formation of Hybrid Species, Sometimes with Loss of Parental Species

If hybridization is common and there are no strong ecological selection or genetic incompatibilities
that prevent introgression, an entirely new hybrid species can emerge (e.g., Mallet, 2007). This type of
speciation by hybridization may result in a third species that replaces the two parental species or that coex-
ists with them. Many plant species (e.g., wild sunflowers, cf. Ungerer et al., 1998) and some animal species
(e.g., Heliconius butterflies, see Mavarez et al., 2006; Ungerer et al., 1998); virgin chub (DeMarais et al.,
1992); Caribbean bats, (DeMarais et al., 1992; Larsen et al., 2010) have originated from hybridization.

ESTABLISHING GUIDELINES FOR DETERMINING TAXONOMIC STATUS

The increasing evidence of gene flow among taxonomic groups conflicts with earlier views that strict
reproductive isolation is a defining feature of taxonomically valid species. As noted above, all modern
species concepts focus on whether a given group of organisms constitutes a distinct, independently evolving
lineage that merits recognition as a taxonomically valid species. Combining several approaches is often
essential. Morphological and paleontological analyses can be informative in assessing the continuity of
organismal phenotypes over time and geographical areas, but they are often limited by the availability of
fossils, which may be few in number, in poor condition, or from a limited geographic range. Genetic and
genomic data can provide an enormous number of quantifiable characters, but they are not always available
for specimens of diverse ages. Behavioral traits and ecological roles have long been recognized as important
in the designation of taxa, especially below the species level (Crandall et al., 2000; Haig et al., 2006), as
they explicitly address differences in adaptive characters, but they are not readily useful for assessing con-
tinuity between historical and contemporary populations. Support for the validity of a taxonomic designa-
tion of species and subspecies relies upon the strength of morphological, genetic, and ecological evidence,
individually and collectively.

A FRAMEWORK FOR ESTABLISHING TAXONOMIC DESIGNATIONS

As noted above, although modern species concepts do have some differences, they are united by the
goal of identifying groups of organisms whose reproductive compatibility sustains genetic continuity. The
levels of genetic differentiation do not need to be the sole—or even the primary—evidence considered. It
is tempting to prioritize molecular data, as they are readily quantifiable and can be used to define phyloge-
netic and past population relationships. However, exclusively focusing on molecular characters risks over-
splitting taxa or, conversely, failing to recognize as distinct those that have diverged recently and now
occupy different ecological niches but have not yet had time to accrue substantial genetic differentiation
(Coates et al., 2018; Haig et al., 2006).

Fossils, when available, can provide useful data on morphology of ancestral populations. Notably
though, the current fossil record represents less than 5% of the known living species (Prothero, 2007). The
formation and preservation of fossils is highly dependent on local conditions including moisture, rapid
burial, and vegetation cover. Fossils from organisms that inhabit open environments therefore far outnum-
ber those from organisms that live in tropical forests, as organic remains degrade quickly in the forest
environment (Behrensmeyer, 1978; Tappen, 1994). Therefore, while fossil evidence can be useful for as-
sessing the morphologic distinctness of a given lineage, absence from the fossil record may reflect condi-
tions unfavorable for fossil formation, rather than the true absence of a given lineage from a given area at
a given time.

Combining genomic data with morphological and ecological data can provide a more complete picture
of the taxonomy and evolutionary history of species and subspecies.
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Strong support for the validity of a taxonomic designation of a species may include the following:

e Morphological, paleontological, or fossil evidence that the taxon under consideration is evolv-
ing independently or morphological evidence that specimens possess a phenotype that is distinct
from other defined species.

e Evidence of genetic or genomic distinctiveness, based on data from several independently seg-
regating genetic loci, with evidence that extant subpopulations are connected by gene flow. If
hybridization with other defined species is also detected, it must be clear that introgression does
not substantially affect the discreteness of the taxon under consideration.

e Ecological or behavioral data indicating adaptive differences and reproductive incompatibilities
separating the taxon under consideration from other closely related species. Relevant differences
may be ecological, behavioral, or physiological. Genomic data, if available, may reveal genetic
variation underlying these differences but are not required to confirm the importance of ecological
or behavioral differences.

Strong support for the validity of a taxonomic designation of subspecies may include the following:

e Morphological, paleontological, or fossil evidence of a geographically and historically isolated
lineage within the species to which it belongs. Morphological evidence may be especially useful
for identifying distinct, locally adapted phenotypes that evolved during isolation from other line-
ages of the same species.

e Genetic or genomic evidence of distinctness based on data from multiple independently inher-
ited genetic loci, with no evidence of reproductive isolation from other populations of the same
species in regions of range overlap. Phylogeographic analyses may be especially useful in as-
sessing the distinctness of the lineage under consideration from other populations belonging to
the same lineage.

e Ecological, behavioral, or physiological characters that provide evidence of adaptive differ-
ences between the lineage and other groups belonging to the same species. Available genetic or
genomic data may reveal the presence of alleles, or of differences in allele frequencies, at loci that
underlie these differences.

These criteria provide a framework for assessing diverse data types useful for evaluating the taxo-
nomic status of the Mexican grey wolf (Chapter 4) and the red wolf (Chapter 5). By way of background,
Chapter 3 first provides an overview of strategies for the analysis of relevant genetic and genomic data.
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3

Using Genes and Genomes to Identify Species and Subspecies

The most direct, but unfortunately not the most useful, approach to the
phylogeny of recent animals is through their genetics. The stream of heredity
makes phylogeny; in a sense, it is phylogeny. Complete genetic analysis
would provide the most priceless data for the mapping of this stream.

— George Gaylord Simpson, 1945

Genetic technigues have become increasingly sophisticated and complicated over the past few dec-
ades. The advances in genetic techniques enable scientists to describe the entire genome of an organism
and provide the computational power to compare genomes among many organisms. In contrast to the time
when George Gaylord Simpson made the assessment quoted above, genetic analyses can now provide this
“most priceless data” for reconstructing the phylogenies of species (Figure 3-1).

The nuclear DNA of canids consist of a haploid genome of approximately 2.5 billion base pairs. Thus,
the nucleus of each cell contains two copies of this haploid genome, one maternally derived and the other
paternally derived. In addition to the nuclear DNA, the mitochondrial genome of a cell contains its own
haploid genome of approximately 16,000 base pairs of DNA (mtDNA), which are usually passed on from
mother to offspring. Differences in the DNA sequences of individuals, within and between species, arise as
a consequence of mutations of various types—those that replace one base pair with another, those that
delete or insert new base pairs, and those that re-arrange the order of the base pairs. Description of such
genetic changes can provide insight into the past history, as well as into the current reproductive relation-
ships, of populations and species.
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FIGURE 3-1 Phylogeny of wolf-like canids using 48,000 genome-wide single nucleotide polymorphisms (SNPs).
The figure indicates the estimated times of divergence between lineages based on the amount of divergence in these
sequences. NOTE: MYA = millions of years ago. SOURCE: vonHoldt et al. 2011.
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This chapter presents an introduction to fundamental concepts and methods necessary to understand
the available genetic papers discussed in Chapters 4 and 5, and the committee’s answer to the taxonomic
guestions in the statement of task. The first topic is the use of single genes to detect genetic differences
between individuals and populations within species as well as genetic differences between species. This is
followed by explanations of the use of mtDNA to reconstruct the phylogeny of populations and species and
of the use of whole-genome sequence data to describe genetic similarity, phylogeny, and taxonomic rela-
tionships among populations and species.

INDIVIDUAL NUCLEAR GENES

Early studies of genetic variation in wolves relied on comparing the DNA sequence at individual
locations (loci) within the genome. Different sequences at the same locus are called alleles. The early stud-
ies of genetic variation in wolves found such allelic differences at many loci throughout the genome.

Microsatellites

Microsatellites are repetitive segments of DNA that are widely distributed throughout the genome. Mi-
crosatellite loci often have many alleles because they have exceptionally high mutation rates (Schldtterer,
1998). The presence of many alleles in populations make these loci especially valuable for estimating ge-
netic differences between individuals and between populations. Hedrick et al. (1997) compared allele fre-
guencies at 20 microsatellite loci in Mexican gray wolves with those found in domestic dogs, northern gray
wolves, and coyotes to determine if the Mexican wolves had unique alleles (two of these loci are shown in
Table 3-1). For example, the | allele at the 172 locus was at a frequency of 0.944 in dogs (i.e., 94.4 percent
of the alleles genotyped at this locus in dogs were I), but the frequency of the I allele in Mexican gray
wolves was only 0.050. In contrast, the G and H alleles were at a combined frequency of 0.950 in Mexican
gray wolves, but these alleles were not present in dogs. The researchers concluded on the basis of all 20
loci that the three captive populations of Mexican gray wolves were closely related to each other and they
were distinct from dogs and northern gray wolves.

Single Nucleotide Polymorphisms (SNPs)

Researchers’ ability today to sequence entire genomes allows them to detect genetic differences at
many positions throughout the genome. There are some 2.5 billion base pairs in the wolf haploid genome.
It is now possible to compare nucleotide differences (A, T, G, or C) at hundreds of thousands of points in
the genome where the individual base pairs vary; these points in the genome are referred to as single-
nucleotide polymorphisms, or SNPs. For example, Fitak et al. (2018) genotyped Mexican gray wolves,
northern gray wolves, and domestic dogs at more than 172,000 SNPs. They found that Mexican gray wolves
are highly distinct from northern gray wolves and that they lack any detectable admixture from dogs.

TABLE 3-1 Allele Frequencies at Two Representative Microsatellite Loci (172 and 204) in Gray
Wolves, Coyotes, and 27 Breeds of Dogs

Locus 172 Locus 204
G H | A B D E
Mexican gray wolf 0.825 0.125 0.050 0.211 0.158 0.500 0.132
Northern gray wolf 0.076 0.467 0.413 0.300 0.067 0.467 0.144
Coyote 0 0.320 0.160 0.909 0.091 0 0
Dog 0 0 0.944 0.396 0.021 0.021 0

NOTE: The allele frequencies do not sum to 1.0 in all cases because alleles not present in Mexican gray wolves are

not shown.
SOURCE: Hedrick et al. 1997.
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MTDNA

The DNA in the mitochondria of mammals is usually transmitted to offspring from their mother. All
of the copies of this sequence within a given individual are identical (a situation referred to as haploid).
This differs from the situation for nuclear DNA, where each individual has two copies, one from each parent
(or diploid). There is no recombination® in haploid mtDNA, as there is in nuclear DNA. Therefore, mtDNA
is inherited as a single locus. Any single locus by itself is not very useful for describing genetic population
structure, as noted in the previous section, because the patterns of differentiation between loci will differ
by chance alone. Therefore, describing the amount of genetic differentiation between populations or species
requires comparing the patterns of differentiation at many loci (e.g., the 20 nuclear loci examined in Hedrick
etal., 1997).

On the other hand, the lack of recombination between mtDNA molecules makes them an especially
useful marker for reconstructing phylogenetic history. Phylogenetic trees depict the evolutionary history of
the relationships among species (Figure 3-1). Species that are more closely related evolutionarily share a
more recent common ancestor than more distantly related species, and they appear closer together in a
phylogenetic tree. It is important to keep in mind, however, that phylogenies based upon mtDNA reflect
only matrilineal genealogical relationships among individuals because only females pass their mtDNA on
to offspring.

A gene tree (such as one constructed on the basis of mtDNA) is a phylogenetic tree constructed from
a particular gene from each of the species under study. A phylogenetic tree based upon any single gene
(a gene tree) may or may not be concordant with the actual phylogenetic history of the species under con-
sideration (species tree).

Most new mutations are lost by chance (genetic drift) before they become common within a popula-
tion. However, some new mutations increase in frequency in the population due to genetic drift or because
of the directional forces of natural selection. When a mutation reaches a frequency of 1.0 in the popula-
tion—i.e., it has become “fixed”—we say that a substitution has occurred. Most of the time, the mutations
that are used in genetic comparison of species are mutations that replace one base with another. The longer
that two species are isolated from each other, the more such substitutions they will demonstrate.

The presence or absence of fixed differences does not always provide unambiguous insight into ques-
tions regarding species or subspecies status. In some cases, different species may share polymorphisms.?
This can occur two ways. First, the species may have diverged recently from each other. In this case, insuf-
ficient time has elapsed for different alleles to be fixed in the species. This pattern is denoted as “incomplete
lineage sorting.” Second, there may have been introgression which introduced alleles from one species into
another. In either case, the gene trees constructed from these genes may not match the actual phylogenetic
history of the two species. A method for distinguishing these two causes of shared polymorphisms, the so-
called ABBA/BABA analysis, is discussed below.

The earliest attempts to use molecular data to construct the phylogenetic trees of wolves were based
on mtDNA sequences). For example, in Vila et al. 1999, researchers compared the sequences of 350 base
pairs of mtDNA from a worldwide sample of gray wolves and coyotes. The researchers found that more
sequence variability was found in coyotes than in wolves. Thirty-four different mtDNA sequences (haplo-
types) were found in 259 wolves, while 15 different mtDNA haplotypes were found in just 17 coyotes. On
average, the 34 gray wolf haplotypes differed from each other by 5.3 substitutions. The 15 coyote haplo-
types differed from each other by an average of 7.4 substitutions. And the gray wolf haplotypes differed
from coyote haplotype by an average of 18.8 substitutions.

For many species, every individual within the species shares a more recent common ancestor that is
not shared with any individuals in other species, a situation known as monophyly (Figure 3-2). The mtDNA

Also referred to as genetic reshuffling, recombination is the exchange of DNA between parental chromosomes
during the formation of sperm and egg. The result of this exchange is the production of offspring with a combination
of genes that differs from either parent.

2The presence of two or more alleles at the same gene locus within a population.
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sequences reported by Vila et al. (1999) are reciprocally monophyletic. That is, all of the gray wolf haplo-
types share a more recent common ancestor with each other than any of them do with the coyote haplotypes.

Recently diverged species can be non-monophyletic, that is, there may be individuals in one popula-
tion who share a more recent common ancestor with individuals in the other population than they do with
some individuals in their own population. The resulting situation can be either polyphyly or paraphyly,
depending on the details of the phylogenetic relationships between the members of the different populations
(Figure 3-2). Also, as discussed in Chapter 2, the introgression of mitochondria from one species to another
can result in a lack of reciprocal monophyly for mtDNA (in which case the molecular genealogies of
mtDNA overlap). For this reason, phylogenies estimated from any single genetic marker, such as mtDNA,
might not necessarily reflect the true historic relationships among the populations or species represented by
the individuals included in the analysis.

GENOMES

Most recent studies with wolves have described sequence differences over the entire 2.5 billion base
pair wolf haploid genome in order to describe the genetic relationships among different groups. However,
population genomics is more than simply using more loci (e.g., 172,000 SNPs versus 20 microsatellite loci).
Population genomics requires having a linkage map showing the chromosomal locations and rates of re-
combination between different loci so that particular regions of the genome can be studied (e.g., regions of
the genome inherited from one of the two contributing parental populations in admixed individuals). That
is, instead of using a representative sample of loci to address the average effect of processes acting across
the whole genome, population genomics describes variation in those processes in specific regions of the
genome.

Polyphyly Paraphyly Reciprocal monophyly

o

) uliE;
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FIGURE 3-2 Development of phylogenetic relationships of haplotypes (A, B, C, D, E) in sister taxa (1 and 2). After
a population splits into two because of the development of a barrier to reproduction (indicated by the large vertical
arrows), the phylogenetic relationship of the alleles in the two sister populations usually proceeds from polyphyly
through paraphyly to reciprocal monophyly. Typically when two populations (1 and 2) first become isolated, they
both will have some alleles that are more closely related to alleles in the other population (polyphyly). The filled circle
at the root of the B and C branches indicates the most recent common ancestor between B and C (in the polyphyly
example). After many generations of isolation, one population might become monophyletic for some alleles (D and E
in population 2 in the paraphyly example. But the other population (1) might maintain an allele (C) that is more related
to an allele in the other population. Finally, all individuals within one taxon share a most recent common ancestor not
shared with any individuals in the other taxon. SOURCE: Allendorf et al. 2013.
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For example, Sinding et al. (2018) used 40 full-genome sequences to describe the genetics and evo-
lutionary relationships among extant wolves and wolf-like canids in North America. The authors conclude
that all North American gray wolves, including the Mexican gray wolf, are monophyletic and thus share a
common ancestor that is not shared with any other wolves. They also concluded that the red, Eastern timber,
and Great Lakes wolves demonstrate admixture between modern gray wolves and coyotes. Although there
were population-specific sequences in their samples of these taxa that might distinguish them from gray
wolves and coyotes, the authors did not have sufficient samples to draw conclusions about the significance
of these sequences.

Nuclear DNA differs from mtDNA in many ways, the most important of which are biparental inher-
itance and the process of recombination. Figure 3-3 illustrates the effects of recombination following the
production of hybrids that are then continually crossed back to one of the parental species.

[l
;]
II; 1]

lI; 1
|

FIGURE 3-3 Schematic representation of a pair of chromosomes resulting from hybridization. The chromosomes of
one species are represented in black and the other in gray. This figure traces chromosomal segments following the
production of a first-generation (F1) hybrid with one chromosome from each species that is continually backcrossed
to the species represented by gray. Recombination during meiosis, which occurs during gamete production in the F1
hybrid, results in a chromosome in the next generation that is derived from both species. Subsequent recombination
events results in the segments derived from the black species increasing in number but becoming smaller and smaller
in future generations. The gray wolf actually has 39 pairs of chromosomes that undergo this same process, but only
one pair is shown for sake of simplicity.
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Another difference is that mtDNA has a much higher mutation rate than nuclear DNA,; this results in
a greater rate of substitution per generation for mitochondrial DNA than for nuclear DNA. Different regions
of the nuclear genome will have different gene trees (phylogenies) because of recombination. As mentioned
in the discussion of mtDNA trees, some of these trees may differ from the true species trees because of
shared ancestral variation. A phylogeny estimated from nuclear DNA will then reflect a genomic average
among all of the trees, but it might not be representative of any specific region of the genome. This problem
is not as much of a concern in very distantly related species because the chance of them harboring shared
ancestral variation is much less. In addition, because of the enormous size of the nuclear genome, nuclear
DNA provides a very large number of independent observations for use in statistical analyses of hypotheses
regarding population histories.

Model-Based Approaches

The timing and directionality of an admixture between populations and species can be estimated using
model-based approaches. These approaches make various assumptions about the underlying population
genetic model in order to estimate the parameters of interest (e.g., migration rates, divergence times between
populations, etc.). The model in the software package G-PhoCS (for Generalized Phylogenetic Coalescence
Sampler) can be used to calculate posterior probabilities for species tree topologies, migration rates, and
divergence times, using genomic data, with the assumption that the input is from multiple independent non-
recombining loci (Gronau et al., 2011). Using this program, vonHoldt et al. (2016) estimated that red wolves
evolved as a sister group to coyotes 55,000-117,000 years ago, depending on the model’s assumptions.
One important thing to keep in mind regarding many of the methods like this is that they rely on very strong
model assumptions, for example, regarding the history of population size changes. Furthermore, they re-
quire a tremendous amount of computing power to carry out the calculations, which can lead to various
computational problems including, in some cases, providing unstable results.

Genetic Similarity

Some methods of analyzing genomic data look at the genetic similarity of individuals but do not at-
tempt to reconstruct phylogenies in the way discussed above. The more recently that two species shared a
common ancestor, the more likely they are to be genetically similar. Therefore, comparing the genetic sim-
ilarity of individuals can also provide insight about evolutionary relationships. However, certain population
genetic processes can obscure these relationships. For example, genetic drift resulting from a small popu-
lation bottleneck can result in the individuals within a population being very similar to each other and very
distinct from even closely related populations.

One common type of analysis of genomic data is principle component analysis (PCA) (e.g., Novembre
and Stephens, 2008). Principle component analysis, a statistical procedure that simplifies a set of observa-
tions on many variables into just a few underlying variables called principal components (PC), is based on
genetic similarity. Principal components are uncorrelated with each other, and they can be used to display
the total variation in the observations along uncorrelated axes of variation (e.g., PC1). This allows the iden-
tification of clusters of genetically similar individuals. For example, Figure 3-4 shows a PCA of 5.4 million
SNPs in 23 Canis genomes. The first axis (PC1) explains 25.3 percent of the total variability in the data,
and PC2 explains 11.6 percent of the total variation.

Clusters of genetically similar individuals may occur because the individuals grouped together form
a species, subspecies, or population. However, individuals might also cluster together if they are similarly
admixed between other species, even if they otherwise share little common history. Also, the axis of varia-
tion identified by PCA is strongly dependent on sample size because small sample sizes may fail to capture
phenotypes that are comparatively rare. As such, PCA does not provide definitive evidence regarding spe-
cies or subspecies status (see Figure 3-4).
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FIGURE 3-4 PCA of 5.4 million SNPs in 23 Canis genomes including gray wolves, red wolves, and coyotes. The
first principal component (PC1) explains 25.3% of the total variability in the data, and PC2 explains 11.6%. The area
within the dashed line contains genomes thought to be admixed. SOURCE: vonHoldt et al. 2016.

The software program STRUCTURE (Pritchard et al., 2000) categorizes individuals as belonging
fractionally to one or more populations on the basis of fundamental population-genetic principles (e.g.,
genotypic proportions expected with random mating). STRUCTURE analysis can be also used to identify
admixture components (see Figure 3-5). The admixture components identified with STRUCTURE are typ-
ically interpreted as being representative of ancestral populations that may have existed at some (unspeci-
fied) time in the past before the admixture happened. In most analyses, the number of admixture compo-
nents (k) is considered fixed, but there are also methods that attempt to estimate the value of k. When
individuals are assigned to the same admixture component, this provides evidence that they have similar
alleles. This might be because they have been isolated from other individuals for a long time, or it could,
for example, be because they both descended from a population that very recently experienced a sharp
reduction in its size. Therefore, admixture analysis using STRUCTURE does not necessarily reflect the
hierarchical evolutionary structure of the sample. Also, as is the case with PCA analyses, the sample sizes
have significant effects in determining which components are identified.

Ancestry Painting of Chromosomes

Statistical methods similar to STRUCTURE analysis can be used to identify particular segments of
the genome that originate from various pre-defined reference species in admixed populations (Maples et
al., 2013). In one method, called ancestry painting of chromosomes, different regions of the chromosomes
are color-coded to reflect from which of pre-defined reference species they originated (Figure 3-6). Differ-
ent individuals in the same population can have different amounts of admixture. In addition, the length of
the admixture segments provides information about the amount of time since the hybridization event.
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ellite loci. Individuals 30205 and 30218 were determined to be first-generation coyote x red wolf hybrids based upon
the known pedigree. Individuals 30145 and 30214 were determined to be first-generation hybrid x red wolf crosses
using the pedigree. SOURCE: Bohling and Waits 2015.
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FIGURE 3-6 Diagram of hypothetical ancestry painting of chromosomes. Hybrid wolf 1 and hybrid wolf 2 are indi-
viduals from different populations resulting from hybridization of wolf species A (white chromosomal regions) and
wolf species B (gray chromosomal regions). Ten of the 38 pairs of autosomes in wolves are shown. The two long
rectangles for each of the 10 pairs of chromosomes represent the two chromosomes carried by each individual (one
paternal and one maternal chromosome). The gray areas represent the chromosomal segments introgressed from wolf
species A into wolf species B. Both individuals have approximately 5 percent admixture from wolf species B. How-
ever, the hybridization event occurred in the more remote past in the population from which the right individual orig-
inates, and the segments originating from wolf species B are thus smaller because of recombination (see Figure 3-3).
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Ancestry painting is a very powerful tool both for detecting hybridization and estimating the time
since hybridization. However, its reliability depends heavily on using the appropriate reference populations,
and it may produce erroneous results if inappropriate reference populations are used. For example, one
could analyze dog chromosomes as an admixture between a mouse and horse, and this would result in the
identification of some segments of the dog genome that look either horse- or mouse-like. However, this
would clearly not imply that the dog is an admixture between a horse and a mouse. Thus ancestry painting
is not an appropriate or useful tool to determine the presence or absence of admixture if the correct reference
populations are not used.

Detection of Admixture with ABBA/BABA

There are many whole-genome methods available to detect and estimate the amount of admixture (see
Sinding et al. 2018). One powerful statistical tool for identifying admixture is the so-called ABBA/BABA
analyses (Green et al., 2010), which use the genome-wide average of shared mutations to determine if there
is evidence for admixture. This is achieved by comparing the amount of shared mutations with a possibly
admixed population to the amount of shared mutations with a population that is hypothesized not to be
admixed (or at least contains less admixture). The test considers ancestral (A) and derived (B) alleles and
is based on the prediction that two particular patterns of SNPs, termed ABBA and BABA, should be equally
frequent under a scenario of incomplete lineage sorting without gene flow. An excess of ABBA or BABA
patterns relative to the other is indicative of gene flow between two of the taxa. For example, the introgres-
sion of Neanderthals into modern humans was identified by noting that people outside of Africa share more
substitutions with Neanderthals than do individuals inside Africa, a place where Neanderthals are thought
never to have been present. While the ABBA/BABA analysis is very powerful for identifying admixture,
it does not say anything about the directionality and timing of the admixture. We discuss in Chapter 5 how
vonHoldt et al. (2016) used this approach to test the phylogenetic hypothesis of a sister taxa relationship
between red wolf and coyote.
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4

Is the Mexican Gray Wolf a Valid Subspecies?

Fortunately, wolves still exist in many areas where there is no conflict with human interests. Such
areas, it is believed, will perpetuate the existence of these interesting mammals, unless they are
crowded out by further development. This will not be for a long time to come, if ever.

— Stanley P. Young, 1942

Mexican gray wolves were extirpated from the wild in the United States in the mid-1970s. Then 20
years ago they were reintroduced, amidst much controversy, into a small portion of their former range.
Controversies continue today regarding both their taxonomic validity and the management strategies used
in the captive breeding program and in the extant wild reintroduced population. The purpose of this chapter
is to scientifically assess if Mexican gray wolves are a valid subspecies based on the evidence of morphol-
ogy, paleontology, genetics, and behavioral ecology.

Gray wolves have great dispersal capabilities, and they travel long distances, averaging 50-100 km
and ranging up to several hundred kilometers, before establishing their territories (Jimenez et al., 2017;
Mech, 1970; Merrill and Mech, 2000). They are habitat generalists and occupy a wide variety of environ-
ments. There is some controversy concerning the way that their historical range was determined, as it was
based on a traditional morphological analysis of a relatively small number of historical specimens that
postdated the period of time when populations were already in decline (Bogan and Mehlhop, 1983; Nowak,
1995; Young and Goldman, 1944). These facets of wolf biology have been used to argue that the recognition
of any subspecies of North American gray wolves, including Mexican gray wolves, cannot be justified
biologically.

The designation of the Mexican gray wolf as a subspecies has also been questioned because of disa-
greements in the application of subspecies concepts (Fredrickson et al., 2015; Haig et al., 2006; Patten and
Remsen, 2017). It has been suggested that Mexican gray wolves may not have sufficient morphologic and
genetic differences from other wolf populations to justify their status as a valid subspecies. Cronin et al.
(2015a,b) made this argument because a previous genetic analysis of mtDNA sequences had shown that
extant and historic samples of Mexican gray wolves lacked reciprocal monophyly and that they shared
haplotypes with wolves in other areas and also with coyotes (Hailer and Leonard, 2008; Leonard et al.,
2005). There has also been speculation that the extant Mexican gray wolf population, which was derived
from individuals from three captive lineages (Hedrick et al., 1997), may have included ancestry from dogs
or coyotes due to a previous admixture (Cronin et al., 2015a).

A BRIEF TAXONOMIC HISTORY OF THE MEXICAN GRAY WOLF

The Mexican gray wolf was first described as a distinct subspecies of Canis nubilus by Nelson and
Goldman (1929) and was classified as the subspecies Canis nubilus baileyi . Later, Goldman (1937) reor-
ganized the taxonomy of North American wolves and recognized five wolf subspecies of Canis lupus in
the southwestern United States and Mexico: Canis lupus youngi (southern Rocky Mountain wolf), C. I.
monstrabilis (Texas gray wolf), C. . mogollonensis (Mogollon Mountain wolf), C. I. nubilus (buffalo wolf),
and C. I. baileyi (Mexican wolf). Bogan and Mehlhop (1983) examined morphologic variation in 253 adult
wolf skulls utilizing univariate and multivariate statistical procedures. Their morphometric analysis re-
vealed considerable overlap among many individuals, but determined that C. |. baileyi and C. I. youngi,were
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taxonomically distinct subspecies. Furthermore, they determined that C. I. mogollonensis and C. I. mon-
strabilis were intermediate between C. I. baileyi and C. I. youngi and referred C. I. monstrabilis and C. I.
mogollonensis to C. I. baileyi. Thus they recognized only three southwestern subspecies: C. |. baileyi, C. I.
youngi, and C. I. nubilus. Nowak (1995) condensed 24 previously recognized North American gray wolf
subspecies into five subspecies, including C. I. baileyi as one of the remaining five. Bogan and Mehlhop
delimited their defined range to include east-central Arizona, southern New Mexico, Texas, and the high-
lands of Mexico (Figure 4-1). But Nowak’s (1995) conclusions made it necessary to expand the inferred
historic range of the Mexican gray wolf to include the Mogollon Plateau (Figure 4-1). The Mexican gray
wolf is currently recognized as a subspecies of Canis lupus in most well-respected mammalian taxonomic
publications, such as Mammalian Species (Mech, 1974), The Mammals of North America (Hall, 1981), and
Mammal Species of the World (Wilson and Reeder, 2005).

By the mid-1900s Mexican gray wolves had been nearly extirpated from the wild through intensive
predator eradication programs. Total extirpation was narrowly averted when the last surviving wild wolves
were captured in Mexico and taken into captivity. No wild populations were known to remain in the United
States when the Mexican gray wolf was listed as endangered in 1976, and only a handful of wolves persisted
in Mexico. Three wild wolves captured in Mexico in the late 1970s (the McBride lineage) and four addi-
tional captive Mexican gray wolves from the Aragon (N = 2) and Ghost Ranch (N = 2) lineages became the
founding population (N=7) for all Mexican gray wolves used for the subsequent reintroduction and captive
breeding program.

Arizona New Mexico

Range of the Mexican wolf
Legend
Historical range (Nelson and Goldman 1929, Bailey

1931, Young and Goldman 1944, Hall and Kelson 1959,
Hoffmeister 1986, Nowak 1995)

Range expanded by USFWS (1996)

Sources; 0, USGS, NOAA

FIGURE 4-1 Generalized historical range of the Mexican gray wolf defined by most authorities compared with the
range expanded by Parsons (1996) and adopted by the United States Fish and Wildlife Service (Heffelfinger et al.,
2017).
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The U.S. Fish and Wildlife Service (FWS) and Mexican authorities established a binational captive
breeding program and began reintroduction efforts in the United States in 1998 and in Mexico in 2011. As
of November 2017, 114 Mexican gray wolves were living in the wild in Arizona and New Mexico, distrib-
uted in 22 packs across the two states. As of July 2017, approximately 31 wild Mexican gray wolves in-
habited Chihuahua and Sonora, Mexico, in the northern Sierra Madre Occidental (CONANP, 2017; Garcia
Chavez et al., 2017). To maintain genetic diversity and minimize the effects of inbreeding, the wild popu-
lation is heavily managed and augmented frequently by moving adults (captive and wild) between packs
and by cross-fostering captive-born pups into the wild dens. As of July 2017, 281 captive wolves lived in
55 facilities. This captive population has retained 83 percent of the heterozygosity of the seven founders
(U.S. FWS, 2017b). This is a rapid loss relative to the general accepted guidelines of retaining at least 95
percent of the heterozygosity for 100 years (Allendorf and Ryman, 2002; Soul¢ et al., 1986). Analyses of
40 whole-genome sequences that represent the extant diversity of North American gray wolves and other
wolf-like canid populations have demonstrated that extant Mexican gray wolves show signatures of low
population sizes, with low heterozygosity and high inbreeding coefficients (Sinding et al., 2018).

IS THERE EVIDENCE FOR DISTINCTIVENESS OF MEXICAN
GRAY WOLF POPULATIONS FROM OTHER NORTH AMERICAN CANIS POPULATIONS?

Morphology

The Mexican gray wolf was first described as a distinct subspecies in 1929 by Nelson and Goldman,
based on 65 specimens that they examined. They characterized this subspecies as having a small body size;
a small, narrow, and arched skull with slender and depressed rostrum; and a darker, more reddish pelage
coloration than other North American wolves. The type specimen was a male wolf collected by Nelson and
Goldman in 1899, which is deposited at the U.S. National Museum of Natural History (#98312). The type
locality is from the area of Colonia Garcia, about 60 miles southwest of Casas Grandes, Chihuahua (U.S.
FWS, 2017b).

The Mexican gray wolf is adapted to the warmer and drier climates of the southwest with its smaller
body size, slightly taller ears, and slightly darker pelage. The Mexican gray wolf is the smallest extant gray
wolf in North America; adults weigh 23-41 kg with a length of 150-180 cm and a height at the shoulder of
63-81 cm (Brown, 1983; Young and Goldman, 1944). As is the case with all gray wolves, females are
typically smaller than males. Mexican gray wolves are generally gray, with a darker area (which can be
brown to cinnamon and cream in color) over the shoulders and down the spine, and lighter underparts
(Brown, 1983). Solid black or white individuals, which are occasionally seen in other North American gray
wolves, have never been documented in Mexican gray wolves (U.S. FWS, 2017b). Young and Goldman
(1944) described the Mexican gray wolf skull as having a slender rostrum and widely spreading zygomata.
Nowak (1995) compared numerous morphometric skull measurements across North America and Europe
and found that the Mexican gray wolf “lies almost entirely outside the range of variation of the other groups”
(i.e., other species and subspecies of Canis), and they agreed with the findings of Hoffmeister (1986) and
Young and Goldman (1944) that the Mexican gray wolf is morphometrically distinct.

Additionally, there has been little evidence to suggest that Mexican gray wolves hybridized with coy-
otes. Nowak (1979) reported three specimens that statistically appeared to be possible hybrids of C. latrans,
based on morphological characters, and suggested that the smallest and most coyote-like of the three was
the baileyi subspecies. That specimen was collected in the 1800s at Orizaba, Veracruz, far to the south of
any known locality where C. lupus specimens had previously been reported; the other two specimens also
date back over a century and could be small individual baileyi wolves. There is also no morphological
evidence of coyote introgression from a series of C. |. baileyi specimens taken during intensive control
operations in the 20th century (Nowak, 1979, 1995) and no molecular evidence of such in the living popu-
lation of C. I. baileyi (Wayne and Vila, 2003). There is no geographical barrier that would serve as an
isolating mechanism, suggesting that morphological and behavioral differences were sufficient to maintain
historical reproductive isolation between Mexican gray wolves and sympatric coyotes.
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Finding: The Mexican gray wolf has, from its discovery, been considered a distinct wolf. Its size, mor-
phology, and coloration pattern distinguish it from other North American wolves.

Genetics

The genetic evidence published to date also overwhelmingly supports the Mexican gray wolf being a
subspecies of the gray wolf (Fan et al., 2016; Vila et al., 1999; vonHoldt et al., 2011, 2016; Wayne et al.,
1992). According to a large number of studies using mtDNA sequencing and microsatellite loci as well as
studies using next-generation sequencing and genomic technologies, this subspecies has been determined
to be the most genetically divergent wolf in North America (Fan et al. 2016; Sinding et al. 2018; Vila et al.
1999; vonHoldt et al. 2011, 2016; Wayne et al. 1992).

Nonetheless, the designation of the Mexican gray wolf as a separate subspecies has been questioned
for several reasons (Cronin et al., 2015a,b). According to Cronin et al. (2015a), “extant and historic samples
show that Mexican gray wolves lack mtDNA monophyly, share haplotypes with wolves in other areas and
with coyotes (Leonard et al., 2005; Hailer and Leonard, 2008), and extant Mexican gray wolves came from
only seven founders that may have included dog ancestry (although genetic data indicate this is improbable
and/or of small genetic importance; Garcia-Moreno et al., 1996; Hedrick et al., 1997). These factors indicate
that the designation of a Mexican gray wolf subspecies is of questionable validity.” The issue of shared
mtDNA haplotypes is important to Cronin et al.’s (2015a) argument because they adopted a subspecies
definition that would require reciprocal monophyly of mtDNA haplotypes as a condition for recognizing
subspecies. We address these points below.

Cronin et al.’s (2015a,b) requirement for subspecies definition deviates from the criteria used histor-
ically or at present to define and recognize mammalian subspecies, as described in Chapter 2. Thus, the
absence of reciprocal monophyly of mtDNA haplotypes would not be a reason to deny the designation of
a subspecies under conventional definitions if other morphologic, ecological or genetic differences were
present.

Moreover, recent analyses fail to support the proposal that gray wolves trace some of their ancestry
to domestic dogs. In particular, Fredrickson et al. (2015) pointed out that a genetic analysis of the three
captive lineages using microsatellite and mtDNA analysis (Hedrick et al., 1997) found an absence of dog
admixture (Garcia-Moreno et al., 1996; Hedrick et al., 1997). This conclusion was subsequently confirmed
with whole-genome analyses (Fan et al., 2016; Fitak et al., 2018).

The issue of mtDNA haplotype sharing is more complex and requires analyses of ancient DNA, and,
in conjunction with reconstructions of historical species distributions, it supports another interpretation.
This is discussed in the context of the historic population below.

Genetic analyses with mtDNA, microsatellites, and large-scale genomic datasets have shown that the
genetic structure of North American gray wolves is strongly influenced by their habitat distribution
(Carmichael et al., 2007; Geffen et al., 2004; Hendricks et al., 2018; Mufioz-Fuentes et al., 2009; Musiani
et al., 2007; Pilot et al., 2006, 2010; Schweizer et al. 2016a,b; Stronen et al., 2014; vonHoldt et al., 2011).
This is also the case of Mexican gray wolves, which are better adapted to the more arid habitat characteristic
of their historic distribution range (Nowak, 1995) and have been shown to have strong signatures of genetic
structure due to a long history of isolation from other gray wolf populations (Sinding et al., 2018).

Findings: Genetic and genomic analyses confirm that the Mexican gray wolf, is genetically distinct—it is
the most genetically distinct subspecies of gray wolf in North America. Arguments against recognizing the
Mexican gray wolf as a subspecies are based on a subspecies definition that is not widely accepted in the
scientific literature. There is no evidence that Mexican gray wolf genomes include introgression from do-
mestic dogs.
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Behavioral Ecology

The historic range of the Mexican gray wolf documented by early taxonomists included southern
Arizona, southern New Mexico, southwestern Texas, and northern Mexico (Figure 4-1) (Nelson and
Goldman 1929, Young and Goldman 1944). However, based on a review of ecological, morphological, and
genetic data, Parsons (1996) expanded the historical range in 1996 and this expansion was accepted by the
Mexican wolf recovery team in reintroduction plans (U.S. FWS, 1996) (Figure 4-1). Mexican gray wolves
are behaviorally and morphologically adapted to survive in these warm, arid environments. The U.S. Fish
and Wildlife Service (2017b) describes the historical habitat use of the Mexican gray wolf as follows: “His-
torically, Mexican gray wolves were associated with montane woodlands characterized by sparsely to
densely forested mountainous terrain and adjacent grasslands in habitats found at elevations of 1,219-1,524
m”. Wolves were known to occupy habitats ranging from foothills characterized by the presence of ever-
green oaks (Quercus spp.) or pinyon (Pinus edulis) and juniper (Juniperus spp.) to higher-elevation pine
(Pinus spp.) and mixed conifer forests. The factors making these habitats attractive to Mexican gray wolves
likely included an abundance of prey, the availability of water, and the presence of hiding cover and suitable
den sites. Early investigators reported that Mexican gray wolves probably avoided desert scrub and semi-
desert grasslands which provided little cover, food, or water (Brown, 1983). Wolves traveled between suit-
able habitats using riparian corridors and, later, roads or trails (Brown, 1983).

Mexican gray wolves have life histories typical of other gray wolves, living in packs as an apex pred-
ator. They are cooperative obligatory hunters, capturing prey larger than themselves such as elks and Coues’
white-tailed deer (Odocoileus virginianus couesi). Historical estimates of pack size were 2 to 8 wolves
(Bednarz, 1988), including adults, pups born that year, and offspring from previous years. The pack size in
the Mexican gray wolf recovery area between 1998 and 2016 ranged from 2 to 12 wolves (mean = 4.1;
FWS, 2017b). Mexican gray wolf pups are generally born between early April and early May. The typical
lifespan of a wild Mexican gray wolf is 45 years, although captive Mexican gray wolves have lived to be
13 years old. The estimated annual survival rate for wild Mexican gray wolves (pups, yearlings, and adults)
in the Mexican gray wolf recovery area has ranged from 0.50 to 0.81 (U.S. Fish and Wildlife Service,
2017b). The average home range size of 138 denning packs in the Mexican gray wolf recovery area in the
period 19982015 was 510 km?, whereas the home range size for 30 non-denning packs was 888 km? (U.S.
FWS, 2017b).

The Mexican gray wolf recovery area is firmly defined by policy so that when a dispersing wolf travels
beyond the designated recovery area, the individual is killed or translocated. This negates the possibility of
any expansion of the Mexican gray wolf distribution. The geographical centers of Mexican gray wolf re-
covery in the United States and in northern Sierra Madre Occidental are approximately 418 km apart, which
is within the dispersal distance of the Mexican gray wolf. Two Mexican gray wolves have been documented
crossing the border from Mexico into the United States since the reintroductions began (U.S. FWS, 2017a).
One of these wolves was captured and placed in captivity, and the other was returned to Mexico. It is
possible that the two binational populations could merge through dispersal if allowed to do so without
human intervention.

Although there is little, if any, evidence of coyote introgression among Mexican gray wolves, increas-
ing coyote numbers due to past wolf extirpation could offer opportunities for the low-density Mexican gray
wolf population to hybridize with the high-density coyote population if mate choices become limited. Gray
wolves in western North America routinely kill coyotes and do not breed with them in the wild (Smith et
al., 2003). However, such interbreeding apparently has occurred in eastern wolves, Great Lakes wolves,
and red wolves. The anthropogenic influences on the landscape now also include the presence of free-
ranging dogs, owned and feral, which could also mate with Mexican gray wolves. However, to this point
behavioral assortative mate selection has apparently prevented hybridization between Mexican gray wolves
and coyotes or dogs (Fredrickson et al., 2015).
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Findings: Extant wild Mexican gray wolves behave similarly to other North American gray wolves within
the confines of the human-constricted Mexican gray wolf recovery area; their wild behavior prior to their
1970 extirpation in the wild is unknown. The Mexican gray wolf represents a smaller form of the gray wolf,
which inhabits more arid ecosystems (Nowak, 1995). At present, Mexican gray wolves are behaviorally
and ecologically distinct.

IS THERE EVIDENCE FOR CONTINUITY BETWEEN THE HISTORIC MEXICAN GRAY
WOLF LINEAGE AND THE PRESENT MANAGED POPULATIONS?

Paleontology and Morphology

Bogan and Mehlhop (1983) analyzed morphological measurements from 253 adult wolf skulls from
the southwestern United States to help define the historic range of the Mexican gray wolf. Bailey (1931),
Young and Goldman (1944), Hoffmeister (1986), and Nowak (1995) also examined historic Mexican gray
wolves and specimens and described their morphology and phenotype. The extant Mexican gray wolves
have a morphology that is similar to the morphology described in the historical studies. Furthermore, the
extant Mexican gray wolves are direct descendants from the last known surviving wild Mexican gray
wolves and therefore have inherent continuity with the historic Mexican gray wolves.

Finding: There is morphological continuity between historical and extant Mexican gray wolf lineages.
Genetics

Studies that have used ancient DNA taken from historical museum specimens in combination with
modern DNA samples have also determined that the Mexican gray wolf lineage likely resulted from one of
the earliest waves of colonization of Canis lupus into the New World (Fan et al. 2016; Leonard et al., 2005;
vonHoldt et al., 2011; Wayne and Hedrick, 2011). Phylogenetic analysis of mtDNA (Vila et al., 1999)
suggested that the three most widely recognized subspecies of gray wolf in North America, C. |. baileyi, C.
I. nubilus, and C. I. occidentalis, originated from successive waves of wolf colonization from Eurasia during
the Pleistocene, with Mexican gray wolves descending from the earliest of these waves. Vila et al. (1999)
attributed the observed phylogenetic relations and patterns to having resulted from “past episodes of isola-
tion followed by admixture” as successive waves of wolves colonized southward. More recently, Sinding
et al. (2018) analyzed 40 full genomes of North American wolves and other wolf-like canids, and their
results indicated that all extant North American gray wolves descended from the same ancestral genomic
makeup and also that the Mexican gray wolves were the most divergent from all other North American
wolves. Sinding et al. (2018) proposed that the Mexican gray wolves diverged early from the ancestral
wolves via a single colonization event and have since been isolated from the other populations, an alterna-
tive to the hypothesis about three historical waves of wolf colonization in North America.

The designation of the Mexican gray wolf as a subspecies has been questioned because samples from
the historic population show that Mexican gray wolves lack mtDNA monophyly and that they instead share
haplotypes with wolves in other areas and with coyotes (Cronin et al., 2015a,b). According to studies of
ancient DNA conducted by Leonard et al. (2005), Mexican gray wolves were historically part of a mono-
phyletic clade, referred to as the “southern clade,” which consisted of the mitochondrial haplotype of extant
Mexican gray wolves and closely related haplotypes found in museum specimens which extended further
north into the southern Rockies and Great Plains—a finding that is consistent with the Mexican gray wolf
having a larger geographic range historically than it does today.

Hendricks et al. (2018) agreed that the southern clade had a wide distribution, which would imply that
gene flow was naturally extensive across the recognized limit of the subspecies and that there may have
been an admixture of Mexican gray wolves with other wolf populations to the north. It is generally accepted
that with highly mobile species such as wolves, subspecies boundaries may include large zones of intergra-
dation (Schweizer et al., 2016b) and that admixture in individuals within such zones might enhance their
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adaptive potential (Hedrick, 2013). Hendricks et al. (2016) used a multiple-trait dataset and geographic
distribution models to test the hypothesis that the historical range of Mexican gray wolves extended beyond
the boundary currently recognized by the U.S. FWS (Parsons, 1996), and their analysis supported this more
extensive range. There was historically a wide distribution of the “southern clade” in the American West
(Leonard et al., 2005), indicating that individuals with Mexican gray wolf ancestry coexisted with Northern
Rocky Mountain wolves (C. I. irremotus) outside of the presently defined Mexican gray wolf historical
range and, therefore, that these areas may represent appropriate habitat for both wolf ecotypes. In addition,
Hendricks et al. (2016) used a large panel of canine SNP markers and mtDNA haplotype information to
determine that a southern California wolf historical museum specimen collected by Joseph Grinnell (Grin-
nell et al., 1937) prior to extirpation of wolves in that area in 1922 had Mexican gray wolf ancestry and that
the habitat of the sampling locality was likely historically suitable for Mexican gray wolves.

Hendricks et al. (2018) also pointed out that the more widely distributed historic population of Mexi-
can gray wolves exchanged genes with those wolves in the north that in turn may have exchanged genes
with coyotes. The contraction of the range of the Mexican gray wolf and the loss of the populations to the
north would, in such a case, leave Mexican gray wolf haplotypes that can be found in coyotes but not vice-
versa. This hypothesis is supported by the lack of evidence for any recent hybridization between Mexican
gray wolves and coyotes and the recent findings by Sinding et al. (2018) that showed that all North America
gray wolves carry varying degrees of coyote admixture, including Mexican gray wolves. However, the
mode and timing of that ancient admixture remain unexplored.

Findings: While differences in allele frequencies and DNA sequences alone do not demonstrate the dis-
tinctiveness of a lineage, the analysis of ancient DNA reinforces the conclusion that the historic population
of Mexican gray wolf represents a distinct evolutionary lineage of gray wolf. Furthermore, the extant Mex-
ican gray wolves are direct descendants from the last remaining wild Mexican gray wolves. The known
history of the extant Mexican gray wolves suggests that there is continuity between them and the historic
lineage.

SYNTHESIS OF FINDINGS

Mexican gray wolves are distinct from other North American gray wolves morphologically, paleon-
tologically, genetically, genomically, behaviorally, and ecologically.

Conclusion

The Mexican gray wolf is a valid taxonomic subspecies of the gray wolf, Canis lupus, as currently
classified as Canis lupus baileyi.
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Is the Red Wolf a VValid Taxonomic Species?

The red wolf is a currently recognized species that historically inhabited much of the eastern United
States. During the 20th century, populations were driven to very low numbers by predator eradication pro-
grams and habitat loss and were largely replaced by coyotes spreading eastwards from their original range
in the western United States. A few remaining specimens from Texas and Louisiana with apparent red wolf
morphology were captured before the red wolf was declared to be extinct in the wild and were used to
establish a breeding program. The descendants of this breeding program were reintroduced in North Caro-
lina and are now a managed population in the wild. There has been substantial controversy regarding the
species status of the red wolf. In particular, the individuals that were used to found the breeding program
were captured from a region where there had already been substantial admixture between eastward-
expanding coyotes and local gray wolves and red wolves. Some of the earliest genetic studies of red wolves
found that historic specimens had mitochondrial genes that were similar to coyotes, suggesting the possi-
bility of admixture. As a result, substantial research has focused on examining whether and to what extent
wolves and coyotes in the eastern United States are genetically distinct. The controversy currently stands
on two main issues: (1) the degree to which red wolves historically were a separate species or could be
better categorized as either coyotes or gray wolves, and (2) the degree to which the extant (captive and
managed) population descends from the original red wolf population or instead is the result of admixture
between coyotes and gray wolves.

A BRIEF TAXONOMIC HISTORY OF THE RED WOLF

Audubon and Bachman (1851) described the red wolf (Canis lupus rufus) as a subspecies of gray wolf
having long legs and slender proportions and inhabiting a south-central Texas range. In 1937 Goldman
elevated the taxon to species status (C. rufus) with three subspecies, distinguishing individual red wolves
from gray wolves based on cranial and dental characters. During his study, C. r. gregoryi was found in the
lower Mississippi River basin of southeastern Missouri, Arkansas, southeastern Oklahoma, eastern Texas,
and Louisiana. Goldman described two additional subspecies, both of which were likely extinct: C. r. rufus,
which had been found in Texas, and C. r. floridanus, which had been found in Florida. Later analyses by
Lawrence and Bossert (1967) recognized the red wolf only as a subspecies of gray wolf, but Nowak (1979,
2002) supported the designation of the red wolf as a distinct species. However, the designation of the red
wolf as a distinct species remains controversial.

In order to assess whether the red wolf is a valid taxonomic species, there are three questions that need
to be answered: (1) Is there evidence that the historical population of red wolves was a distinct lineage? (2)
Is there evidence for the distinctiveness of contemporary red wolf populations from gray wolves and coy-
otes? and (3) Is there evidence for continuity between the historic red wolf population and the present
managed populations?

IS THERE EVIDENCE THAT THE HISTORICAL POPULATION OF
RED WOLVES WAS A DISTINCT LINEAGE?

Historical Distribution of Wolves and Coyotes

The earliest of the modern canids arose in North America. It was a medium-sized animal (Canis davisi
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or a species in this lineage) that crossed Beringia into Eurasia late in the Miocene (approximately 8 million
years ago), leaving only a likely ancestor of the coyote (Canis lepophagus) and an ancestral gray fox (genus
Urocyon) in North America. In Asia, canids underwent a major radiation of wolves, jackals, and hunting
dogs (Martin, 1989). Near the beginning of the Pleistocene, the descendants of the Asian canids dispersed
back to North America, resulting in the major lineages of the gray wolf (C. lupus), the dire wolf (C. dirus),
and the red wolf (C. rufus) (Martin, 1989). Analyses of morphological and biogeographical data by Nowak
(1983, 1995) and of genetic data by Vila et al. (1999) suggest that there were as many as three episodes of
gray wolf dispersal into North America, likely in response to habitat expansions and contractions during
glacial cycles. The earliest North American fossils of C. lupus are from animals who lived approximately
1 million years ago in the Yukon (Tedford, 2009). Following the dispersal back into North America,
C. lupus colonized habitats from the Arctic to Mexico, and as many as 24 subspecies have been described
(Hall, 1981; Hall and Kelson, 1959). Using canonical discriminant analysis, Nowak (1995) reduced the
number of C. lupus subspecies to five and recognized the presence of C. rufus, with a smaller skull and
relatively narrower dimensions, in eastern North America. The earliest fossils interpreted to come from
C. rufus are dated at 10,000 years ago and were found in Florida.

While C. lupus arose in Eurasia, fossil evidence indicates that the presumed ancestor (Canis leophagus)
of the coyote (Canis latrans) arose in North America. The coyote appeared in the fossil record of North
America approximately 1 million years ago and quickly expanded across the continent (Tedford et al.,
2009). Nowak found evidence of C. latrans in eastern North America during the late Rancholabrean
(approximately 11,000 years ago), but fossil evidence of this species disappeared from the east between
10,000 years ago and the early 1900s (Nowak, 2002; Parker, 1995).

Hody and Kays (2018) examined 347 records from FAUNMAP (Graham and Lundelius, 2010) from
the Holocene (10,000 years ago until present) and 12,319 records from VertNet!, which contains data on
animals collected since the 1800s. They found that C. latrans specimens that date to up to 10,000 years ago
were found west of the Mississippi River and through the arid western regions of the United States.
Although two specimens were recorded for eastern North America (one in New Brunswick, Canada, and
another in Florida), the authors argue that these specimens are misidentified remains of other canids
(domestic dogs) rather than evidence of coyotes in the eastern United States.

Beginning in the 1900s, coyotes expanded their range steadily towards the north, east, and south into
non-forested areas (Hody and Kays, 2018). This range expansion was likely aided by severe declines of
large predators to the east (wolves and cougars) and to the south (cougars and jaguars) as a result of predator
eradication programs as well as by the fragmentation and conversion of previously forested habitats due to
the expansion of agriculture (Moore and Parker, 1992).

Finding: Fossil evidence suggests that at least five subspecies of Canis lupus were present in North Amer-
ica after 1 million years ago. The earliest fossils attributed to Canis rufus were found in Florida and dated
at 10,000 years ago.

Finding: Fossil evidence indicates that Canis latrans arose in North America and spread across the conti-
nent but that it disappeared from the eastern North America approximately 10,000 years ago and returned
in the 1900s.

Paleontology and Morphology

Morphological data concerning historical or ancient populations of red wolves are based on a very
limited set of wolf fossils. As described in Chapter 2, the probability that an organism will become part of
the fossil record depends strongly on local conditions such as moisture and vegetation cover (Tappen,
1994). Organic remains degrade quickly in moist, forested habitats such as those of southeastern North
America. Thus, most canid fossils from eastern North America that date from before 1800 consist of frag-
ments of skulls or teeth that mineralized prior to the decay of the organism. In addition, the fossil remains

1See http://vertnet.org/.
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of wolves are difficult to analyze because many canids overlap in cranial characters (Nowak, 2002).
Although Tedford et al. (2009) performed extensive analyses of fossil canids, their study did not include
red wolves. There is no known fossil evidence of a small wolf in eastern North America for nearly a million
years before the late Rancholabrean (~ 11,000 years ago) (Nowak, 2002). It is unclear if the lack of an early
fossil record is due to the absence of the taxon or to the scarcity of the canid fossil record in the area.

The most extensive morphological studies of wolves in eastern North America have been done by
Lawrence and Bossert (1967) and by Nowak (1979, 1992, 1995, 2002). The sample size for red wolves
analyzed by Lawrence and Bossert (1967) is not provided. Lawrence and Bossert (1967) examined all
available red wolf specimens collected before 1920 from Louisiana, Alabama, and Florida, a period in
which coyotes were absent from the Southeastern United States (Nowak, 2002), and evaluated nine cranial
and six tooth characters that they had previously found to differentiate among wolves, coyotes, and domes-
tic dogs (C. familiaris). They noted that overall size was an important discriminating factor among species,
and they divided each of their measures by the greatest length of skull to account for this. Their results
indicated that red wolves grouped closely with gray wolves and eastern timber wolves (C. lupus lycaon),
and they concluded that their sample contained only two species: coyotes and gray wolves. While the cranial
variation within specimens they considered to be gray wolves was unusually large for a canid species, they
concluded that red wolves are no more distinct from C. lupus than a subspecies.

Only nine complete skulls were available for the period dating from the end of the Pleistocene to 1917,
and none were from coyotes. Of these nine, Nowak’s based his work on the six adult male wolf specimens.
Three of the nine specimens were not included in Nowak’s analyses, as one of those was from an immature
individual and two were from females, which are smaller and more variable in size than males. Because
coyotes were absent from southeastern North America during this period (Nowak, 2002), these skulls rep-
resent populations from the range of the red wolf prior to modern contact with coyotes.

Nowak argued that there are many measures of skull size and that corrections using only one of these
measures may produce biased results. In an analysis of wild canids in Arkansas, Gipson et al. (1974) found
that dividing by total length did not correct for the factor of width, which was an equally important factor
for distinguishing canid species. Furthermore, Nowak argued that using such a correction risked losing
important information because body size is an important biological factor in distinguishing wild species of
Canis; thus, in most of his analyses Nowak separated specimens by age (analyzing only adults) and sex
(analyzing only males) and used raw measurements.

Nowak measured 10 skull characteristics and used them in a canonical discriminant analysis, which
weights them by their ability to distinguish designated groups. The first canonical variable weighs the best
combination of characters and assigns a value to each specimen, the second selects the next best set of
uncorrelated characters and assigns a value, and so forth. A plot of canonical variables 1 and 2 for six groups
of C. lupus from western North America and eastern wolves prior to modern contact with coyotes shows
that the western wolves group together despite being from different geographical areas and that there is no
overlap between them and eastern red wolves (Figure 5-1).

Nowak (1979) also examined these specimens within an analysis of the same skull characters from
specimens of gray wolves, coyotes, and domestic dogs (Nowak, 1979; Figures 8-13). Using the raw data in
canonical analyses, Nowak initially showed that the three groups separated neatly along the first two axes,
with the first axis separating coyotes and wolves, with dogs appearing intermediate, and the second axis
separating dogs from the other groups (Nowak, 1979; Figure 8). Nowak then plotted the positions of spec-
imens diagnosed as hybrids between coyotes and dogs (including captive hybrids) and between coyotes and
wolves (Nowak, 1979; Figure 10). The coyote-wolf hybrids were aligned with the two parental groups on
axis 2, but were clearly intermediate along axis 1. When Nowak placed the pre-1920 specimens of red
wolves on these graphs (Nowak, 1979; Figure 11), they occupied the same position as coyote-wolf hybrids,
the position along axis 1 intermediate between coyotes and wolves. However, given that coyotes were ab-
sent from the southeastern United States before 1920, these red wolf specimens could not represent first-
or early-generation hybrids between wolves and coyotes. Whether they represent a long-standing hybrid
lineage or a longstanding species intermediate in size and morphology between coyotes and wolves cannot
be determined from this analysis alone.
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FIRST CANOMICAL VARIABLE
FIGURE 5-1 Distribution of seven groups of North American male Canis plotted on the first and second canonical
variables. NOTES: G = C. lupus from southern Rocky Mountains; | = C. lupus from northern Rocky Mountains;
K = C. lupus from Minnesota; N = C. lupus from Nebraska, Kansas, and Oklahoma; S = C. lupus from central and
western Texas; Y = C. lupus from central Rocky Mountains; open circles = pre-1918 C. rufus from east of the Mis-
sissippi River. SOURCE: Nowak 2002.

Nowak (1979, pp. 29-30) noted that although the proportions of pre-1920 skulls of C. rufus from
Louisiana may seem to be intermediate to C. lupus and C. latrans, they differ in two important characters.
First, when compared to C. latrans, the frontal shield of C. rufus is narrower. Second, when compared
to C. lupus, the post-orbital constriction of C. rufus is narrower. Nowak suggested that the slender propor-
tions may have resulted in the ecological niche of red wolves being more similar to that of coyotes (see
Behavioral Ecology section below). Finally, Atkins and Dillon (1971) compared the morphology of the
cerebellum of six Canis species (C. lupus, n=13; C. rufus, n=5; C. familiaris, n=24; C. latrans, n=54;
C. aureus. n=1; and C. mesomelas, n=1) and found that C. rufus differed from all the other species and
appeared to be more primitive in multiple characteristics. Although this study was carried out after
C. latrans had started to appear in the east, with the potential implication of hybridization affecting the
C. rufus population, C. rufus specimens shared multiple features with C. lupus and bore little resemblance
to C. latrans. In fact, they more closely resembled foxes, suggesting a retention of traits that may have
characterized the ancestral species of Canis.

The ideal approach to the analyses of skull morphology would be geometric morphometrics, either
two-dimensional landmark-based methods (Slice, 2007) or three-dimensional landmark-free methods
(Pomidor et al., 2016). However, the usefulness of these methods for historical analyses is limited by the
small number of historical red wolf samples. These multivariate methods create a high-dimensional multi-
variate data set and, for hypothesis testing purposes such as robustly distinguishing taxa, require sample
sizes much larger than are presently available.

Finding: Based on the limited set of specimens available for analysis, prior to contact with modern coyotes,
populations of Canis rufus could be morphologically distinguished from Canis lupus using canonical dis-
criminant analysis. Although conclusions from studies based on skull morphology differ as to whether
Canis rufus represented a subspecies of Canis lupus or a distinct species, an analysis of the anatomy of the
cerebellum supports the recognition of Canis rufus as historically a distinct species.
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Genetics

Recent genetic evidence has established admixture as a common feature of canid evolution and has
shown that a bifurcating tree does not provide an adequate model of canid diversification (Gopalakrishnan
et al., 2018). As such, we should expect that canid species in North America were not fully reproductively
isolated from each other. Furthermore, the radiation of North American canid species may have been a
relatively recent event (vonHoldt et al., 2016). Consequently, the three extant nominal canid species in
North America are all genetically very similar. For example, based on whole-genome sequence data, the
pairwise Fsr value between gray wolves and coyotes is 0.153, between gray wolves and red wolves is 0.177,
and between coyotes and red wolves is 0.108 (vonHoldt et al., 2016). To put this into context, when ana-
lyzing a range of different organisms including plants, insects, and mammals, Hey and Pinho (2012) found
that when Fst was larger than 0.35, populations tended to be characterized as different species and that
below this value, they were not. The close genetic similarity among canids in general is a challenge for
those assigning species and subspecies status. Each species is non-monophyletic in many genomic positions
and shows extensive allele sharing because of past gene flow or recent divergence. Nonetheless, gray
wolves and coyotes are clearly distinct species with pre-zygotic isolation mechanisms (Smith et al., 2003;
Bohling et al., 2016), even if the isolation mechanisms are not complete, as well as different ecological
specializations and unigue heritable morphology and behavior. The genetic evidence concerning red wolves
should be interpreted in this context.

Finding: North American canid species are genetically very similar to each other and have substantial
amounts of shared genetic variation.

At the moment, there are no nuclear genomic data available from red wolves dating from before the
anthropogenically driven expansion of the coyote into the natural distribution range of the red wolf. How-
ever, there have been a limited number of studies of mtDNA from museum specimens. Wilson et al. (2003)
sequenced mtDNA from two museum specimens of wolves collected in Maine and New York State in,
respectively, the 1880s and the 1890s. While they found that generally there was reciprocal monophyly of
mtDNA between gray wolves and coyotes, the New York specimen grouped within the coyote clade, and
the Maine specimen appeared as the nearest outgroup to coyotes in a phylogenetic analysis. Wilson et al.
(2003) interpreted this as supporting the presence of an eastern wolf with an evolutionary history independ-
ent of that of the gray wolf. Rutledge et al. (2010a) sequenced mtDNA from a number of 16th century
canids and found that the two DNA sequences from the eastern United States grouped with coyote se-
guences in a phylogenetic analysis, although morphometric comparisons indicated that they were similar
to eastern wolves and not to coyotes. Brzeski et al. (2016) studied three ancient specimens from the eastern
United States that were 350—1,900 year old and which were of markedly larger size than modern coyotes.
They found that the mtDNA haplotypes of these specimens clustered within the general coyote clade. All
three studies are compatible with the hypothesis that the historic red wolf in the eastern United States was
more closely related to modern coyotes than to gray wolves, which is in line with what has been found with
the extant managed red wolf population (see later sections). Specimens with a wolf-like appearance sam-
pled in the southern United States between 1915 and 1943 (in a region where admixture between red wolves,
gray wolves, and coyotes has been proposed) have a mixture of coyote-like and red wolf mtDNA haplo-
types, with a preponderance of coyote-like haplotypes except for two specimens from Missouri and one
from Oklahoma (Roy et al., 1996), although these analyses were based on only 236 bp and may have limited
resolution.

Finding: The mtDNA haplotypes from historic wolf-like canids (previous to the recent sympatry with coy-
otes) in the eastern United States cluster within the coyote clade.
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IS THERE EVIDENCE FOR DISTINCTIVENESS OF CONTEMPORARY
RED WOLVES FROM GRAY WOLVES AND COYOTES?

Morphology

The current population of red wolves was founded by 14 individuals captured in Texas and Louisiana
which were artificially selected based on preconceived notions of what the red wolf phenotype was like,
and it has experienced both demographic bottlenecks and hybridization with coyotes. These circumstances
have led some to question whether the extant population represents a lineage unique to southeastern North
America. To address this question, Hinton and Chamberlain (2014) examined red wolves, coyotes, and
hybrids from the Albemarle Peninsula in northeastern North Carolina using 12 morphological traits. They
assigned individuals to each category based on 17 microsatellite loci using methods that had been previ-
ously developed to specifically discriminate among the three categories. Their study analyzed 528 red
wolves, 264 coyotes, and 259 hybrids to evaluate the use of morphometric measures in identifying these
taxa. They then used a polytomous logistical regression analysis with a subset of samples (171 red wolves,
134 coyotes, 47 hybrids) to evaluate the reliability of morphometrics in identifying individuals in each
category. They found that while all characteristics were correlated, four measures that characterized overall
size were especially useful for distinguishing among them (Table 5-1).

Their polytomous logistical regression model correctly classified 99 percent of coyotes, 98 percent of
red wolves, and 13 percent of hybrids. Misclassified hybrids were identified as coyotes 61 percent of the
time versus red wolves 35 percent of the time. Thus, the Hinton and Chamberlain (2014) study indicates
that, despite hybridization between red wolves and coyotes that took place either at historical or current
timescales, these two taxa have maintained morphological differences. These differences likely contribute
to ecological differences among populations, especially with respect to their territory sizes and prey selec-
tion, and they support the notion that the red wolf is a distinct canid in southeastern North America.

Finding: The contemporary population of red wolves in North Carolina is morphologically distinguishable
from sympatric coyotes and red wolf-coyote hybrids.

Genetics

Substantial genetic and genomic work has been done on the original captive and managed red wolf
population in North Carolina. The data that have been analyzed include mitochondrial DNA sequences
(Brzewski et al., 2016; Hailer and Leonard, 2008; Rutledge et al., 2010b; Vila et al., 1999; Wayne and
Jenks, 1001; Wilson et al., 2003), autosomal microsatellites (Bohling et al., 2013), Y chromosome mi-
crosatellites (Hailer and Leonard, 2008), SNP chip array data (vonHoldt et al., 2011), and whole-genome
sequencing data (vonHoldt et al., 2016). Here we will briefly review some of the main findings as they
pertain to the species status of the red wolf and the issue of distinctiveness.

TABLE 5-1 Means (+ SE) for Morphological Characters of Red Wolves, Coyotes, and Their Hybrids in
Northeastern North Carolina, 1987-2011

Red wolf Coyote Hybrid
Character n Avg + SE n Avg £ SE n Avg + SE
Hind-foot length 460 22.3+0.06 256 18.7 £ 0.06 153 20.4+0.11
Body mass 509 23.2 £0.23 240 13.4+£0.12 147 17.0 £0.34
Head width 182 11.9+0.08 146 10.4 +£0.05 51 11.1+0.11
Tail length 456 36.4 +0.15 241 33.9+0.20 151 35.7+0.25

NOTE: SE denotes standard error, which is a measure of the accuracy of the estimated mean, +/- 2SEs being approx-
imately equal to 95% confidence limits.
SOURCE: Hinton and Chamberlain 2014.
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Analyses of Admixture

Results of most analyses of admixture suggest that the red wolf population is admixed with genetic
components of gray wolves, coyotes, and perhaps other canids. The most direct evidence for admixture is
the D (ABBA-BABA) test (Green et al., 2010) which was applied by vonHoldt et al. (2016) to genomic
sequencing data. This analysis showed that neither the phylogenetic hypothesis of a sister taxa relationship
between red wolf and coyote (i.e., a tree of the form [(red wolf, coyote), gray wolf]) nor the phylogenetic
hypothesis of a sister taxa relationship between red wolf and gray wolf (i.e., a tree of the form [(red wolf,
gray wolf), coyote]) is supported by the data. Sinding et al. (2018) also showed that if red wolves were
modeled as an admixture between reference coyote and gray wolf populations, the best match was a 70/30
admixture, respectively, of coyote and gray wolf DNA. These findings can be explained by introgression
into red wolves by either coyotes or gray wolves or both, or by a separate introgression of DNA from
different divergent species into both gray wolves and coyotes. The latter hypothesis is less likely, although
given the historical presence of other canid species in North America such as the now extinct dire wolf
(Canis dirus), it is not impossible that this happened.

Analyses such as those done by STRUCTURE (see Chapter 3; Pritchard et al., 2000) and inferences
of admixture segments (ancestry painting, as described in Chapter 3; Tang et al., 2006) are also compatible
with the hypothesis of admixture (vonHoldt et al., 2011). However, a limitation of these analyses is that
there are no genomic reference panels for the original wolves in the southern segments of eastern North
America. In STRUCTURE analyses, the extant red wolf population is identified as an admixture of gray
wolves, as the minority component, and coyotes, as the majority component, when K (the number of ad-
mixture components) is low (vonHoldt et al., 2011). This may be because the red wolves truly are admixed,
or may be because of sample size issues, so that for low values of K, a higher likelihood is obtained by
allowing other components rather than a unique red wolf component (see, for example, Lawson et al., 2018
for a discussion of some of these issues). When K is large enough to split up the general coyote clade into
more than one component, the first component that appears is the red wolf (vonHoldt et al., 2011). It is
important to note that this cannot be interpreted as evidence for an old unique coyote ancestry different
from gray wolves and coyotes because the emergence of this component could be a consequence of in-
breeding and genetic relatedness in the extant red wolf population. These analyses do not provide a quan-
titative assessment of the proportion of extant red wolf genetic ancestry that is shared with extant gray
wolves and coyotes through interbreeding in recent history.

The ancestry painting analyses in vonHoldt et al. (2011) includes only gray wolf, coyote, and dog
ancestry. The identification of red wolves as admixed between coyote and gray wolves in these analyses is,
therefore, a mathematical consequence of the statistical modeling. It would be useful to carry out more
analyses regarding the genetic affinity of inferred ancestry segments to determine if the mathematical
abstraction of the red wolf being a composite of other extant North American canids can be validated by a
genetic similarity between the inferred ancestry segments and DNA from the species to which they are
assigned. In particular, if the inferred ancestry fragments from red wolves closely match potential donor
gray wolf and coyote populations from regions where they might have introgressed during the coyote east-
ward expansion, this would provide support for the recent admixture hypothesis.

Finding: The red wolf population shows evidence of past genetic contributions from populations related to
gray wolves, coyotes, or both.

Genetic Affinity to Other Canid Species

Several different analyses of genetic data, including Fsr estimates from various data sets (vonHoldt et
al., 2016), phylogenetic inference of mtDNA (Wilson et al., 2003) and whole-genome sequences (Sinding
et al., 2018), and STRUCTURE analyses of SNP chip data (vonHoldt et al., 2011), suggest that red wolves

are more closely related to coyotes than they are to gray wolves. For example, Fsr between red wolves and
western coyotes is smaller than that between red wolves and gray wolves, despite the fact that western
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coyotes generally appear to be the population with the least genetic drift and, therefore, generally will have
lower Fsr values relative to divergence times (vonHoldt et al., 2016). Also, when using fewer than five
ancestry components in a STRUCTURE analysis to model the structure of canids and dogs in North Amer-
ica, coyotes and red wolves form a single majority ancestry component (vonHoldt et al., 2011). Further-
more, mtDNAs from red wolves generally tend to group with coyotes (e.g., Brzeski et al, 2016; Wilson et
al,, 2003). Finally, D (ABBA-BABA) statistics based on genome sequencing data identify more derived
alleles that are shared between coyotes and red wolves and not shared with western gray wolves than
derived alleles that are shared between gray wolves and red wolves and not shared with coyotes (vonHoldt
et al., 2016).

Finding: The red wolf is genetically more closely related to coyotes than to western gray wolves.
Time Scale of Admixture or Divergence

The timing of a possible admixture between red wolves and other species is of primary relevance to
the species status of the red wolf. The presence of admixture does not in itself challenge the species status
of the red wolf. As discussed in Chapter 2, species are on occasion formed by hybridization between two
existing species. Furthermore, introgression between different species, as revealed in genomic analyses,
increasingly seems to be the rule rather than the exception. However, if the current red wolf population has
been formed as an anthropogenic mixture between grey wolves and coyotes postdating the European colo-
nization (i.e. after ~1500 A.D.) of the Americas, this could affect considerations regarding species status
(see Chapter 2, Box 2-1).

The most direct analyses of the time-scale of the admixture are provided by vonHoldt et al. (2011,
2016). In 2011 vonHoldt et al. used ancestry painting to estimate the timing of admixture. This method is
based on estimates of the mean length of admixture tracts (the contiguous blocks of the genome inherited
from a population or a species). Admixture tracts are broken up by recombination so that short tracts indi-
cate old admixture times and long tracts point toward more recent admixture times (see, for example, Liang
and Nielsen, 2014). The estimates obtained in vonHoldt et al. (2011) are 140 and 180 generations for,
respectively, the coyote and the gray wolf. The authors then used a generation time of 2—3 years to conclude
that the admixture between coyotes and red wolves happened 287-430 years ago. However, recent direct
estimates based on observations of gray wolves in Minnesota suggest a generation time of 4.3-4.7 years
(Mech et al., 2016), which is also largely compatible with the estimates in vonHoldt et al. (2008) of 4.16
years. Using the Mech et al. (2016) generation time estimate for the coyote and the gray wolf admixtures
into red wolves would indicate that the coyote and gray wolf admixtures took place, respectively, approxi-
mately 600 and 800 years ago. While these dates are earlier than the recent anthropogenic expansion of
coyotes, these somewhat recent dates could still be interpreted as support for a recent origin of red wolves
as an admixed coyote/gray wolf population. However, as previously discussed, this analysis is challenged
by the lack of appropriate original reference panels for red wolves and by the implicit assumption that the
ancestry of red wolves can be modeled as a combination of genomic segments from dogs, western coyotes,
and western gray wolves. It is unclear exactly how to interpret the lengths of the inferred ancestry tracts if
the reference panels are not representative of the ancestry of the specimen analyzed. Also, it is worth noting
that the method used to estimate admixture, SABER (Tang et al., 2006), identifies the timing of a single
pulse of admixture. However, the apparent admixture of red wolves and other canids may possibly be a
composite of recent coyote admixture and much older shared ancestry with the coyote population. It is
possible that, in reality, the admixture time inferred reflects a mixture of old red wolf ancestry dating back
thousands of years, and very recent admixture with coyotes or gray wolves, the combined effects of which
would appear as admixture 600-800 years ago. A more detailed analysis of the distribution of tract lengths
might in the future help determine this issue.

A more relevant modeling effort is provided in vonHoldt et al. (2016) using the program G-PhoCS
(Gronau et al., 2016) applied to genomic sequence data (Figure 5-2). The method implemented in G-PhoCS
can be used to calculate posterior probabilities for migration rates and divergence times using genomic data,
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assuming multiple independent non-recombining loci, in other words, assuming that the genome can be
divided into segments with unique independent coalescence trees with no recombination within segments.
Using this program, vonHoldt et al. (2016) identified that the best fitting model was for red wolves having
evolved as a sister group to coyotes. The also estimated the divergence time to be 55,000-117,000 years
ago. This estimate should be compared to an estimate of divergence between gray wolves and coyotes
generated by vonHoldt et al. that was somewhat larger than 160,000-170,000 years (see Figure S5 in
vonHoldtet al., 2016). These divergence time estimates are all based on the old estimates of 3 years between
generations. Using the Mech et al. (2016) generation time estimate, the coyote—red wolf divergence would
instead be approximately 82,000-175,000 years. Furthermore, the best fitting model includes substantial
amounts of subsequent gene flow from coyotes and gray wolves into red wolves. The best fitting G-PhoCS
model suggests that red wolves make up an old divergent subgroup in the lineage that gave rise to coyotes,
with a divergence time roughly half that of coyotes and western gray wolves, and that this subgroup has
received substantial gene flow from both coyotes and gray wolves since the time of divergence (see Figure
5-2 for estimated of levels of gene-flow).

The divergence time for coyotes and gray wolves is estimated to be substantially more recent in this
study than has been suggested by most analyses of the fossil record. This discrepancy could be caused by
several different factors, including a misinterpretation of the fossil record or an erroneous calibration of the
molecular clock. The discrepancy in divergence time cannot be resolved in this report, but the considera-
tions herein are based on the relative divergence between various canids. The absolute values of the time
estimates are less relevant for our conclusions, and a possible mis-calibration of the molecular clock does
not affect our discussion. There are multiple reasons why parametric analyses, such as the ones carried out
using G-PhoCS could be cause for concern. It is often difficult to ascertain convergence and it may be
unclear how perturbations of the model (such as varying population size and varying migration rates) will
affect the estimates. Nonetheless, the G-PhoCS results are the only attempts in the published literature to
estimate a history of the red wolf population in terms of parameters such as divergence times and migration
rates. Additional future analyses using more data and other methods will likely provide improved estimates.
At the time of the writing of this report, the G-PhoCS analysis remains the most direct estimate of the
history of the extant red wolves. Future analyses focusing on obtaining more precise estimates of the diver-
gence time using more data would be a significant help in examining species questions about the red wolf.
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FIGURE 5-2 Model of the history of North American canids estimated using whole genome sequencing data and the
program G-PhoCS (Gronau et al., 2011). The 95% credible intervals for the divergence time of captive/managed red
wolves vs. coyotes, and red wolves/coyotes vs. gray wolves are approx. 55,000-117,000 years and 160,000-170,000
years, respectively, using a generation time of 3 years. Subsequent to the divergence between coyote and red wolves,
the captive/managed red wolf population has received substantial gene flow from coyotes and gray wolves as indicated
in the figure. The timing of this gene flow has not been dated. SOURCE: vonHoldt et al. 2016.
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Mitochondrial DNA represents only a single non-recombining DNA segment, but the analyses of
mtDNA are roughly compatible with the G-PhoCS analyses. As previously mentioned, mtDNAs from his-
torical specimens group within the coyote mtDNA clade. Early analyses suggested that red wolves form an
outgroup to other coyotes (Wilson et al., 2003). However, later mtDNA analyses showed that historic
wolves in the eastern United States group within a larger coyote clade (Rutledge et al., 2010a). This obser-
vation agrees with the findings of the G-PhoCS analyses, suggesting that red wolves harbor both recent
admixture and a more divergent genetic component related to coyotes. However, it is worth noting that
DNA from historic specimens of red wolves does not group together with mtDNA from extant red wolves,
an observation that can be explained by recent or old coyote admixture or ancestral lineage sorting. No
attempts have been made in the published literature to use the mtDNA sequences to formally test these
different scenarios.

Finally, when modeling red wolves as an admixture between gray wolves and coyotes, Sinding et al.
(2018) found that there was substantial genetic drift in the estimated admixture trees, not only on the red
wolf lineage, but also on both the gray wolf and coyote lineages after the split from red wolves, suggesting
that the admixture is not very recent. The proportion of genetic drift in coyotes since the split with red
wolves is approximately 30 percent (36/122) of the total drift that has happened in the coyote lineage since
the divergence with gray wolves. This is qualitatively compatible with the findings of the G-PhoCS analyses
as the shared drift between coyotes and red wolves (70 percent) would result both from the shared ancestral
lineage after splitting from gray wolves and from the subsequent gene-flow between the coyote and red
wolf lineages.

Other methods, including those analyzing the molecular divergence in inferred ancestry tracts, could
have been used to determine if red wolves show evidence of substantial recent admixture and, generally, to
determine the time scale of admixture. Such analyses would be greatly facilitated by the availability of
genomic reference data from ancient red wolf genomes.

Finding: The timing of the admixture between red wolves and other canids is still unresolved, but red
wolves have divergent genetic ancestry that predates European colonization.

Distinct Genomic Ancestry

A relevant question is the degree to which the current red wolf population harbors genetic material of
potential adaptive value that is not found in grey wolves or coyotes. Two analyses, in particular, are relevant
for this question. vonHoldt et al. (2016) identifies SNPs in the red wolf population not found in a reference
set of Eurasian wolves and coyotes. The number of new SNPs (private alleles) that were identified tends to
be larger, after accounting for sampling effects, than for other North American canids except for two coy-
otes. However, vonHoldt et al. (2016) argue that, nonetheless, the number is so small that it provides evi-
dence that red wolves are recent gray wolf/coyote hybrid populations. This assertion is challenged by
Hohenlohe et al. (2017) who criticize the vonHoldt et al. (2016) study because it lacks an appropriate null
model. In response, vonHoldt et al. (2017) performed a leave-one-out analysis to assess whether red wolves
have more private alleles than would be expected from a coyote and gray wolf admixture; they concluded
that they do not. Such analyses rely on strong assumptions regarding demographic history, as bottlenecks
will reduce the number of private alleles in the population undergoing the bottleneck. In particular, inbreed-
ing in the captive red wolf population is likely to lead to reduced allelic variation, thereby reducing the
number of private alleles expected in small samples. The degree to which red wolves have a different num-
ber of private alleles than expected from a gray wolf/coyote admixture is still an open gquestion. This ques-
tion could likely be resolved by using simulations that take the recent breeding structure (i.e. bottleneck
and inbreeding) of red wolves into account. Without such simulations (or analytical calculations) it is not
possible to determine if the number of private alleles is larger or smaller than expected from a recent coyote-
gray wolf admixture.

Another line of evidence comes from two recent studies: one identifying a previously overlooked
population of canids on Galveston Island with apparent red wolf-like features (Heppenheimer et al., 2018)
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and another demonstrating the existence of substantial red wolf genetic ancestry in wild canids of south-
western Louisiana (Murphy et al., 2018). The Heppenheimer et al. (2018) study demonstrates an excess of
allele sharing between the managed red wolf population and the Galveston canids, particularly of alleles of
low frequency. This observation, in itself, demonstrates the presence of genetic ancestry in the red wolf that
is not present in gray wolves and coyotes, although this conclusion might be affected by the limited size of
the reference panels used (29 coyotes and 10 gray wolves). Furthermore, the degree to which this allele
sharing is larger than expected from an admixture of currently extinct population isolates of gray wolves
and coyotes cannot be determined from the current analyses. Murphy et al. (2018) found evidence of red
wolf mitochondrial or nuclear DNA ancestry in 55 percent of the samples they collected in southwestern
Louisiana within the historical red wolf range, and detected 75-100 percent ancestry in one individual.
While both of these analyses show that red wolves harbor genetic variability that would not be expected in
a simple mixture of chosen reference gray wolf and coyote populations, they still do not show a connection
between this genetic variability and the historic red wolf populations in the eastern United States.

Finding: The red wolf has some degree of genetic ancestry not found in reference populations of western
gray wolves or coyotes.

Behavioral Ecology

In terms of social behavior and reproduction, red wolves are very similar to gray wolves and quite
distinct from coyotes. Red wolves live in social groups or packs that are composed of extended families
that include a breeding pair and some offspring, usually from previous years, but that could also include
2-year-old individuals (Phillips and Henry, 1992). This social structure contrasts with that of coyotes, which
usually have breeding pairs or small family groups and “pups that often disperse before their second sum-
mer” (Phillips and Henry, 1992). Riley and McBride (1972) considered red wolves to be more sociable than
coyotes, although less social than gray wolves.

Red wolves have one breeding season during the year, with matings occurring in January and February
and births in March and April (Riley and McBride, 1972), which is similar to what is reported for coyotes
(Carlson and Gese, 2008). Red wolves typically become sexually mature by their second year, which con-
trasts with coyotes, where breeding by yearlings is common (Phillips et al., 2003). Both sexes disperse by
2 years of age, around the onset of sexual maturity (Phillips et al., 2003).

In the extant managed population, red wolves live in sympatry with coyotes, and on some occasions
interspecific breeding pairs are formed. However, Hinton et al. (2017) reported that when conspecific mates
are available, both species exhibit assortative mating, and red wolves effectively displace coyotes. This
suggests that there is some level of reproductive isolation between red wolves and coyotes. Evidence of
reproductive isolation is also supported by Bohling et al. (2016). In this genetic study, 6 to 17 (average
12.5) microsatellite loci were used to analyze fecal samples from 311 individuals on the Albemarle penin-
sula in North Carolina. The sampling area included the red wolf experimental protected areas (RWEPAS)
where red wolves and coyotes co-exist. The researchers compared the number of “hybrids” (individuals
with a g value between 0.126 and 0.824) in the area to expectations based on simulations of hybridization
under three scenarios (random breeding between coyotes and red wolves, weak positive assortative mating,
and both assortative mating and territorial challenges by red wolves against coyotes). Despite the presence
of the two species throughout the RWEPA only 9 (5 percent) out of 180 sampled individuals were hybrids.
This was contrasting to the expectations based on the three hybridization scenarios, suggesting that while
hybridization in this area occurs, it is less frequent than expected given the proportion of individuals of the
parental species in the area. Bohling et al. (2016) mentions that selection against hybrids or low hybrid
fitness is unlikely based on previous studies showing a lack of outbreeding depression in red wolves and
other canids, and they argue ecological segregation is improbable given the ecological adaptability of coy-
otes. However, the observed bimodal distribution of genotypes in this area strongly suggests the presence
of isolating mechanisms limiting intermixing, perhaps associated with assortative mating (Jiggins and
Mallet, 2000), which are likely combined with some effect from human management in this system.
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Additionally, Murphy et al. (2018) found high levels of red wolf ancestry in the canid population of
Southwestern Louisiana, where the last wild population of red wolves resided before the intensive removal
efforts in the area during the1970s, which were thought to have depleted the area from red wolves. The
presence of individuals with approximately 43 to 78 percent (or more, depending on estimates) red wolf
ancestry is highly surprising given the extremely low population of wolves that must have remained in the
area and the extensive interbreeding with coyotes over approximately 12 generations. These findings also
support the notion of the presence of isolating mechanisms, albeit incomplete, between red wolves and
coyotes.

Finding: Red wolves have a social organization and reproductive behavior that is more similar to gray
wolves than to coyotes, and when mates are available they exhibit assortative mating.

IS THERE EVIDENCE FOR CONTINUITY BETWEEN THE HISTORIC POPULATION
OF RED WOLVES AND THE PRESENT MANAGED POPULATIONS?

Paleontology and Morphology

Based on dental analyses of paleontological (around 10,000 years ago), archaeological (2,000-200
years ago), and modern specimens from the 19th and 20th century before the modern expansion of coyotes
into the range of red wolves, Nowak (2002) concluded that the red wolf had morphological continuity from
about 10,000 years ago to the present (Nowak 2002) (Figure 5-3). The continuity in morphology of the
length of the lower carnassial tooth (m1) among wolves west of the Mississippi and across this time period
greatly overlapped with that present in gray wolves (and is similar to what was found by Lawrence and
Bossert, 1967).
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|
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LENGTH m1

FIGURE 5-3 Length (in millimeters) of m1 in six samples (number of specimens in parentheses) of both sexes of
Canis. The slender horizontal line with vertical lines at each end represents the range in size, the bar indicates one
standard deviation on either side of the mean, and the vertical line above the bar shows the mean. The western gray
wolf (C. lupus) and coyote (C. latrans) are from the western United States; the eastern complete skulls are from pre-
1918 male C. rufus from east of the Mississippi River plus two females; the Louisiana specimens are from seven males
and two females dating from 1898-1905; the eastern archaeological specimens date 2,000-200 years ago; and the
eastern paleontological specimens date to approximately 10,000 years ago. SOURCE: Nowak 2002.
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Nowak (2002) compared individuals from the historical population of red wolves to individuals from
northeastern Louisiana, which represent the region from which the current managed population was
founded. He compared the six specimens of red wolf from east of the Mississippi River that dated from
between the time of the Pleistocene up to 1918 with seven red wolves from northeastern Louisiana that
were collected during 1898-1905 as well as a single red wolf from Oklahoma. In this analysis, red wolves
from across the range of the species grouped together to the exclusion of both C. lupus and C. latrans
(Nowak, 2002). These results suggest continuity of C. rufus populations across time and space as well as a
lack of overlap with C. lupus or C. latrans (Figure 5-4).

Findings: Morphological analyses suggest cohesiveness among red wolf specimens from the end of the
Pleistocene to the early 1900s, but it remains unclear if this continuity is shared with the extant captive
and managed populations

Genetics

Because wolves are extinct in the southwestern United States, the only sure way to determine if the
managed red wolf population is a remnant of the original canid species in southwestern United States is to
use ancient DNA from museum specimens. Unfortunately, at the moment there are no genome-wide data
available from red wolves from before the anthropogenic expansion of the coyote range. However, as pre-
viously discussed, both the historical red wolf and the captive or managed population have predominantly
coyote-like mtDNA haplotypes.

Because of the absence of genomic data from ancient samples, no firm inferences can be made re-
garding the genetic continuity between the modern managed red wolf population and the ancient wolves in
the middle and southern United States. However, mtDNA analyses suggest that the historic wolf in the
eastern United States was not a gray wolf, but instead that it was more closely related to coyotes, much like
the modern managed red wolf population (Brzeski et al., 2016; Rutledge et al., 2010a; Wilson et al., 2003).
The mtDNA in the managed red wolf population is not identical—or closely related—to the mtDNA line-
ages from the historic red wolf, but that might be expected under models of lineage sorting or subsequent
coyote introgression. We note that there (perhaps surprisingly) have been no model-based approaches
providing bounds on the possible divergence times between coyotes, the managed red wolf population, and
the historic red wolf population based on mtDNA sequences.
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FIGURE 5-4 Distribution of three groups and certain individuals of North American male Canis, plotted on the first
and second canonical variables. Dots: western C. latrans; solid squares: western C. lupus; open circles: pre-1918
C. rufus from east of the Mississippi river; open stars: individual northeastern Louisiana C. rufus dating from 1898-
1905; asterisk: individual Oklahoma specimen dating prior to 1869. SOURCE: Nowak 2002.

Prepublication Copy 57

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25351

Evaluating the Taxonomic Status of the Mexican Gray Wolf and the Red Wolf

Evaluating the Taxonomic Status of the Mexican Gray Wolf and the Red Wolf

The signal of a deep ancestral divergence between the captive and managed red wolves and coyotes
that has been observed in the G-PhoCS analyses (vonHoldt et al., 2016) is compatible with the idea that
this population retains ancestry from a now extinct canid population. Additionally, the existence of distinct
alleles shared with the Galveston Island population (Heppenheimer et al., 2018) is compatible with the
hypotheses of the captive/managed population tracing its ancestry, at least partially, to a wolf population
distinct from modern gray wolves and coyotes.

Finding: Genetic continuity between the managed red wolf population and the historic wolf in the eastern
United States cannot be firmly established without genomic data from ancient specimens. However, the
patterns of genetic variability are compatible with the hypothesis that the red wolf shares a fraction of its
genetic history with a canid distinct from modern reference coyotes and gray wolves.

Behavioral Ecology

Only a handful of studies were conducted on the ecology and behavior of the red wolves before the
local extinction of the remnant wild population, so an understanding of the natural behavior of this original
population is limited. The available data are limited to social and reproductive behavior, home range sizes,
and prey consumed.

Social Behavior and Reproduction

Riley and McBride (1972) reported the typical red wolf social structure (i.e., packs of extended fam-
ilies including a breeding pair and some yearlings) prior to the red wolf’s extinction in the wild, and they
mentioned that it was common to find three or more individuals traveling as a group throughout the year.
The social behavior and reproductive behavior of the natural population are consistent with the behaviors
reported in studies of the restored populations. After individuals were reintroduced in the mid 1980s, studies
found a social structure that was similar to the one reported for the original wild population, with most
individuals forming packs of extended families (Phillips and Henry, 1992). In both the captive and the
restored populations, the average litter size is three to four pups (Phillips et al., 2003; Riley and McBride,
1972).

Before the natural population was extirpated, red wolves reared their young in dens dug in the slopes
or crests of low natural sand mounds or in human-modified environments such as drain pipes and culverts
or the banks of irrigation and drainage ditches (Riley and McBride, 1972). However, red wolves of the
restored population place their dens both above ground as nests and also underground (Phillips et al., 2003),
possibly as a consequence of ecological differences between now and the earlier time. Both males and
females rear the pups, and offspring from the previous year sometimes do (Phillips et al., 2003) and some-
times do not (Riley and McBride, 1972) participate in rearing their siblings.

Finding: The reported social behaviors of the natural and restored populations are very similar.
Habitat and Home Range

Historically, red wolves occupied most of the United States east of the prairies and south of the Great
Lakes (Waples et al., 2018). Their original distribution range is highly concordant with the distribution of
the Eastern temperate forests (North America’s ecoregion 8), and it is hypothesized that the small red wolf
was adapted to this historically heavily forested region (Waples et al., 2018). While the red wolf was orig-
inally the only canid present in the eastern United States, the anthropogenic alteration of the eastern forests
and the reduction of the wolf population caused by wolf control programs allowed the expansion of the
coyote into this area in the second half of the 20th century (Hinton et al., 2017; Kilgo et al., 2010; Levy,
2012). Currently, the restored population of red wolves is sympatric with coyotes. This has important im-
plications for the ecology and behavior of the red wolves, particularly as coyotes now represent a competitor
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for space and resources. Nonetheless, some ecological features remain consistent between the original and
managed red wolf populations. For example, before the 1970s the estimated home range of an average red
wolf was 65-129.5 km? (Riley and McBride, 1972). Similarly, Phillips et al. (2003) reported an average of
90.6 + 18 km? for individuals and 124 + 54 km2 for packs in the restored population. These values are larger
than those estimated for southeastern coyotes (30.5 kmz, range 3.7-137.0 kmz?, from Schrecengost et al.,
2009:; 22.7 km?, confidence interval = 9.7-35.8 km?, from Hickman et al., 2015). More recently, Hinton et
al. (2017) reported that in the managed population in eastern North Carolina, red wolves maintain larger
home ranges than coyotes, with most red wolves having home ranges over 47 km?, while the coyotes do
not keep home ranges above 47 km?.

Finding: The original distribution of red wolves seems to have been tied to the distribution of the Eastern
temperate forests. The red wolves require larger home ranges to obtain their prey than coyotes. This re-
quirement of larger home ranges is consistent between the original natural population and the extant man-
aged population in North Carolina.

Food Habits

It has been hypothesized that the red wolf was originally adapted to hunt for white-tailed deer
(Odocoileus virginianus; Waples et al., 2018). However, overharvesting and habitat loss and fragmentation
had driven white-tailed deer populations across the southeastern United States to near extinction by the
early 1900s. Based on scat analyses and from direct observations, Riley and McBride (1972) found that the
predominant prey species of the last wild populations of red wolves were nutria (Myocastor coypus), swamp
rabbit (Sylvilagus aquaticus), and cottontail rabbit (Sylvilagus floridanus); the investigators also reported
red wolves preying to a lesser extent on rice rat (Oryzomys palustris), cotton rat (Sigmodon hispidus), and
muskrat (Ondatra zibethicus).

In contrast, the diet of the restored population relies on restored populations of white-tailed deer, rac-
coon (Procyon lotor), and rabbits (Phillips et al., 2003). However, there is variation in food habits among
packs in the restored population that is related to variation in the abundance and distribution of prey, which
in turn is due to differences in the habitat used by each pack (agricultural fields or pine-hardwood swamps).

Two recent studies of the diets of restored wolves and coyotes on the Albemarle peninsula produced
similar results overall but differed in whether they found wolves and coyotes to have different diets. Hinton
et al. (2017) analyzed 1,485 scats collected over 24 months from 13 identified wolf pairs, 17 identified
coyote pairs, and 10 identified congeneric pairs. They found that red wolves and coyotes consume a similar
carnivorous diet composed of white-tailed deer, rabbits, small mammals (mice, rats, shrews, and voles),
furbearers (muskrats, nutrias, and raccoons), and pigs (feral and domestic). However, their diets differed in
the proportions of different types of prey and in whether prey use was seasonal. While red wolves predom-
inantly consumed white-tailed deer followed by rabbits and, to a lesser extent, small mammals, the diet of
coyotes was dominated by rabbits, followed equally by deer and small mammals. Red wolf consumption
of deer did not vary by season, whereas coyote consumption was greater in winter. Red wolves consumed
more rabbits during the autumn (harvest season), whereas coyotes consumed more rabbits in the spring and
summer (growing season). Diet was correlated with body mass, with larger breeding pairs consuming more
white-tailed deer and fewer rabbits and other small mammals. This was the case even when analyzing red
wolves and coyotes separately.

McVey et al. (2013) examined 228 scats collected over 14 months, overlapping with the first 14
months of the Hinton et al. (2017) study. They were able to identify 179 of the scats as coming from wolves
and 64 as coming from coyotes. They reported similar overall dietary habits to those reported by Hinton et
al. (2017) but found no significant differences between wolves and coyotes and no significant seasonal
variations in diet. They were unable to collect identifiable coyote scat in 4 of the 14 months of the study.

In general, although there are differences in diet composition reported between the original natural
and extant populations, food habits seemed to be highly dependent on prey availability and individual body
size.
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Finding: The diet of the red wolves in the restored population includes a greater consumption of deer than
the natural population. However, this may be a function of prey availability and body size. Both red wolves
and coyotes in North Carolina consume a similar diet in terms of the types of prey, but they differ in the
proportions of deer, rabbits, and other small mammals in their diets and in their seasonal consumption of
these prey types.

SYNTHESIS OF FINDINGS

The archaeological record of canids in eastern United States suggests the presence of a canid during
the last 10,000 years that was slightly smaller than gray wolves and substantially larger than coyotes. The
population showed morphological cohesiveness in this period and was compatible with the existence of a
species in the eastern United States distinct from gray wolves and coyotes. The mtDNA type of this species
falls within the coyote clade in historical specimens dating back to 1,900 years ago. There are three possible
explanations for these observations. First, all seven ancient DNA specimen were coyotes unrelated to red
wolves in the area. This does not seem a likely explanation as these specimens had wolf-like morphology.
Furthermore, as argued by Brzeski et al. (2016), this would vastly expand the historic coyote distribution.
This leaves two possible explanations: either the historical red wolf was a sister species to coyotes, or it
was, for at least the past 1,900 years, an admixed species with a preponderance of matrilineal coyote an-
cestry. In either of these two scenarios, the committee, for the reasons described above, considers the red
wolf to be a species with a distinct morphology, possibly as a result of specialization to the Eastern forest
habitat. This conclusion is also in agreement with the observation from model-based approaches that the
extant population carries genetic ancestry divergent from coyotes dating back 55,000-117,000 years, alt-
hough there has been substantial gene flow from both gray wolves and coyotes into the extant managed red
wolf population since then.

Some might argue that the red wolf could be designated as a subspecies of coyotes. However, because
of its consistently differentiated morphology, its proposed ecological specialization, and because the initial
divergence between red wolves and coyotes is estimated to have occurred before the divergence between
the subspecies of Canis lupus that are analyzed in the G-PhoCS analysis by vonHoldt et al. (2016), a species
designation is more appropriate. The estimate of an initial divergence between red wolves and coyotes
between 55,000 and 117,000 years ago also provides evidence for a unique genetic ancestry of the extant
population. If the extant red wolves were purely a product of recent gray wolf-coyote admixture, model-
based approaches should not find evidence for old ancestry in red wolves distinct from coyotes. A second
line of evidence for a distinct ancestry of extant red wolves comes from the recent observation of canids on
Galveston Island, which have the appearance of red wolves and which share private alleles with red wolves.
These lines of evidence, together with estimates of the introgression tract length distribution, also suggest
that the captive/managed red wolf population cannot be purely a product of hybridization between gray
wolves and coyotes that occurred during the recent anthropogenic eastward expansion of the coyote range.

The unique allele sharing between the managed/captive red wolf population and the Galveston Island
canids can be explained either by introgression of gray wolf ancestry distinct from that observed in any
extant gray wolf population used as reference or else by a shared genetic ancestry with historical red wolf
populations. The sharing does not in itself demonstrate continuity between the historic and the extant red
wolf populations. The most substantial support for continuity comes from the estimates that the deepest
divergence between extant red wolves and coyotes occurred between 55,000 and 117,000 years ago, which
would be compatible with the continuity hypothesis. However, we note that to fully establish continuity,
genomes from historical red wolf specimen would be needed. Such genomes could also help distinguish
between the hypotheses of the historical red wolf being an ancestrally admixed species or being a mostly
non-admixed sister taxon to the coyote.

The possible options for the taxonomic status of the red wolf include designation as a unigue species,
as a subspecies of gray wolves, as a subspecies of coyotes, or as a group of recently admixed individuals
belonging to neither species. The last option is not sustainable because of (1) the estimates of deep divergent
DNA in red wolves using G-PhoCS in vonHoldt (2016), (2) the estimates of an admixture time mostly
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predating the coyote expansion even if it is considered a hybrid species between gray wolf and coyote using
ancestry tracts in vonHoldt (2011), and (3) the presence of unique alleles shared with the Galveston Island
individuals and not shared with other reference population (Heppenheimer et al., 2018). A subspecies des-
ignation within the gray wolves is also inappropriate since red wolves, historically and presently, show
genetic evidence of being more closely related to coyotes than to gray wolves. A subspecies designation
within coyotes is also not a tenable option. There are substantial morphological and behavioral differences
between coyotes and red wolves. Furthermore, pre-zygotic isolation mechanisms are at least partially main-
tained between red wolves and coyotes, possibly driven by size differences. Combining this observation
with the genetic evidence of traces of a relatively deep divergence (G-PhoCS analysis in vonHoldt et al.
2016) and maintenance of some unique genetic ancestry, a species status, possibly as a historically admixed
species, is the most appropriate designation for the red wolf. However, genomic DNA from historic red
wolf specimens could help clarify the issue regarding the continuity between historic and extant red wolves.

The time scales of divergence and the amount of introgression since divergence might affect taxo-
nomic considerations. Before approximately 11,000 years ago there were more canid lineages in North
America than in existence today, but it is not clear which group or groups of canids were ancestral to the
red wolf. However, even a recently emerged species can be recognized as such if it is ecologically, func-
tionally, and reproductively separated from other species. Additionally, the extant red wolf might trace a
large proportion of its genome to relatively recent admixture with coyotes as indicated by the G-PhoCS
analysis in vonHoldt et al. (2016), which suggests that 48 to 88 percent of the genome could have been
replaced by gene-flow from coyotes since the first divergence between coyotes and red wolves. Nonethe-
less, the genomes of extant red wolves might still represent much of the original red wolf genome spread
into fragments in different individuals. It is possible that future, more precise, genetic analyses might help
determine the exact proportion of the red wolf genome that has been replaced by recent admixture and that
such analyses might provide additional insight into the species status of the red wolf.

Conclusions
1. Available evidence suggests that the historic red wolves constituted a taxonomically valid species.
2. Extant red wolves are distinct from the extant gray wolves and coyotes.

3. Available evidence is compatible with the hypothesis that extant red wolves trace some of their
ancestry to the historic red wolves.

4. Although additional genomic evidence from historic specimens could change this assessment,
evidence available at present supports species status (Canis rufus) for the extant red wolf.
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Adaptive introgression: an introgression of genes that increase fitness.
Adaptations: phenotypes or genotypes that enhance the survival and reproductive success of individuals.

Admixture: the formation of novel genetic combinations through the hybridization of genetically distinct
groups.

Admixed population: a population that contains genes from at least two distantly related population or
species as a result of interbreeding between populations or species that have been reproductively isolated
and genetically differentiated.

Allele: alternative form of a gene.

Ancestral characteristic: a trait found in both the organism being studied and the common ancestor of a
group to which the study organism belongs.

Ancestry painting of chromosomes: color coding different regions of chromosomes so that each ‘paint’
color reflects from which of the pre-defined reference species each region of chromosome originated.

Anthropogenic: resulting from the influence of human activities.

Attribute: a measurable characteristic of the ecological entity.

Autosome: a chromosome that is not associated with sex differences. In mammals, females (XX) have
two copies of the X chromosome, and males (XY) have one copy of the X chromosome and one copy of
the Y chromosome. The X chromosome is much larger than the Y chromosome. The members of the
autosome pairs are identical in size and contains a full complement of the same genes.

Base pair: a pair of complementary bases in a double-stranded DNA consisting of a purine in one strand
linked by hydrogen bonds to a pyrimidine in the other. Cytosine (C) always pairs with guanine (G), and
adenine (A) with thymine (T).

Canids: the taxonomic family that includes wolves, coyotes, jackals, foxes, and wild dogs.

Canonical discriminant analysis: a dimension-reduction technique related to principal component
analysis and canonical correlation. Given two or more groups of observations with measurements on
several interval variables, canonical discriminant analysis derives a linear combination of the variables
that has the highest possible multiple correlation with the groups.

Cerebellum: the part of the brain at the back of the skull in vertebrates. Its function is to coordinate and
regulate muscular activity.

Coalescence: the merging of genetic lineages backwards in time to a most recent common ancestor.
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Derived: a trait found in an organism that was not present in the common ancestor of a group of
organisms being studied.

Diploid: containing two complete haploid sets of chromosomes, one from each parent.
Ecological entity: a species population, habitat, or ecosystem characteristic or function.

Ecosystem: a dynamic biological system consisting of all of the organisms in a specific environment and
the non-living features of the environment with which they interact.

Endemic: found only in a particular geographic location, such as an island, country, or other defined area;
organisms that are native to a place are not endemic to it if they are also found elsewhere.

Extant: still in existence; surviving.
Extirpation: the loss of a species or subspecies from a particular area, but not from its entire range.

Fitness: the ability of an individual or genotype to survive and produce viable offspring. Fitness is
quantified as the number or relative proportion of offspring contributed to the next generation

Frontal shield: the region across the upper edge of the eye sockets on the frontal bones of the canid skull.
The frontal bones form the “roof” of the braincase.

Gene: a segment of DNA whose nucleotide sequence codes for protein or RNA, or regulates other genes.
Gene flow: the movement of genetic material from one population into another population

Gene tree: a phylogenetic tree based upon any single gene. A gene tree can be, but is not always
concordant with, a species tree.

Genetic drift: random changes in allele frequencies in a population between generations due to sampling
individuals that become parents and binomial sampling of alleles during meiosis. Genetic drift is more
pronounced in small populations.

Genetic incompatibilities: the situation in hybrids where genes or chromosomes originating in different
genetically divergent parental populations or species do not function well together in combination.

Genome: the complete sequence of DNA in an organism.
Genotype: an individual’s genetic identity.
Haploid: having a single set of unpaired chromosomes

Haplotype: a unique mtDNA sequence. An mtDNA haplotype is equivalent to an allele at a nuclear
locus.

Heterozygosity: a measure of genetic variation that estimates the proportion of individuals in a
population that are expected or observed to be heterozygous at a particular locus or over the entire
genome.
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Hybridization: mating of individuals from genetically distinct populations, or species, that results in
offspring with mixed ancestry.

Hybrids: offspring produced by hybridization. Hybrids can be either first-generation (F1) hybrids or the
offspring of hybrids themselves.

Inbreeding: mating between related individuals which results in an increase of homozygosity in the
progeny because the individuals possess alleles that are identical by descent derived from the same
common ancestor of both parents.

Inbreeding coefficient: the probability that an individual possesses two alleles at a locus that are
identical by decent from a common ancestor from both of the individual’s parents.

Intergradation: area of connection between distinct subspecies where populations are found that have
the characteristics of both.

Introgression: movement of alleles from one population or species into another through hybridization
and repeated backcrossing (the reproduction of hybrids with individuals of the parental species)

Invasive species: a non-native species that disrupts and often replaces one or more native species.

Keystone species: a species that has a disproportionately large effect on its environment relative to its
abundance

Locus (plural loci): the position (or location) of a gene or other marker on a chromosome.

Meiosis: the cellular division process that is involved in sexual reproduction in which gametes are
produced having half the number of copies of each chromosome as the parents.

Migration: in the genetic literature, the movement of individuals from one genetically distinct population
to another, resulting in gene flow. In the ecological literature, migration is the movement, often seasonal,
of populations, groups, or of individuals across geographic space.

Microsatellite: highly variable regions of DNA that contain tandem repeats consisting of short sequences
of 1 to 6 nucleotides repeated approximately 5 to 100 times.

Miocene: the epoch of the Tertiary Period that occurred from 25 to 10 million years ago, when grazing
mammals became widespread.

Mitochondrial DNA (mtDNA): a small, circular, maternally inherited, haploid DNA molecule found in
the mitochondria of eukaryotes.

Molecular clock: a technique that estimates how long two lineages have been diverging from each other
on the basis of how many DNA substitutions are present between them.

mtDNA haplotype: a unique mtDNA sequence. An mtDNA haplotype is equivalent to an allele at a
nuclear locus.

Monophyletic: a group of taxa that all descend from a common ancestral taxon (i.e., a group of
organisms that share a common ancestor to the exclusion of all other entities.
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Mutation: a change in the DNA sequence in the transmission of genetic information from parent to

progeny.

Natural selection: differential contribution of genotypes to the next generation due to differences in
survival and reproduction.

Nuclear DNA: the DNA contained within each the nucleus of each cell.

Paraphyletic: a group of organisms that share a common ancestor to the exclusion of all other entities but
in which some members of the group are excluded.

Phenotype: the observable traits of an organism (e.g., appearance, physiological function, or behavior).
Phylogenetic tree: a diagram showing the evolutionary relationships of taxa.
Phylogeny: the evolutionary history of the relationships among species.

Pleistocene: the epoch that began about 2.6 million years ago and lasted until about 11,700 years ago.
The most recent ice age occurred during this time, as glaciers covered huge parts of the planet Earth.

Pliocene: the most recent epoch of the Tertiary Period from 5.3 million to 2.6 million years ago. It is
characterized by the appearance of distinctly modern animals and by the expansion of grasslands.

Polymorphism: The presence of two more more alleles at the same gene locus within a population.
Polyphyletic: a group of organisms that do not share a common ancestor.
Population: all of the individuals of a given species within a defined ecological area.

Population biology: the study of populations, including their natural history, size, migration, evolution,
and extinction.

Post-mating isolation: reproductive isolation that acts after production of a hybrid through hybrid
inviability or sterility.

Post-orbital constriction: a narrowing of the cranium (skull) just behind the eye sockets,

Pre-mating isolation: reproductive isolation that stops production of an F1 by preventing mating.
Principle component analysis (PCA): a statistical procedure that uses a transformation to convert a set
of observations of possibly correlated variables into a set of values of linearly uncorrelated variables

called principal components.

Reciprocal monophyly: a genetic lineage is reciprocally monophyletic when all members of the lineage
share a more recent common ancestor with each other than with any other lineage on a phylogenetic tree.

Recombination (gene shuffling): the exchange of DNA between parental chromosomes during the
formation of gametes (sperm and egg cells). The result of this exchange is the production of offspring
with a combination of genes that differs from either parent.

Rostrum: snout of a wolf.
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Single nucleotide polymorphism (SNP): a nucleotide site in a DNA sequence that is variable within a
population and can be used as a marker to assess genetic variation within and among populations.

Sister group: a term denoting the closest relatives of a given taxa in a phylogenetic tree.

Species: a group of organisms with a high degree of physical and genetic similarity that naturally
interbreed among themselves and can be differentiated from members of related groups of organisms.

Species concepts: ways to define a species.
Species tree: a tree that reflects the actual phylogenetic history of the species under consideration.

Stable hybrid zone: a hybrid zone that does not move over time resulting from a balance between
dispersal of parental types and selection against hybrids.

Subspecies: a taxonomically defined subdivision within a species that is physically or genetically distinct

and often geographically separated.

Substitution: the replacement in a species of one nucleotide by another.

Systematics: the branch of biology concerned with the study of the diversity of organisms

Taxonomy: the branch of biology concerned with the classification of organisms;

Type specimen: the specimen that was originally used to name a species or subspecies or that was later
designated as the basis for that name. A type specimen might be a dried plant, a preserved animal, or a
fossil and is usually kept in a museum or herbarium.

Trait: a characteristic or condition.

Zygoma (plural zygomata): the bony arch of the cheek formed by connection of the zygomatic and
temporal bones.
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Appendix A

Open Session Meeting Agendas

These in-person public meetings held by the committee served as information-gathering sessions.
They are listed in chronological order. The locations of in-person meetings are provided. Presentations that
were made via the Internet at the in-person public meetings are noted.

MEETING 1
National Academies of Sciences, Room 120
2101 Constitution Ave., NW
Washington, D.C.
September 13, 2018
1:00 Welcome - Joseph Travis, Committee Chair
1:10  Context and Expectations for the NAS Study — Elsa Haubold, U.S. Fish and Wildlife Service

2:00  Considerations for the Science and the Potential Societal Implications of the Study
Outcomes

What kinds of evidence do we need and use (at a minimum) to determine a species in
consideration of evolution and hybridization? — Scott Edwards, Harvard University (by video
conference)

What evidence do we have and/or need to help determine the taxonomic status of the Mexican
gray wolf (e.g., ancestry, genetics, reproductive behavior, demography)? — Robert Wayne,
University of California, Los Angeles (to be confirmed)

What evidence do we have and/or need to help determine taxonomic status of the red wolf (e.g.,
ancestry, genetics, reproductive behavior, demography)? — Lisette Waits, University of Idaho
(by video conference)

What are social and legal implications of/considerations for scientific deliberation about the
taxonomy of extant species — Holly Doremus, University of California, Berkeley, Law School

Committee discussion with the speakers
4:00 Break

4:15  Public Comments. Members of the public are invited to share evidence and views they would like
for the committee to take into consideration. Advanced sign-up is required.

5:00 Adjourn Open Session
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MEETING 2: RESEARCH AND ANALYSIS ON WOLF BEHAVIOR AND GENETICS
Arnold and Mabel Beckman Center, Board Room
100 Academy Way, Irvine, CA
November 6, 2018

Welcome and Opening Remarks

8:00  Joseph Travis, Chair, Committee on Assessment the Taxonomic Status of the Red Wolf and the
Mexican Gray Wolf

Approaches and Challenges with Determining Taxonomy: Salmon Case Study

8:10  Robin S. Waples, Northwest Fisheries Science Center, National Oceanic and Atmospheric
Administration

Wolf Natural History and Population Dynamics

8:40 Douglas W. Smith, National Park Service (remote)

9:10 L. David Mech, US Geological Survey (remote)

9:40 Break

Computational Analysis for Questions About Population Evolution and Genetics

10:00 Making inferences about unique and potentially adaptive alleles; and past population history
and demographics

Graham Coop, University of California, Davis (remote)
Molly Przeworski, Columbia University (remote)

Behavior and Genetic Analyses of The Red Wolf

11:00 Joseph W. Hinton, University of Georgia (remote)

11:30 Bridgett M. vonHoldt, Princeton University (remote)

12:00 Break for Lunch

1:00  Paul A. Hohenlohe, University of Idaho (remote)

Computational Analysis for Questions About Population Evolution and Genetics

1:30  Making inferences about admixture
Jonathan K. Pritchard, Stanford University (remote)

Genetic Analyses of the Mexican Gray Wolf

2:00 Matthew A. Cronin, Northwest Biology Company LLC
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2:30  Richard Fredrickson, Independent researcher
3:00 Break
Public Comment Session

3:15  Advanced sign-up is required. Members of the public are invited to share evidence and views
they would like for the committee to take into consideration.

4:.00 Adjourn
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List of Webinars and Solicited Expert Input

Requests for public access to webinar presentations and written materials submitted the committee
may be submitted through the National Academies Projects and Activities Repository

WEBINARS

1. Criteria for Determining a Subspecies (October 19, 2018)
 Susan Haig, U.S. Geological Survey

2. Understanding Species Hybridization (October 22, 2018)
o Michael Arnold, University of Georgia — The Role of Hybridization in the Species Evolution
o Emily Latch, University of Wisconsin-Milwaukee — Human and Landscape Influences on
Species Hybridization

3. Red Wolf Genetics and Behavioral Ecology (November 16, 2018)
 Joseph Hinton, University of Georgia
e Roland Kays, North Carolina State University

4. Red Wolf Morphology (November 16, 2018)
e Ronald M. Nowak, Zoologist (retired)

SOLICITED WRITTEN EXPERT INPUT

1. Taxonomists/museum curators who provided responses to the committee’s question on the
criteria most often deployed in recognizing subspecies:

o Erik Beever, U.S. Geological Survey (September 19, 2018)

e James V. Remsen, Louisiana State University; LSU Museum of Natural Science
(September 17, 2018)

o Kevin Winker, University of Alaska, Fairbanks; University of Alaska Museum
(September 17, 2018)

e Scott Steppan, Florida State University (October 5, 2018)

e Link Olson, University of Alaska, Fairbanks; University of Alaska Museum
(October 8, 2018)

2. Experts who responded to committee’s questions about the red wolf
o Robert Wayne, University of California, Los Angeles (November 27, 2018)
e Linda Rutledge, Trent University (December 6, 2018)
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Biographical Sketches of Committee Members and Staff

From left to right: Jenna Briscoe, Keegan Sawyer (study director), Liliana Cortéz Ortiz, Michael Lynch,
Lori S. Eggert, Fred Allendorf, Joseph Travis (chair), Rasmus Nielson, Diane K. Boyd, Jesus E. Maldonado,
Diane P. Genereux, Camilla Ables.

Chair:

Joseph Travis is the Robert O. Lawton Distinguished Professor of Biological Science at Florida State
University. Dr. Travis’ research and expertise is on understanding the interplay between ecological pro-
cesses and adaptive evolution. His current work focuses on the ecology and evolution of live-bearing fishes
such as guppies and mosquitofish. Dr. Travis began his career at Florida State as an assistant professor in
1980 and was promoted through the ranks, eventually serving as department chair (1991-1997) and dean
of the College of Arts and Sciences (2005-2011). He teaches the undergraduate course in evolution for
majors in biological science and a graduate course in population ecology. He has served on the editorial
boards of the Journal of Evolutionary Biology, Oecologia, Annual Review of Ecology and Systematics, and
The American Naturalist, and he served as editor of The American Naturalist from 1998 to 2002. Dr. Travis
served as vice president (1994) and president (2005) of the American Society of Naturalists and served as
president of the American Institute of Biological Sciences from 2013-2018. He has also served on advisory
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boards for the National Science Foundation and the National Oceanic and Atmospheric Administration. Dr.
Travis was a member of the National Academies Committee that wrote Gene Drives on the Horizon: Rec-
ommendations for Responsible Conduct of Research. He is a fellow of the American Association for the
Advancement of Science and the American Academy of Arts and Sciences. He received his undergraduate
degree from the University of Pennsylvania and his doctoral degree from Duke University.

Members:

Fred Allendorf is a Regents Professor Emeritus of Biology at the University of Montana. He was a prof-
essorial research fellow at Victoria University of Wellington (New Zealand, 2005-2012). He is an evolu-
tionary geneticist who has spent his career applying the theory and molecular techniques of population
genetics to problems in conservation. Much of his work in evolutionary genetics has been devoted to un-
derstanding the genetics of salmonid fishes following a whole-genome duplication event (tetraploidy). He
was a postdoctoral scholar at the University of Aarhus in Denmark and a NATO Fellow at Nottingham
University in England. He was the program director of population biology at the National Science Founda-
tion in 1989-1990, a senior Fulbright fellow in New Zealand in 2000-2001, and a senior Fulbright specialist
at the University of Western Australia from 2013-2014. He was elected a fellow of the American Associa-
tion for the Advancement of Science in 1987, was elected president of the American Genetic Association
in 1997, and has served on the editorial boards of several international journals (e.g., Evolution, Conservation
Genetics, Molecular Ecology, and Conservation Biology). From 1992 to 1996, Dr. Allendorf served on the
National Research Council’s Committee on the Protection and Management of Pacific Northwest Anadro-
mous Salmonids, which reviewed information concerning the seven species of the genus Oncorhynchus in
the Pacific Northwest. He received the American Fisheries Society’s Award of Excellence in recognition
of his outstanding contributions to fisheries science and aquatic biology in 2011, and the Molecular Ecology
Prize for lifetime achievements in the fields of molecular ecology and conservation genetics in 2015. He
received a B.S. in zoology from Penn State University, and his M.S. and Ph.D. in fisheries and genetics
from the University of Washington.

Diane K. Boyd is the Wolf and Carnivore Specialist at Montana Fish, Wildlife & Parks, Kalispell, and an
Affiliate Faculty member at the University of Montana, Missoula. Dr. Boyd has four decades of applied
expertise on behavior and conservation of large carnivores, with a strong focus on wild wolf populations in
North America. She began her career in 1977 with Dr. L. David Mech’s wolf research project in Minnesota.
She moved to Montana in 1979 to study gray wolf recovery in the Rocky Mountains from the first natural
colonizer to approximately 2000 wolves today in the western US. Her work has focused on dispersal, habitat
use, prey selection, behavior, morphology, genetic relationships, and the social dimensions of wolf-human
conflict resolution. She has collaborated on research on wolf recovery and ecology in the Rocky Mountains
of the US, British Columbia, Alberta, and the Mexican Wolf Recovery Program. Dr. Boyd collaborated on
wolf research projects in Italy and Romania. She has published numerous articles in scientific journals,
invited book chapters, and articles in popular literature. She received her B.S. in Wildlife Management from
the University of Minnesota, and her M.S. and Ph.D. from the University of Montana.

Liliana Cortés Ortiz is a research associate professor in the Department of Ecology and Evolutionary
Biology at the University of Michigan. Before starting her career at the University of Michigan she was a
professor at the Universidad Veracruzana in Mexico. She is an evolutionary biologist and primatologist
who uses molecular genetics and genomics approaches to shed light on the mechanisms that generate and
maintain primate diversity and the processes that drive primate evolution. Her current research focuses on
investigating the factors driving the diversification of neotropical primates and the prevalence and im-
portance of natural hybridization in the origin and maintenance of primate diversity. Her work ranges from
field-based data and sample collection to laboratory-based genetic work and integrates morphological, be-
havioral, genetic, biogeographic and evolutionary approaches to provide an integral framework to examine
primate evolution. Some of this work is implemented in collaboration with scientists in Latin America,
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England, and the United States. She serves as the vice president for the neotropics of the primate specialist
group of the International Union for Conservation of Nature. Dr. Cortés Ortiz received a B.Sc. in biology
from the Universidad Veracruzana in Mexico, a M.Sc. in neuroethology also from the Universidad
Veracruzana, and a Ph.D. in biological sciences from the University of East Anglia in England.

Lori S. Eggert is a professor in the Division of Biological Sciences at the University of Missouri-Columbia.
She and her students use genetic and genomic methods to address basic and applied questions in ecology,
evolution, and conservation biology. At the historical level, studies in her lab use molecular data to deter-
mine the patterns of diversity within and among closely related species. By mapping those patterns onto
the geographic distribution of species, she seeks to understand the relative roles of evolutionary processes
such as geographic isolation, gene flow, natural selection, and genetic drift on patterns of speciation. Cur-
rent projects include a study of the taxonomic distinctiveness and distribution of species and subspecies of
smallmouth bass in the central interior highlands of the United States. At the contemporary level, landscape
genetic studies in her lab use molecular data to understand the role of environmental variables on the current
distribution of and diversity within species. Current projects include a study of population sizes, sex ratios,
and connectivity of Asian elephants in Laos. Her research has involved a wide variety of taxa, including
mammals, amphibians, birds, and fish, focusing primarily on species of conservation concern. Previously,
Dr. Eggert had been a research and postdoctoral associate at the Smithsonian Institution National Museum
of Natural History in Washington, D.C. Dr. Eggert was a member of the National Research Council’s Com-
mittee on the Review of the Bureau of Land Management (BLM) Wild Horse and Burro Management
Program from 2011 to 2013. She received her B.S. in biology from the University of California, San Diego,
her M.S. in ecology from San Diego State University, and her Ph.D. in biology from the University of
California, San Diego.

Diane P. Genereux is a research scientist in Vertebrate Genome Biology at the Broad Institute of the
Massachusetts Institute of Technology and Harvard University. She develops mathematical and statistical
methods to address questions in population genetics, epigenetics, and genomics. She is the scientific man-
ager of the 200 Mammals Project, an international collaboration that is using comparative genomics to
identify genomic variants that underlie human disease. Her earlier work uncovered population genetic fac-
tors that shape the global distribution of fragile X syndrome and yielded new molecular and statistical
approaches to track epigenetic stability and change across mammalian development. She has also contrib-
uted to identification of genetic variants associated with canine compulsive disorder in dogs, and disease
risk in managed populations. She is currently collaborating on a project comparing epigenetic and behav-
ioral data from dog and wolf pups, with the goal of identifying genes and pathways associated with social
development. Dr. Genereux has taught courses in evolution, genetics, epigenetics, molecular biology, and
mathematical modeling and has written about genomics and epigenomics approaches for both medical text-
books and the popular literature. She received her B.A. in history and biology from Brown University in
1999 and her Ph.D. in mathematical genetics from Emory University in 2005.

Michael Lynch is the director of the Biodesign Center for Mechanisms of Evolution at Arizona State Uni-
versity. His research interests focus on the genetic mechanisms of evolution, particularly at the genomic
and cellular levels, and on the development of methods for population genomic analysis. The lab focuses
on a number of model systems, most notably the microcrustacean Daphnia, the ciliate Paramecium, and
numerous other unicellular prokaryotic and eukaryotic species. Current research foci are: the 5000 Daphnia
genomes project; the evolution of replication and transcription error rates; the consequences of genome
duplication; the evolution of the transcriptional vocabulary; the evolution of multimeric protein structure;
and long-term microbial evolution under regimes differing in population size, mutation rate, and degree of
nutrient replenishment. All of this work is integrated with theory development. He has previously held
faculty positions at the University of Illinois, University of Oregon, and Indiana University. He is a member
of the National Academy of Sciences and of the American Academy of Arts and Sciences and is a past
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president of the Genetics Society of America, the Society for the Study of Evolution, the Society for Mo-
lecular Biology and Evolution, and the American Genetics Association. Dr. Lynch was a member of the
National Research Council’s Committee on Scientific Issues in the Endangered Species Act (1993-1995)
and the Ecosystems Panel (1997-2000). Three widely cited books that he authored are Genetics and
Analysis of Quantitative Traits (with Bruce Walsh, 1998), The Origins of Genome Complexity (2007), and
Evolution and Selection of Quantitative Traits (with Bruce Walsh, 2018). He received his undergraduate
degree in biology from St. Bonaventure University and a Ph. D. in ecology and behavioral biology from
the University of Minnesota.

Jesus E. Maldonado has been a research geneticist at the Center for Conservation Genomics at the Smith-
sonian Conservation Biology Institute since 1998. His research applies molecular genetics tools to answer
basic and applied questions in conservation and evolutionary biology in mammals. Much of his research
involves the assessment of genetic variation within and among populations and species to document levels
of inbreeding and determine units of evolutionary, taxonomic, and conservation significance. He developed
a research program that follows an academic model, and most of his projects over the past several years are
based on collaborations established with students, postdoctoral fellows, and research scientists/curators at
the Smithsonian and other academic institutions and conservation communities in Latin American, India,
South East Asia, and Africa. This allowed him to build a strong conservation genomics program that is
international in scope. Beyond the theoretical aspects of his research, outcomes from many studies have
direct applications to helping address critical conservation issues in a variety of threatened and endangered
mammals. He is also interested in studying micro-evolutionary processes that shape genetic variation and
evolutionary trajectories as well as landscape genetics and genomics. During the past 19 years he has de-
veloped and used non-invasive genetic techniques and ancient DNA technologies for obtaining reliable
information to study many elusive endangered mammal species, such as deer, squirrels, black bear, island
fox, maned wolves, African wild dogs, and sea otters, among many other species. Mr. Maldonado has over
100 peer-reviewed publications in scientific journals and has served in the editorial board of several jour-
nals, including the Journal of Mammalogy, Conservation Genetics, PLOS ONE, Zookeys, and Therya. He
received his B.S. in biology and M.S. in zoology from Shippensburg University of Pennsylvania and a
Ph.D. in organismic biology, ecology, and evolution from the University of California, Los Angeles.

Rasmus Nielsen is the Raymond and Beverly Sackler Chair of Computational Biology at the University of
California (UC), Berkeley. He is a professor in the Department of Integrative Biology and in the Department
of Statistics and has served as the chair of the Center of Computational Biology at UC Berkeley. He is also
a professor at the Department of Biology at the University of Copenhagen. His work is on statistical and
population genetic analyses of genomic data, in particular, methods for describing population and species
level processes such as migration and introgression and for inferring natural selection and the demographic
histories of populations. Much of his current research concerns the statistical analysis of next-generation
sequencing data in population genetics. Many of the methods he has developed have been used extensively
by other researchers, including the phylogeny-based methods for detecting positive selection implemented
in phylogenetic analysis by maximum likelihood, the methods for inferring demographic histories imple-
mented in the “Isolation with Migration” (IM) and IMa programs, the method for detecting selective sweeps
implemented in SweepFinder, and the methods for analyzing next-generation sequencing data implemented
in Analysis of Next Generation Sequencing Data. He has published over 300 peer-reviewed papers, invited
book chapters, and review papers, which have been cited more than 60,000 times by other researchers. He
received his M.S. from University of Copenhagen in 1994 and his Ph.D. from UC Berkeley in 1998.

Project Staff:
Camilla Yandoc Ables is a Senior Program Officer in the Board on Agriculture and Natural Resources at

the National Academies of Sciences, Engineering, and Medicine, which she joined in March 2008. She has
served as study director or as co-study director for a number of projects, including: Strategic Planning for
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the Florida Citrus Industry: Addressing Citrus Greening Disease (2010), An Evaluation of the Food Safety
Requirements of the Federal Purchase Ground Beef Program (2010), The Potential Consequences of
Public Release of Food Safety and Inspection Service Establishment-Specific Data (2011), Analysis of the
Requirements and Alternatives for Foreign Animal and Zoonotic Disease Research and Diagnostic Labor-
atory Capabilities (2012), The Nutrient Requirements of Beef Cattle (2016), Strengthening the Safety
Culture of the Offshore Oil and Gas Industry (2016), and A Review of the Citrus Greening Research and
Development Efforts Supported by the Citrus Research and Development Foundation: Fighting a Ravaging
Disease (2018). Camilla has a B.S. in agriculture from the University of the Philippines and a Ph.D. in plant
pathology from the University of Florida.

Jenna Briscoe is a Research Assistant on the Board on Agriculture and Natural Resources at the National
Academies of Sciences, Engineering, and Medicine. She has worked on various past National Academies’
reports including Genetically Engineered Crops: Experiences and Prospects (2016), Preparing for Future
Products of Biotechnology (2017), Science Breakthroughs 2030: A Strategy for Food and Agricultural
Research (2018), A Review of the Citrus Greening Research and Development Efforts (2018), and Forest
Health and Biotechnology: Possibilities and Considerations (2019). She is currently pursuing an M.S. in
environmental sciences and policy from Johns Hopkins University. Ms. Briscoe graduated cum laude from
the University of Maryland, Baltimore County (UMBC) in 2013 with a B.A. in environmental studies and
a minor in sociology. Previously she worked at the University of Maryland Center for Environmental
Science—Chesapeake Biological Laboratory, where she conducted water quality testing on pre-restored and
restored streams.

Keegan Sawyer (study director) is a Senior Program Officer of the Board on Life Sciences at the National
Academies of Sciences, Engineering, and Medicine. Her work addresses a wide range of research, policy,
and communication questions across the broad spectrum of life science disciplines. She has a special inter-
est in the interplay of environmental conditions and human health, ecosystem health, and public engage-
ment in science. Dr. Sawyer is the director of the National Academies' Standing Committee on Emerging
Science for Environmental Health Decisions. She recently served as the project director for the Committee
on Gene Drives Research in Non-Human Organisms: Recommendations for Responsible Conduct and the
Committee on Value and Sustainability of Biological Field Stations, Marine Laboratories, and Nature
Reserves in 21st Century Science, Education, and Public Outreach. She is committed to fostering discus-
sions about research infrastructure, collaborative environments, and public engagement in science to sup-
port a healthier people and planet. Dr. Sawyer holds a B.S. (1999) in environmental biology from University
of California Davis and an M.S. (2002) and Ph.D. (2008) in environmental sciences and engineering from
the University of North Carolina Gillings School of Public Health.
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