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AssTRACT.—The discovery and delimitation of species has changed dramatically over time. Species delimitation practices became more
thorough and formal in the 1900s with the introduction of detailed studies of geographic variation, contact zones, and reproductive
isolating mechanisms. In the 1960s, genetic methods for examining the allelic composition across many loci began to be used to test for
gene flow and to delimit species boundaries. Methods for DNA sequencing were invented in the late 1970s, just as I started graduate
school, when I set my sights on applying the vast stores of information in genomes to understanding biodiversity. In the late 1980s, a new
method for rapid amplification of mitochondrial DNA led to “barcoding” of species and the subsequent splitting of species into
mitochondrial haplotype groups. By the 1990s, widespread sequencing of nuclear genes led to the development of models that
incorporated multispecies coalescent theory (MSC). Molecular-based methods provide new insights and opportunities for species
delimitation, but many species delimitation studies do not adequately consider violations of underlying model assumptions before
making taxonomic changes. Inadequate sampling and a lack of attention to contact zones often leads to the over-splitting of species into
geographically proximate groups of populations. I predict the future will bring a synthesis of many older practices (careful sampling,
with attention to reproductive isolation, contact zone analysis, and geographic variation) with the new powerful analysis of genomic data
sets, leading to a reevaluation and reversal of much of the recent overly enthusiastic splitting of geographically variable species.

Biologists have long understood that the diversity of life is not
distributed as a continuum. Rather, there are distinct entities,
which we term species, within which individuals share genes
and traits through genetic exchange and reproduction. Between
species, there are reproductive gaps and barriers that lead to
morphological, behavioral, physiological, and genetic differenc-
es, which make the identification of species boundaries an
important and useful endeavor.

In this essay, I briefly review the history of methods and
practices that biologists have used to distinguish and delimit
species of reptiles and amphibians. I also give my personal
perspective on the changes that I've witnessed since the 1970s,
when I began studying species boundaries. Over my career, as
new approaches have been introduced, I've seen many
proponents of new methods argue that they have “solved” the
problem of species delimitation and sometimes propose
wholesale changes in classifications from the limited view of a
new data set. I argue here that species delimitation is a complex
problem and that no one method or model or approach
provides a comprehensive picture of the boundaries between
species. Instead, species delimitation should take into consider-
ation evidence from all sources, and changes in classifications
should be made only when it is clear that the existing
classification does not appropriately reflect evolutionary history.

This paper is not a review of species concepts in herpetology
(see Frost and Hillis, 1990). Although species concepts are often
considered controversial, this view stems largely from a
confusion of species concepts with methods of species delim-
itation. Although different researchers might identify different
species concepts by name (e.g., biological species concept,
evolutionary species concept, general lineage species concept),
one would be hard-pressed to find significant conceptual
differences in the kinds of entities practitioners of these concepts
wish to identify. By using the name of a particular species
concept, researchers are usually just emphasizing a slightly
different point in the noninstantaneous process of speciation (de
Queiroz, 1998). In delimiting species, most biologists wish to
identify the distinct evolutionary lineages—isolated through
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time and space from other such lineages—that are described in
the first paragraph of this essay. Hence, in this paper, I accept
that species can be recognized by two general features: 1) sexual
species represent cohesive evolutionary lineages, within which
individuals mate and share genes; and 2) species remain distinct
from one another through space and time, typically as a result of
some means of reproductive isolation. This general view of
species as reproductively isolated, independently evolving
lineages on the Tree of Life is compatible with most modern
concepts of species (Simpson, 1961; Mayr, 1969; Ghiselin, 1974;
Wiley, 1978; Templeton, 1989; Frost and Hillis, 1990; Mayden,
1997; de Queiroz, 1998). For a discussion of asexual lineages,
which are conceptually distinct from sexual species (even
though they are often formally treated as species), see Frost
and Hillis (1990). Delimitation practices for asexual lineages are
distinct, and I will consider them only briefly here because of
space limitations.

I argue that robust delimitation of species requires two stages:
a “grouping” stage, whereby specimens are grouped into
putative evolutionary lineages (the hypothesis-generation step);
and a second stage, where the groups found in the first step are
tested to see whether they are sufficiently reproductively
isolated from one another to be evolving independently of one
another and, hence, considered species (the hypothesis-testing
step). Biologists may disagree about the degree of reproductive
isolation that is needed to recognize two taxa as distinct species,
but all modern concepts of species require (either explicitly or
implicitly) some degree of reproductive isolation between
species. Lineages can still diverge with limited gene flow
(Hey, 2006), but some degree of extrinsic or intrinsic reproduc-
tive isolation is necessary to recognize two groups as different
species. Otherwise, there would be no distinction between the
concept of species and the concept of local populations of a
species (which are not reproductively isolated from other such
populations). Therefore, in recognizing a species split, a
systematist should describe the degree of reproductive isolation
between the proposed species and make an argument as to why
the observed degree of reproductive isolation is viewed as
sufficient to maintain separately evolving and diverging
evolutionary lineages.
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The view of species as distinct evolutionary lineages, evolving
independently from other such lineages through space and
time, has developed gradually over the past half century and
especially during my professional career. For a historical
perspective on recent developments in this field, we need to
go back even farther, and consider how species delimitation and
recognition practices have changed over the past few centuries.

Species Names by Typology—Prior to the publication of Charles
Darwin’s (1859) On the Origin of Species, most systematic
herpetology was limited to the description and naming of
species, with occasional cursory studies of their geographic
distributions. Systematic thinking was influenced strongly by
Aristotelian essentialism. Species were viewed typologically, and
variation was seen as deviation from perfection. Higher taxa
usually were defined based on a few “essential” characters. There
were some notable exceptions: for instance, the French natural
historian Buffon (1753), in the fourth volume of his Histoire
Naturelle, suggested that the common morphological features
revealed by comparative anatomy were an expression of
genealogical relationships. Other authors, most notably Lamarck
(1809), in his book Philosophie Zoologigue, were even more explicit
about their theories of evolution and the connection of these
theories to systematics. The lack of a believable mechanism for
evolution, however, meant that relatively few biologists (or
others) accepted evolution as an explanation for biological
diversity. Exploration of the Earth was quite incomplete;
therefore, naturalists (primarily from Europe) set forth to
discover and describe the diversity of organisms that existed
worldwide.

The formal beginnings of binomial nomenclature, in which
species were assigned to a genus with a species epithet, date to
the Swedish naturalist Carolus Linnaeus, whose 10th edition of
Systema Naturae (1758), established the system of binomial
nomenclature that is most widely used for animals today.
Although Linnaean nomenclature and the Aristotelian logic it
incorporated originally had some formidable opposition from
people like Buffon, evolution was far from the mainstream at
the time. Phylogeny was a concept given little thought (and not
yet given a name), and it played virtually no direct role in the
activities of most systematists.

Natural Classifications.—Despite the lack of a unifying evolu-
tionary theory, herpetologists of the early to mid-1800s attempted
to create “natural classifications.” Although natural classification
today is equated with a classification that directly reflects
phylogenetic relationships, such was obviously not the case
before evolution became widely accepted and studied. Just before
publication of Darwin’s On the Origin of Species, the widely
influential biologist Louis Agassiz (who never accepted evolu-
tionary ideas, even in later years) wrote An Essay on Classification
(1859). In this book, Agassiz discussed the “Natural System” of
classification (1859, 8):

The divisions of animals according to branch, class,
order, family, genus, and species, by which we
eXIpress the ‘results of our investigations into the
relations of the animal kingdom, and which consti-
tute the primary question respecting any system of
Zoology, seem to me to deserve the consideration of
all thoughtful minds. Are they the devices of the
human mind to classify and arrange our knowledge
in such a manner as to bring it more readily within
our grasp and facilitate further investigations, or
have they been instituted by the Devine Intelligence
as the catef;;ories of his mode of thinking? Have we,
perhaps, thus far been only the unconscious inter-

preters of a Devine conception, in our attempts to
expound nature?

To Agassiz, these questions were rhetorical; for him, systems
of classification could be natural only if they were a reflection of
the mind of God. Nonetheless, in a footnote, Agassiz (1859, 8)
conceded that

. . a system may be natural, that is, may agree in
every respect with the facts in nature, and ‘yet not be
considered by its author as the manifestation of the
thoughts of tKe Creator, but merely as the expression
of a fact existing in nature—no matter how—which
the human mind may trace and reproduce in a
systematic form of its own invention.

The only problem was that Agassiz could not imagine what
that “fact existing in nature” could be if it were not the
“thoughts of the Creator.” The understanding of evolution
changed that. It quickly became clear to many systematists that
phylogeny was the underlying cause of the organization they
had so long detected and that classifications, therefore, should
be based directly on phylogeny. Species were the lineages that
evolved on the Tree of Life, and groups of related species
formed a hierarchy of life that could be described by higher
ranks in classification.

The Ebb and Flow of Phylogenetic Thinking.—In the few decades
after the publication of Darwin’s On the Origin of Species, study of
phylogeny was a primary concern of systematists. Haeckel’s
(1866) drawings of the Tree of Life were outstanding examples of
the results of this interest in phylogeny (in fact, it was Haeckel
who coined the term phylogeny). Because no clear and repeatable
methods existed for inferring phylogeny, however, research in
phylogenetics began to fade into the background. During the first
half of the 20th century, the emphasis in systematics turned to
studies of speciation and geographic variation. The word
“phylogeny” does not even appear in the index to Huxley’s
Evolution: The Modern Synthesis, published in 1942. In Methods and
Principles of Systematic Zoology, Mayr et al. (1953, 9) considered
“modern” systematics to be concerned with the “study of the
evolution within species” (emphasis in original). Mayr et al. (1953,
45) accepted that “. . . it should remain the ultimate aim of the
taxonomist to devise a phylogenetic classification,” but they did
not consider any of the existing methods for inferring phylog-
enies to be particularly reliable. Some other systematists of the
first half of the 20th century, such as the German systematist
Walter Zimmerman (1931; see Donoghue and Kadereit, 1992), did
argue for phylogenetic classifications. But many systematists
were just as skeptical as Mayr was of systematists’ abilities to
reconstruct phylogenies, and the emphasis in systematics was
largely on intraspecific geographic variation.

In the early 1900s, several herpetologists set new standards
for studying geographical variation within species, and in
developing methods for morphological species delimitation.
Ruthven (1908) introduced statistical methods for analyzing
geographic variation and species limits in Thamnophis. His
monograph set a new standard for others to follow. Ruthven’s
model of careful geographic sampling and morphological
analysis was followed by Blanchard (1921) in his monograph
of the genus Lampropeltis, as well as by many other authors of
the 1920s to 1940s. That these monographs are still useful and
important systematic references today is testimony to the
enduring value of these authors’ careful and comprehensive
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approaches; however, any discussion of phylogeny in these
papers was highly speculative, rather than analytical.

Then, a renaissance of phylogenetics occurred in the 1950s
and 1960s. Several research groups began to develop objective,
quantitative, reliable methodologies to infer phylogenies and to
apply phylogenetic information to classifications. For example,
in Grundziige einer Theorie der Phylogenetischen Systematik, Willi
Hennig (1950) presented an argument for the central role of
phylogeny in classifications, as well as a method for inferring
phylogenies from the characters of organisms. His book reached
its greatest influence after being translated into English in 1966
(as Phylogenetic Systematics).

Hennig’s thoughts about phylogeny also strongly influenced
his thinking about species. Hennig (1950, 1966) emphasized that
central to the idea of a species is the concept of a lineage—a
series of ancestor-descendant relationships through time.
Hennig (1950, 1966) noted that the nature of ancestor—
descendant relationships is different within species (where
individuals mate and, thus, mix and recombine their genes;
Hennig called these tokogenetic relationships) versus between
species (where the lineages evolve independently from one
another and show hierarchical, bifurcating relationships, to
which Hennig limited the term phylogenetic relationships).

But even though all species are lineages, all lineages are not
species. To understand this important point, consider a
particular nucleotide in one of your genes. This nucleotide
descended (through replication) from another nucleotide at the
same location in the same gene in one of your parents. If you
have an adenine at this location, the ancestral nucleotide in your
parent’s gene was probably an adenine, too; if so, then no
mistake was made during DNA replication. On the other hand,
there is some small chance that a mutation occurred during
replication of your parent’s gene and that the ancestral
nucleotide in your parent was actually a guanine. If so, then
even though the nucleotide was different in your parent
compared to you, the guanine in your parent’s gene was still
the ancestor to the adenine in your gene, because it was the
template upon which the replication was based. This imperfect
replication of ancestors is what produces evolution, which can
be defined simply as change in a lineage through time.
Although an ancestor-descendant series at a particular nucle-
otide position constitutes a lineage, it is also part of several other
lineages that are organized at higher levels. For instance,
adjacent nucleotides within your DNA are usually inherited
together as a block. If the nucleotide we considered earlier was
located in the gene that encodes the alpha unit of hemoglobin,
then it is likely that all the nucleotides in that gene are
descended from a single copy of that gene in one of your
parents. Therefore, there is a lineage of o-hemoglobin genes,
which if we trace backward in time goes from you to one of
your parents to one of your grandparents and so on. Of course,
because you are diploid, you also have a second lineage of o-
hemoglobin genes that has a descent back through your other
parent.

There are also lineages of blocks of genes, including
chromosomes, but these tend to be disrupted through time via
recombination in meiosis. Biparental inheritance and meiotic
recombination produce a network of reticulation within sexual
lineages. Thus, sexual reproduction produces reticulations of
genomes within species. Within sexually reproducing species,
individual relationships form a reticulating network through
time, which is what Hennig (1950, 1966) called tokogenetic
relationships (parent-offspring relationships of individuals

within a species). The sexual lineages themselves evolve
independently of one another, however, if they are reproduc-
tively isolated. Therefore, we can consider phylogenetic
relationships among species.

Speciation and Other Processes of Lineage Division.—Sexual
reproduction clearly has boundaries, even if they are sometimes
fuzzy. Humans do not reproduce with other mammals, for
example. Consequently, individuals that interact reproductively
together form a lineage that rarely (if ever) reticulates with other
such lineages. We call these larger, independently evolving
lineages “species.” When one such lineage splits into two
lineages, which no longer interact reproductively, we call this
process speciation.

Many other processes besides speciation can lead to the
division of gene lineages, however (Fitch, 1970). New alleles
arise through mutation, and genes or even whole genomes can
be duplicated. Genes can also be horizontally transferred
between species. Therefore, we see a complex history of gene
lineages within species lineages—speciation gives rise to some
similarities between gene trees and species trees, but other
processes lead to many differences as well (Maddison, 1997).

Other processes besides sex may also hold species lineages
together. For instance, selection for particular morphotypes
through time may constrain the divergence of a lineage. Even
asexual organisms may be organized into groups of closely
related individuals that fill distinct regions of ecological and
morphological space (Uzzell, 1964; Cole, 1985; Darevsky et al.,
1985; Hillis, 2007b; Fontaneto and Barraclough. 2015). Although
these asexual lineages may be conceptually somewhat different
from lineages that are held together through sexual recombina-
tion, the two entities often fill similar roles in communities and
ecosystems. Therefore, most herpetologists recognize both
sexual as well as ecologically and morphologically cohesive
asexual lineages as species (Frost and Hillis, 1990).

My own interests in herpetological diversity began just as
phylogenetic approaches and methods were being rapidly
developed in the 1960s. During this decade, my family lived
in equatorial Congo and India, where my father was investi-
gating tropical diseases. There was no television, nor any of the
other usual distractions of youth; therefore, I turned my
attention to the frogs, lizards, and snakes that I'd find on my
daily forays in tropical paradise. I was particularly fascinated by
the species of Chamaeleo that I found around our house and
spent hours catching insects so that I could watch the lizards
feed with their projectile tongues. I didn’t yet know how, but I
knew that somehow I wanted to spend my life studying these
diverse and fascinating animals.

Laboratory Crossing Experiments.—In the 1940s-1960s, biologists
began to emphasize the importance of intrinsic postmating
reproductive isolating mechanisms in maintaining species
boundaries, which led to a wealth of laboratory crossing
experiments. For example, Moore (1941, 1944, 1946, 1965) made
many crosses of leopard frogs from different geographic
localities, all of which had been assigned to a single species,
Rana pipiens. His studies showed numerous reproductive
incompatibilities between populations, which led herpetologists
to reexamine the taxonomic status of this nominal species (see
review in Hillis, 1988). Others, including one of my eventual
graduate coadvisors (John Frost), continued these crossing
experiments in Rana (e.g., Mecham, 1969; Frost and Bagnara,
1977; Frost, 1982), thus uncovering and describing new species.
These experiments detected many reproductively isolated, but
cryptic, species. Similar crossing studies in other groups
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(especially the genus Bufo; summarized in Blair, 1972) revealed
the reproductive incompatibilities that allowed many species in
the same genus to exist sympatrically.

Behavioral Studies of Reproductive Isolation.—Crossing experi-
ments demonstrated postmating reproductive isolating mecha-
nisms between many pairs of species but found none among
others. And yet, morphological analysis suggested that these
latter pairs of species did not mate where they occurred
sympatrically. Hence, biologists began to study the premating
reproductive isolating mechanisms that kept reproductively
compatible species from merging with one another. In particular,
frog calls were shown to be important in premating isolation of
anuran species (Littlejohn, 1960, 1965; Littlejohn and Oldham,
1968; Brown and Brown, 1972; Foquette, 1975).

In the 1960s, I owned three phonographic records: a Beatles
album, and two records of frog calls, Bogert’s (1958) Sounds of
North American Frogs and Toads, and Kellogg and Allen’s (1953)
Voices of the Night: The Calls of 34 Frogs and Toads of the United
States and Canada. 1 memorized those records, and when I
learned to drive, I made tapes and played them wherever I
went. In fact, when I first met my wife-to-be, Ann, in 1976, 1
invited her up to my dorm room to listen to my records of frog
calls. Ann declined my invitation but her roommate accepted it.
Ann was later surprised to learn that I really did play records of
frog calls for her roommate.

In addition to the calls of frogs, visual displays were shown to
be important in premating isolation of many reptiles and
amphibians (Carpenter and Ferguson, 1977; Houck and Verell,
1993). Furthermore, olfaction was found to be an important
reproductive cue in many reptile species (Manton, 1979; Boiko,
1984; Ford, 1986). Consequently, analysis of behavioral repro-
ductive isolation became an important component of many
species delimitation studies.

As an undergraduate, my research was focused on studying
the various behavioral premating isolating mechanisms that
allowed closely related species of the Rana pipiens complex to
coexist in contact zones (Hillis, 1981). But I soon realized that I
needed to be able to measure the degree of hybridization that
was occurring in the contact zones. I was fortunate that many
people were just beginning to apply genetic approaches to
systematic herpetology at the time.

Chromosomal Studies of Reproductive Isolation.—Analysis of
chromosomal karyotypes had a big impact on species delimita-
tion studies of reptiles and amphibians beginning in the 1960s.
The widespread Hyla versicolor was already known to exhibit
considerable variation in its mating calls (e.g., listen to the calls
and discussion by Bogert, 1958). Yet, no diagnostic morphological
differences could be found between individuals of different call
types. The answer to this riddle was revealed by chromosomal
analysis, which showed there were reproductively isolated
haploid and diploid species (Wasserman, 1970). More recent
molecular analyses have confirmed multiple origins of poly-
ploids, all of which breed with one another but are reproduc-
tively isolated from their diploid ancestors (Holloway et al.,
2006).

Studies of many other species identified chromosomal
rearrangements that resulted in partial or complete reproductive
isolation among morphologically similar species. For example,
chromosomal studies by Hall and Selander (1973) and Sites
(1983) of the Sceloporus grammicus complex revealed numerous
parapatrically distributed species, partially reproductively
isolated from one another by chromosomal rearrangements.

Incorporation of Allelic Genetic Data into Systematics.—With the
rapid development of molecular biology in the 1950s and 1960s,
some systematists became interested in inferring phylogenies and
species boundaries using allelic genetic data sets. Initially, the
products of genes (proteins) proved much easier to study than
the genes themselves. The simplicity of DNA sequences, with
building blocks of only four nucleotides, initially made them
much harder to study than the more complex proteins they
encoded. Biologists discovered that they could separate similar
alleles of a given protein in a gel subjected to an electric current
and then visualize the location of the different alleles using
histochemical staining (Smithies, 1955; Hunter and Markert,
1957; Harris, 1966; Hubby and Lewontin, 1966). The different
alleles, which often differ in size, shape, and charge, move
through the gel at different rates. Suddenly, biologists had a
method to study the genetic makeup of individuals, populations,
and species and, thus, study their reproductive interactions. As
an undergraduate, I used allozyme electrophoresis to study the
degree of hybridization in contact zones of closely related species
of leopard frogs—a project that I would eventually expand into
my dissertation in graduate school.

Herpetologists were quick to adopt methods of allozyme
electrophoresis to study species delimitation problems. The
resulting data could be used to group individuals into lineages,
and they also provided a direct way to detect gene flow and
hybridization (e.g., Gorman and Yang, 1975; Sage and Selander,
1979). Although most new species descriptions continued to
emphasize morphological diagnoses, many morphologically
conservative species complexes were now reevaluated using
allozyme data, with a resultant rapid expansion in the number
of recognized species.

The application of allozyme electrophoresis to systematic
studies had many positive effects on the field, but it generated
some problems as well. Tensions sometimes arose between
systematists who had spent a lifetime collecting detailed
morphological and/or behavioral data in a group and some
of the new “gel jocks” who rejected their findings on the basis of
new genetic data. Nonetheless, most species delimitation
studies emphasized the need to combine and incorporate data
from multiple sources (e.g., Wake and Schneider, 1998).

My graduate school experience provides a glimpse of the
early days of molecular systematics, and the morphological-
molecular tensions that developed at this time. When I started
graduate school, I knew that I wanted to develop genetic
approaches for studying biodiversity. But I also wanted to get
classical training in herpetology. Therefore, I chose two
coadvisors—the late geneticist John Frost, and the classical
systematist Bill Duellman—who fortunately were both at the
University of Kansas. John was working mostly on crossing
experiments and chromosomal investigations in Rana, but he let
me build a laboratory for DNA investigations; however, I had to
design, build, or acquire all my own equipment. I assembled gel
rigs from scrap Plexiglas and expensive platinum wire that I
had purchased with precious funds supplied by SSAR student
grants, built my own power supplies from kits, and scrounged
freezers from university surplus. After a few years of collecting
tissues throughout North, Central, and South America, I went to
work cloning ribosomal RNA genes from Rana.

While I was developing genetic approaches for my disserta-
tion, Bill Duellman approached me about taking a semester-
long trip to the Ecuadorean Andes, where he was studying
marsupial frogs (Gastrotheca). Bill had long been puzzled about
the species limits in the Gastrotheca riobambae complex, and he
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thought that genetic data might help clarify the species
boundaries. I jumped at the opportunity to explore another
tropical country. After four delightful months in the field and
two wrecked field vehicles, I returned to Kansas with a liquid
nitrogen tank full of samples and started examining the genetics
of Gastrotheca. Bill thought there were likely two cryptic species
that had been confused as G. riobambae, plus another couple of
related species he had already described. My analyses suggest-
ed there were actually nine species in the group in the Andes of
Ecuador and that one of the species Bill had described was not
actually distinct from G. riobambae. At first, Bill was highly
doubtful of my results, but as he examined the osteology of the
group in light of the species boundaries my analyses had
suggested, Bill found that the morphological variation he had so
long puzzled over quickly fell into place. Bill was convinced,
and we eventually presented the combined data analyses along
with the description of the new Ecuadorian species (Duellman
and Hillis, 1987). Meanwhile, I became an enthusiastic
proponent of integrating data from different approaches into
systematic studies (Hillis, 1987).

Mitochondrial DNA, PCR, and Barcoding.—The development of
DNA sequencing methods (particularly the method of Sanger et
al., 1977) opened a new door for systematics and species
delimitation. But an early barrier to the use of DNA sequences
in systematics was the enormous size of genomes. Cloning
individual genes from nuclear genomes, as I did for my
dissertation, was tedious and time consuming. In the 1980s, the
most easily isolated portion of the genome was mitochondrial
DNA (mtDNA), which could be separated from the much more
extensive nuclear genome by high-speed centrifugation. After
isolation, mtDNA could be studied by restriction-site analysis
(Lansman et al., 1981) or sequencing (Brown et al., 1982). Studies
of mtDNA began to replace allozyme electrophoresis, as DNA
restriction-site analysis and sequencing proved more repeatable
and comparable across studies relative to allozyme studies
(Avise, 2004).

Downsides of mtDNA analyses, however, include the facts
that mtDNA is inherited (at least in reptiles and amphibians)
from a single parent, and as a single genetic locus. These are
advantages from the standpoint of building a gene tree, because
there is no recombination or lineage sorting across multiple
genes to worry about. From the standpoint of species
delimitation, however, it presents numerous problems. Single
species can exhibit deep divergences of mtDNA, especially in
widely distributed species with many local populations (as is
true for many reptiles and amphibians). In addition, the
uniparental inheritance of mtDNA means that it is not very
useful for detecting hybridization, and is completely uninfor-
mative about genetic contributions of the male parent. Using
mtDNA to understand species relationships is like using family
names (in a paternal system of name descent) to understand
family relationships: it works for one parent but not for the
other.

Another problem with using mtDNA for species delimitation
is that many cases of mtDNA “capture” are now known (e.g.,
Sullivan et al., 2004; Linnen and Farrell, 2007; Hedtke and Hillis,
2011; Ruane et al., 2014). When mtDNA is captured from
another species, it can introgress into the capturing species,
providing signal about the past introgression event, rather than
about phylogenetic or ongoing reproductive relationships. A
“foreign” mtDNA haplotype can spread throughout popula-
tions of a species, or it may result in a deep divergence of

mtDNA haplotypes within a species (Ballard and Whitlock,
2004).

Development of the Polymerase Chain Reaction (Mullis and
Faloona, 1987) made amplification and isolation of specific
genes (both in the mitochondrial and nuclear genome) much
faster and easier. By this time, however, databases of mtDNA
had become so widespread that many people began using short
“barcodes” of mtDNA sequences to identify species (Hebert et
al., 2003). Barcoding using mtDNA is a fast and easy way to
identify species when an appropriate database exists (or can be
created) for the potential target species, and many species have
diagnostic mtDNA haplotypes. Barcoding has proved valuable
in many applications, such as identifying larval life stages and
associating them with adult forms, rapid forensic identification
of species, and environmental-DNA applications. Unfortunate-
ly, the deep divergences of mtDNA gene trees within many
species of reptiles and amphibians (e.g., Burbrink et al., 2000;
Zamudio and Savage, 2003; Baird et al., 2006; Ruane et al, 2014),
as well as the propensity of mtDNA to introgress across species
boundaries, severely limits its use in robust species delimitation,
unless it is combined with information from other sources. In
addition, the move from allozyme studies to mtDNA studies
was often accompanied by a shift from population-level
sampling to sampling one or a few individuals per locality.
The combination of a uniparentally inherited single gene,
sampled from limited numbers of individuals, severely restrict-
ed the ability of systematists to consider gene flow and
reproductive isolation.

High-Throughput Sequencing, Nuclear Genomes, and Coalescent
Theory—The development of PCR also opened up the use of
nuclear DNA sequences to species delimitation studies; however,
gene-by-gene amplification and sequencing of genes can be a
laborious process (Hillis et al., 1996). Automated sequencing
approaches helped with the sequencing of individual genes
(Prober et al.,, 1987), and the development of high-throughput
(“next-generation”) sequencing methods allowed the simulta-
neous sequencing of many nuclear loci (Margulies et al., 2005) or
even of whole genomes (e.g.: Alligator: Wan et al, 2013;
Ambystoma: Nowoshilow et al., 2018; Anolis: Alfoldi et al., 2011;
Chelonia and Pelodiscus: Wang et al., 2014; Nanorana: Sun et al.,
2015; Ophiophagus: Vonk et al., 2013; Python: Castoe et al., 2013;
Thermophis: Li et al., 2018; Xenopus: Hellston et al., 2010). These
new genomic approaches provide a wealth of new data that can
be applied to species delimitation studies, but with these
developments, systematists now need to grapple with the reality
of many individual gene histories within a species lineage.
Hence, multispecies coalescent theory (MSC) often is applied to
the species delimitation problem (Leaché and Fujita, 2010; Yang
and Rannala, 2010; Zhang et al., 2011; Leaché et al., 2014; Yang,
2015).

MSC-based methods examine the histories of multiple gene
lineages within putative species, and ask whether a given
species hypothesis is consistent with the coalescence of a series
of reconstructed gene histories. Conceptually, this makes sense;
however, one must understand two major limitations of this
approach. First, a set of gene trees can be “consistent with”
many different species hypotheses, often with little power to
discriminate among the different possibilities. Therefore, MSC-
based methods are one of several ways of identifying genetic
structure among samples (Sukumaran and Knowles, 2017),
which is the first step in the species delimitation process.
However, the same set of gene trees can be expected in
geographically proximate samples of individuals taken from
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across the range of a widely distributed species or among
distinct species. Therefore, the geography of sampling must be
considered in evaluating species boundaries. For example,
Jackson et al. (2017) showed that analysis of human populations
based on a widely used MSC-based approach (BPP; Yang and
Rannala, 2010) supported the division of Homo sapiens popula-
tions from around the world into four different species, which
clearly is inconsistent with our knowledge of human biology.
Without adequate sampling, or direct examination of contact
zones, or methods that take the geography of sampling into
account, MSC-based approaches can easily misidentify popula-
tion structure within species as boundaries between species.

Second, all MSC-based approaches have many underlying
population and methodological assumptions, many of which
are not even closely met for most species. For example, these
methods assume that all incongruence among genes is the result
of independent lineage sorting (Yang and Rannala, 2010) even
though many other biological processes can lead to gene tree
incongruence. Furthermore, gene flow is assumed not to exist
across test populations; when gene flow is present, it can
severely affect species tree estimation under the MSC (Solis-
Lemus et al., 2016). In addition, many MSC-based methods also
make unrealistic assumptions about the population structure,
constant rates of evolution, and methods for reconstructing
individual genes. Assumptions about these and other factors
rarely are tested or considered in applications of MSC studies
(Zhang et al., 2011; Olave et al., 2014; Barley et al., 2018).
Limited sampling of specimens is especially likely to result in
clusters of geographically proximate samples being identified as
“species” (Schwartz and McKelvey, 2008; Rittmeyer and Austin,
2012; Barley et al., 2018), even if the only genetic structure
within the samples represents classic isolation by distance
(Wright, 1943; Slatkin and Maddison, 1990).

Some recent authors have used MSC-based analyses to divide
wide-ranging species into multiple named forms, despite the
limitations of the methods (e.g., Leaché and Fujita, 2010). In
some cases, wide-ranging species have been split into clusters of
geographically proximate samples that are re-named as species,
even though genetic analyses of adjacent populations suggest
continuous gene flow across the range of samples. MSC-based
methods often support a split of a continuous geographic cline
into multiple species (Barley et al., 2018). For example, Burbrink
and Guiher (2015) proposed splitting both Agkistrodon contortrix
and Agkistrodon piscivorous into two species each, dividing
eastern and western populations of both species in the middle of
the species range, with broad geographic regions of “hybrids”
on either side of the putative species boundaries. In contrast,
other studies of A. contortrix and A. piscivorous (Gloyd and
Conant, 1990; Strickland et al., 2014) have indicated that both of
these species consist of a continuous series of reproductively
connected populations, with very broad and gradual regions of
intergradation between eastern and western populations. The
eastern and western populations may well have been geo-
graphically isolated at some point the past, but they are clearly
not currently geographically or reproductively isolated, and the
central portion of the range of each species consists of a
continuum of genetic and morphological intermediates. Divid-
ing such reproductively continuous populations at an artifactual
intermediate boundary, without evidence of any reproductive
isolation at that boundary, is not delimiting species; instead, it is
the arbitrary slicing of a continuum.

Despite these limitations, MSC-based analyses can be highly
informative about species delimitation, especially when they

integrate information from other analyses, and when sampling
is adequate to consider potential contact zones and gene flow
among connected populations (e.g., Chan et al., 2017; Nieto-
Montes de Oca et al., 2017; Devitt et al., 2019). The depth of
information from genomic studies can be combined with the
breadth of data from better-sampled morphological, ecological,
and behavioral studies to produce comprehensive, robust, and
stable species delimitation.

The Future of Species Delimitation.—Biological classifications are
one of the most visible products of systematics, even though
many people argue that biologists should pay more attention to
the primary results of systematic analyses (phylogenies and
analyses of reproductive boundaries) than to the classifications
that result from these studies (e.g., see Felsenstein, 2004).
Realistically, however, most biologists do not have the training,
time, or skills to interpret systematic data for themselves.
Therefore, they rely on the classifications produced by experts
in a particular group of organisms. Thus, systematics, and
especially classification, is a service provided to the rest of the
biological community, as well as to human society at large, to
inform comparative studies of biology and the public about
biodiversity.

The service aspect of systematics makes it imperative for
systematists to propose changes to classifications only when the
existing classifications are clearly misleading about the evolu-
tionary history of the corresponding organisms. Unnecessary or
premature nomenclatural changes confuse the literature, espe-
cially in widely studied species with extensive bibliographies
(Hillis, 2007a). Each new methodology that has been applied to
species delimitation has brought new information and insights,
but each approach also has its limitations and disadvantages.
No method or data set provides the final answer in science, and
careful species delimitation requires consideration of all
accumulated evidence. Morphological, behavioral, reproduc-
tive, chromosomal, and genetic approaches each have distinct
advantages, and each provide important information about the
complexities of species boundaries and interactions. Thus, it
makes little sense to ignore relevant information from any of
these sources in considering nomenclatural changes.

Unfortunately, a recent trend in species delimitation studies
has been to change the nomenclature for a group of species with
each new data set collected. This trend is especially problematic
when the new approaches merely address the first stage in
species delimitation: that of grouping individuals into putative
lineages without testing whether the identified groups are
evolving independently of one another. Thus, “species” names
get assigned to local populations or artifactual slices of
continuous geographic clines. This does not serve the biological
community or inform other biologists about the actual
reproductive breaks between species. This has been especially
problematic in studies that have subdivided broadly distributed
geographic species largely on the basis of mtDNA haplotypes
(e.g., Bufo valliceps: Mulcahy and Mendelson, 2000; Pantherophis
obsoletus: Burbrink, 2001; Pantherophis guttatus: Burbrink, 2002;
Drymarchon: Krysko et al., 2016 [see Folt et al., 2018]). These
hypotheses about species boundaries associated with mtDNA
haplotypes need to be tested to see whether there are any
reproductive barriers between the respective divergent mtDNA
haplotype lineages. If there are none, then these are simply cases
of deep divergence of mtDNA within species rather than
evidence of multiple species.

An additional disruption to the meanings of species names
comes from the splitting of well-established monophyletic
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genera into many smaller genera, which needlessly changes the
meaning of generic names (an essential part of species
binomials). The drive to make these changes is largely
sociological rather than scientific: some systematists argue that
their work will not be recognized or cited by the scientific
community unless it involves name changes. This largely self-
serving approach to systematics runs counter to the idea that
nomenclature and classification are services to the broader
scientific community and the public and that systematics strives
to inform biology about the boundaries and relationships of
species.

I do not mean to imply that the problems I have outlined in
this paper with some recent species delimitation studies of
reptiles and amphibians apply to all species delimitation
studies. First, I acknowledge that in rarely sampled and poorly
known groups, we often have to do the best we can with
minimal data in making species delimitation decisions. In these
cases, it is better to describe a new species based on the limited
samples and make the presence of the species known to other
biologists than to wait for extensive sampling and genetic
analysis that may never be possible. Second, there are, indeed,
many excellent species delimitation studies in well-known
groups that exhibit none of the problems I described (some of
these are cited above in the section on MSC analyses). A non-
MSC example is the delimitation and description of a new
species of Contia by Feldman and Hoyer (2010) that was
accompanied by thorough geographic sampling and analysis,
consideration of multiple sources of evidence, and careful
examination of contact zones. There have also been previous
pleas for more integrative studies of systematics (e.g., Hillis,
1987; Dayrat, 2005; de Queiroz, 2007; Padial et al., 2010; Schlick-
Steiner et al., 2010). Integration of information should be a
standard practice in all well-sampled and well-studied taxa,
especially if nomenclature changes are proposed (Hillis, 2007a).

I present a modest proposal for sensible nomenclatural
practice in Figure 1. Systematics should be first and foremost
about discovery, description, and explanation of biological
diversity. Nomenclature is a tool that can be used to present
those findings to other biologists. But when should we change
scientific names? Unnecessary changes can confuse and disrupt
the literature, and can make older literature obsolete or difficult
to interpret (see discussions in Hillis, 2007a; Pauly et al., 2009;
Yuan et al. 2016). Nonetheless, name changes are needed when
the existing nomenclature clearly misinforms other biologists
about species boundaries and relationships. I suggest that
before systematists propose a change in names, they should
follow a sensible taxonomic process (Fig. 1). If all accumulated
data on a species or group is consistent in showing that the
existing nomenclature is misleading about evolutionary rela-
tionships or species boundaries, then a systematist revising the
group should fix the problem with as minimal disruption to the
existing taxonomy as possible. But when existing named taxa
represent monophyletic groups and reproductively connected
species lineages, we should leave them alone. Change for
change’s sake is disruptive and counter-productive.

As an illustration of application of the principles shown in
Fig. 1, consider the case of the proposed splitting of the
Holarctic genus Rana into two genera, as discussed by Yuan et
al. (2016). Splitting Rana would change the meaning of a well-
established and well-studied monophyletic group, as well as
change the names of many species that have been the subject of
thousands of biological studies of morphology, physiology,
behavior, development, and genetics. Furthermore, splitting out

Hypothesis formation:
Group individuals into
potential lineages

v

Hypothesis testing:
Are the groups sufficiently
Stage 2 |reproductively isolated to be evolving
independently of one another?

Stage 1

Yes: No: Geographic
Distinct species variation

Does the geographically
variable species have an
available name?

Do the distinct taxa have
available names under the

relevant nomenclatural rules, and
do these names_; have priority over No Yes
other available names?
No -
Yes How can you fix the
problem with the least

Are all the names applied to No
monophyletic groups or
valid species?

disruption to the
current taxonomy?

Yes

Then leave the nomenclature |
the #@%& alone!

Fic. 1. Flow chart of a proposal for sensible nomenclatural practice
in species delimitation studies. Stage 1 and Stage 2 refer to the two
primary steps of the species delimitation process.

some species into a new genus leaves the rest of Rana
paraphyletic (Yuan et al. 2016). We need to stop equating name
changes with systematic “progress.” There are other mecha-
nisms for naming new clades within existing genera (subgeneric
names), which do not change the meaning of well-established
names but still allow biologists to name and discuss newly
discovered subdivisions (Hillis, 2007a). Subjectively changing
the meaning of established names distracts from legitimate
progress in species and clade discovery and advancement of our
understanding of the Tree of Life.

Similarly, I see no reasonable justification for the current trend
of dividing widespread, geographically variable species into
artificial slices of continuous clines (e.g., the division of
Agkistrodon species discussed above). Such splitting is mis-
informative about reproductive boundaries, and it has little
utility for the rest of biology. I predict that the pendulum has
swung too far and that as systematists begin to integrate
previous studies and methodologies with the new genomic
analyses, we will see a reversal of many of the recently
proposed splits of widely distributed species.

The purpose of systematics is to inform humanity about
biodiversity. I am a systematist because I am excited by
biodiversity, and I want to inform others about the diversity
and evolution of life. One of our ways of doing that is through
scientific nomenclature. We have many tools in our systematic
toolbox, and more power to understand species boundaries
than ever before in human history. We need to use all the
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information at our disposal and apply our findings judiciously
and conscientiously. Science is impeded when we change names
needlessly, or without giving full consideration to all the
available data. It is time for all responsible systematists to insist
that we do a better job of serving and informing the rest of the
biological community.
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