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ABSTRACT

Species delimitation requires a broad assessment of population-level variation using multiple lines of evidence, a
process known as integrative taxonomy. More specifically, studies of species limits must address underlying questions
of what limits the distribution of populations, how traits vary in association with different environments, and whether
the observed trait differences may lead to speciation through reproductive isolation. While genomic data have
revolutionized the process of delimiting species, such data should be analyzed along with phenotypic, behavioral,
and ecological traits that shape individuals across geographic and environmental space. The integration of multiple
traits promotes taxonomic stability and should be a major guiding principle for species delimitation. Equally important,
however, is thorough geographic sampling to adequately represent population-level variation—both in allopatry and
across putative contact zones. We discuss the importance of both of these factors in the context of species concepts and
traits and present different examples from birds that illustrate criteria for species delimitation. In addition, we review a
decade of proposals for species-level taxonomic revisions considered by the American Ornithological Society’s North
American Classification Committee, and summarize the basis for decisions on whether to split or lump species. Finally,
we present recommendations and discuss challenges (specifically permits, time, and funding) for species delimitation
studies. This is an exciting time to be studying species delimitation in birds: many species-level questions remain, and
methodological advances along with increased access to data enable new approaches to studying age-old problems in
avian taxonomy.

Keywords: contact zones, ecology, genomics, geographic sampling, integrative taxonomy, phenotype, species
delimitation

LAY SUMMARY

« Standardized taxonomy and nomenclature are fundamental to biodiversity research and conservation, with
wide-reaching impacts for diverse stakeholders.

- Rigorous approaches to species delimitation require an integrative assessment of population-level variation using
multiple lines of evidence and robust geographic sampling.

« Sampling should reflect phenotypic, ecological, and behavioral trait variation and include contact zones between
divergent populations if relevant.

« We review basic concepts and criteria in species delimitation, drawing from examples across different avian lineages.

« We summarize the outcomes of a decade of species-level proposals considered by the American Ornithological
Society’s North American Classification Committee.

« We provide recommendations and discuss challenges for researchers interested in pursuing species-level taxonomic
studies.

+ Many species-level questions remain in ornithology, and this is an exciting time to be studying integrative species
delimitation in birds.
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Integrative species delimitation

La taxonomia integradora y el muestreo geografico subyacen a la delimitacion de especies exitosa

RESUMEN

La delimitacion de especies requiere una evaluacién amplia de la variacion a nivel de poblaciones utilizando multiples
lineas de evidencia, un proceso conocido como taxonomia integradora. En especifico, los estudios de limites de especies
deben abordar preguntas subyacentes acerca de qué delimita la distribucién de las poblaciones, cémo varian los rasgos
en asociaciéon con diferentes ambientes y si las diferencias observadas en los rasgos pueden conducir a la especiacién
a través del aislamiento reproductivo. Si bien los datos genémicos han revolucionado el proceso de delimitar especies,
dichos datos deben analizarse en conjunto con los rasgos fenotipicos, de comportamiento y ecolégicos que moldean
a los individuos en el espacio geogréfico y ambiental. La integracién de multiples rasgos promueve la estabilidad
taxondmica y deberia ser un principio rector importante para la delimitacién de especies. Sin embargo, igualmente
importante es el muestreo geografico exhaustivo para representar adecuadamente la variacién a nivel de poblaciones—
tanto en alopatria como en potenciales zonas de contacto. Discutimos la importancia de ambos factores en el contexto
de conceptos de especie y los atributos de las especies, también presentamos diferentes ejemplos de aves que ilustran
los criterios para la delimitacion de especies. Ademas, revisamos una década de las propuestas consideradas por el
Comité de Clasificacion de América del Norte de la Sociedad Americana de Ornitologia y resumimos el fundamento
utilizado para tomar las decisiones de separar o unir especies. Finalmente, presentamos recomendaciones de muestreo
y discutimos los desafios (especificamente permisos, tiempo y financiamiento) para realizar estudios de delimitacién de
especies. Es un momento emocionante para estudiar la delimitacién de especies en aves: quedan muchas preguntas
a nivel de especie y los avances metodoldgicos junto con un mayor acceso a datos permiten nuevos enfoques para
estudiar problemas antiguos de la taxonomia de aves.
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delimitacion de especies

INTRODUCTION

Researchers interested in understanding and describing
species limits must have a firm grasp of what limits the dis-
tribution of populations, how traits vary in association with
different environments, and whether the observed trait
differences reflect pre- or post-zygotic barriers to repro-
duction (Price 2008, Hudson and Price 2014). For example,
morphological differences may arise because of adaptation
to local environmental niches (Pigot et al. 2020), and sub-
sequent genomic changes may lead to lineage divergence
and ultimately speciation (e.g., Hawaiian honeycreepers;
Campana et al. 2020). Likewise, song differences may result
from acoustic adaptation to specific habitats, morpholog-
ical constraints, evolutionary history, and/or cultural drift
(Derryberry 2009, Giraudeau et al. 2014, Potvin and Clegg
2015, Karin et al. 2018, Derryberry et al. 2020), which in
turn may lead to species recognition and reinforcement
(Pfennig 2016). “Integrative taxonomy, in which mul-
tiple lines of evidence from different suites of traits (e.g.,
ecology, genetics, phenotype, behavior, and/or geography)
are analyzed to identify evolutionary lineages, is a par-
ticularly useful approach for delineating species (Padial
et al. 2010, Schlick-Steiner et al. 2010, Fujita et al. 2012,
Ribeiro et al. 2014, Venkatraman et al. 2019). Likewise,
documenting how traits vary across space and time, and
using that information for taxonomic decisions, is critical
for conserving biological diversity (Sangster 2018).

The advent of Sanger and later genomic sequencing
methods, along with associated analytical approaches
(e.g., coalescent-based species delimitation; Fujita et al.
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2012), has provided new tools for uncovering diversity and
delimiting species. Such advances have led to significant
findings regarding patterns and processes of genetic varia-
tion, and how hybridization and introgression between di-
vergent populations affect species limits (Gowen et al. 2014,
Toews et al. 2016, Billerman et al. 2019). While genomic
data have revolutionized the field of systematics, studies
aimed at delimiting species are best framed in the context
of individual phenotypic, behavioral, and ecological traits
across geographic and environmental space. A strong sam-
pling scheme coupled with integrative approaches that
examine different suites of traits will result in a clearer pic-
ture of geographic variation in phenotypes and genotypes,
their association with the environment, the importance of
biotic interactions in driving trait variation (e.g., character
displacement), and species limits (Wang et al. 2019).
Given the extensive literature on species delimitation
(Google Scholar search on the term “species delimita-
tion” July 3, 2020 resulted in 126,000 papers), it is beyond
the scope of this paper to review all of the concepts and
methods that have been proposed to address this complex
topic. Rather, we address species delimitation with 5 goals:
(1) provide an overview of species concepts and traits as
a framework for discussing species delimitation in birds;
(2) present criteria for species delimitation, illustrated by
avian examples; (3) emphasize the importance of robust
geographic sampling and the consequences of biased sam-
pling; (4) review species delimitation in practice, using the
American Ornithological Society’s (AOS) North American
Classification Committee (NACC) as an example; and
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(5) provide recommendations and discuss challenges for
current and future researchers, especially students and
early-career professionals who are interested in pursuing
species-level taxonomic studies.

SPECIES CONCEPTS AND TRAITS

Species concepts have been the subject of much debate
for decades (Mayr 1957, McKitrick and Zink 1988, Zink
and McKitrick 1995, Johnson et al. 1999, De Queiroz 1998,
2007, Ottenburghs 2019). Although this paper does not
seek to critique different species concepts, the topic is un-
avoidable when discussing species delimitation. Different
concepts agree that species represent separate evolutionary
lineages, but they disagree on the criteria (e.g., reproduc-
tive isolation, diagnosability, monophyly) used to delimit
species along the divergence continuum (De Queiroz 2007,
Ottenburghs 2019). The Biological Species Concept (BSC;
Mayr 1940, 1942) and the Phylogenetic Species Concept
(PSC; Cracraft 1983) have been applied most commonly
in ornithology. The BSC is inherently attractive because it
incorporates the property of interbreeding, with reproduc-
tive isolation as the main criterion used to delimit species.
Arguments against the BSC (Zink and McKitrick 1995; but
see counter-arguments by Johnson et al. 1999) focus on its
difficult application to allopatric populations, hybridizing
lineages, and non-historical groups. Although the BSC
may be challenging to apply at times, it can be used to eval-
uate the taxonomic status of populations based on multi-
trait analyses (Young et al. 2000) and estimated divergence
times among closely related lineages relative to geo-
graphic breaks (Ramirez-Barrera et al. 2018, Venkatraman
et al. 2019). Under pragmatic applications of the BSC, it
is important to recognize that low levels of hybridiza-
tion may occur even in well-delineated species (Toews
et al. 2018, 2020). The incorporation of modern genomic
data provides increased resolution for diagnosing species
while uncovering the genetic basis of reproductive isola-
tion (Ottenburghs 2019), and further enables characteri-
zation of the genomic landscape of introgression (Martin
and Jiggins 2017). Proponents of the PSC argue that it is
easier to apply operationally than the BSC because it relies
on objective criteria of diagnosability and monophyly.
While these are tangible considerations, critics of the PSC
have focused on the arbitrariness of setting diagnosability
levels, the need to consider multiple traits and their geo-
graphic variation, the attention on pattern vs. process, and
the reality of species-level paraphyly or polyphyly due to
reticulation (Johnson et al. 1999, Funk and Omland 2003,
Freudenstein et al. 2017). Furthermore, shared traits may
result from convergent evolution rather than phyloge-
netic history (Pigot et al. 2020). Other concepts such as
the General Lineage Concept of Species (De Queiroz 1998,
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2007) provide a unifying approach by separating the concept
of species (a separately evolving metapopulation lineage)
from the operational criteria used for species delimitation.
It also asserts that any evidence of lineage divergence is rel-
evant to determining species limits, and that species de-
lineation is strengthened by corroboration among multiple
lines of evidence (De Queiroz 2007). Likewise, an analysis
of the application of species criteria in avian taxonomic
studies concluded that different criteria can be viewed as
complementary rather than as rival approaches to species
delimitation (Sangster 2014). While species are viewed as
historically connected populations, restricting the concept
to lineages is insufficient without integrating their unique
ecological roles and extended phenotypes (Freudenstein
et al. 2017).

We approach the issue of species delimitation from the
perspective of the General Lineage Concept of Species (De
Queiroz 1998, 2007), but follow the NACC in viewing evi-
dence for essential (not necessarily complete) reproductive
isolation per the BSC (Mayr 1940, 1942) as important for
assessing species limits. We also adhere to the importance
of integrating multiple traits—per the extended phenotype
(Freudenstein etal. 2017)—to corroborate species limits (De
Queiroz 2007). Our fundamental premise is that interpre-
tation of species limits requires an understanding of their
basic natural history, ecology, and factors influencing their
distribution and geographic variation. This reflects several
long-standing principles (Mayr 1940, Grinnell 1943) un-
derlying species and their relationship to the environment:
(1) species consist of populations that are separated geo-
graphically and/or ecologically and that have the potential
for not interbreeding where they come into contact (Mayr
1940); (2) species’ distributions are limited strongly by
their environment, reflecting adaptations to different abi-
otic as well as biotic conditions (Grinnell 1917); (3) traits
that characterize species are shaped through geographic
and environmental isolation; this holds true whether their
populations occur on oceanic islands (Johnson 1972, Baier
and Hoekstra 2019, Hanna et al. 2019), islands of montane
habitat (Bowie et al. 2004, Tennessen and Zamudio 2008,
Manthey and Moyle 2015), or ecologically variable habitats
on continents (Pitelka 1951, Bardwell et al. 2001, Cicero
and Koo 2012); and (4) ecoregions and associated “faunal
districts” (Grinnell 1915, 1935) represent important areas
for evolutionary change driven by environmental factors.
Furthermore, ecotones between different habitats may be
a source of evolutionary novelty (Smith et al. 1997) and
often represent contact or suture zones between divergent
lineages (Harrison 1993, Cicero 2004).

A fifth and more controversial principle is that subspe-
cies are critical stages in evolution, forming part of a con-
tinuum from limited differentiation among populations to
reproductive isolation per the General Lineage Concept
of Species (De Queiroz 2007). The utility of subspecies
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has been debated for decades, and many subspecies re-
quire reexamination to assess their validity (Wiens 1982,
Zink 2004, Phillimore and Owens 2006, Winker and Haig
2010). In North American birds, for example, most avian
subspecies were described decades ago based on few
specimens and characters, and names have been applied to
populations that are barely diagnosable, differ clinically, or
show strong phenotypic differences (Johnson 1982, Cicero
2010). Furthermore, molecular and phenotypic characters
often conflict at the subspecies level, and subspecies may
represent local adaptation (Luttrell et al. 2015, Walsh
et al. 2017) that does not necessarily lead to speciation.
Nonetheless, subspecies bring attention to recognized ge-
ographic variation in traits and often exhibit genetic dif-
ferentiation as well (Phillimore and Owens 2006, Winker
2009, Patten and Remsen 2017). Thus, they can be useful
for elucidating biological differences that are potentially
meaningful for species delimitation (Cicero and Johnson
2006, Winker and Haig 2010, and papers therein).

CRITERIA FOR SPECIES DELIMITATION

Given the importance of rigorously defining species for
studying and conserving biodiversity (Wiens 2007, Stanton
et al. 2019), what criteria can be applied broadly for species
delimitation? Sangster (2014) provided a thorough review
of different criteria and how those relate to different spe-
cies concepts. Although the process of identifying species
limits is inherently arbitrary in some cases, especially for
allopatric populations, efforts have been made to develop
quantitative criteriabased onlevels of differentiationin phe-
notype (Tobias et al. 2010) or genetics (Hebert et al. 2004,
Moritz and Cicero 2004, Roux et al. 2016). Multispecies
coalescent methods for analyzing phylogenetic and ge-
nomic data (Yang and Rannala 2010, Jiang et al. 2020) also
have advanced taxonomic studies, although questions
have been raised about their application to species delim-
itation (Sukumaran and Knowles 2017). Regardless of the
methods used to study species, speciation occurs along
a continuum of genetic and phenotypic divergence (De
Queiroz 2007, Roux et al. 2016). At one extreme, species
may show weak genetic divergence but strong divergence
in other traits. For example, Red-breasted and Red-naped
sapsuckers (Sphyrapicus ruber and S. nuchalis) have low
levels of divergence in allozymes (Johnson and Zink 1983),
mitochondrial DNA (mtDNA, Cicero and Johnson 1995),
and across thousands of single nucleotide polymorphisms
acquired through a reduced genomic approach (Billerman
et al. 2019). Nonetheless, these species are clearly diagnos-
able in plumage, and they maintain phenotypic boundaries
in the face of extensive admixture, likely due to strong as-
sortative mating where they contact (Johnson and Johnson
1985, Billerman et al. 2019). Similarly, Hooded and Carrion
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crows (Corvus cornix and C. corone) show low levels of
genomic differentiation and exhibit introgression across
most of the genome, yet also demonstrate divergence con-
centrated in a relatively small number of genes involved
in pigmentation (gray vs. black feathers, respectively)
and visual perception. Like the sapsuckers, these crows
show assortative mating preferences based on plumage
differences, thus maintaining phenotypic differences in
spite of extensive gene flow (Poelstra et al. 2014). A third
but more controversial case involves the Common, Hoary,
and Lesser redpolls (Acanthis flammea, A. hornemanni,
and A. cabaret), which exhibit continuous variation in
plumage and morphology, show substantial niche overlap,
and have largely undifferentiated genomes (Mason and
Taylor 2015). Evidence regarding mating behavior (i.e. as-
sortative or mixed pairs, hybrid offspring) is mixed (Mason
and Taylor 2015) and requires further study. While these
data call into question species boundaries in the redpoll
complex and suggest a single, polymorphic species that has
undergone rapid phenotypic evolution, whether they rep-
resent 1, 2, or 3 species remains unsettled.

At the other extreme, species may show deep molec-
ular divergence but little phenotypic differentiation. One
classic example involves sibling species of Empidonax
flycatchers, which are renowned for their morpholog-
ical stasis in the face of genetic, vocal, and ecological
differences (Johnson and Cicero 2002). Another involves
morphologically cryptic species where molecular markers
have been used to reveal divergent lineages that also differ
in behavioral and ecological traits (e.g., Brazilian tyrant-
flycatchers, Chaves et al. 2008; American and Pacific
Golden-Plovers, Withrow and Winker 2014; Amazonian
bird species pairs, Pulido-Santacruz et al. 2018; Andean
antpittas, Chesser et al. 2020). Likewise, phenotypic
convergence may lead to broad-scale similarity that
masks deep divergences or polyphyly, as in the case of
Sporophila seedeaters (Mason et al. 2018). Pronounced
ecological differences are not a strict prerequisite for re-
productive isolation to evolve (Rundell and Price 2009).
Rather, mutations and genomic incompatibilities can ac-
crue in allopatry independently from ecological varia-
tion, leading to reduced reproductive compatibility upon
secondary contact (Orr and Turelli 2001). Cryptic spe-
cies occur across diverse groups of plants and animals in
both temperate and tropical regions and are continuously
being reported; therefore, they contribute importantly
to understanding patterns and processes of diversifica-
tion and can provide novel insights for assessing species
boundaries that should be incorporated into biodiversity
science and conservation (Fujita et al. 2012, Espindola
et al. 2016, Fiser et al. 2018).

Because different types of data may show conflicting
patterns, species delimitation studies that incorporate
multiple traits in an integrative taxonomic framework
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provide a more comprehensive view of lineage diversi-
fication and species limits. An excellent recent example
involves the Unicolored Jay (Aphelocoma unicolor), which
has 5 subspecies found in different cloud forest regions
of Mexico and Central America (Venkatraman et al.
2019). Analyses of genomic divergence (thousands of
ultraconserved elements), phenotype (morphology and
plumage), and ecological niche (temperature and precip-
itation) showed that populations of each subspecies rep-
resent 5 lineages that occupy isolated forest patches; 2—4
of these lineages may represent distinct species based
on comparisons with other species-level divergences in
Aphelocoma Jays (Venkatraman et al. 2019), although there
is some debate on whether these lineages should be ele-
vated to species status (https://americanornithology.org/
nacc/current-prior-proposals/2020-proposals/proposals-
2020-¢/#2020-C-17). One concern is the lack of vocal data,
which the authors acknowledged would add value to their
integrative dataset—the limitation being the availability of
samples to address this question quantitatively.

Another comprehensive example of integrative tax-
onomy involves a pair of incipient shorebird species with
parapatric breeding ranges: the Kentish Plover (Charadrius
alexandrinus) and White-faced Plover (C. dealbatus)
(Wang et al. 2019). Prior work confirmed differences in
morphology, plumage, ecology, and behavior, but found
no evidence of genetic differentiation (Rheindt et al
2011), thus leading to uncertainty about their taxonomic
status and mixed treatment in checklists of avian diver-
sity (Clements 2019, Gill et al. 2020, del Hoyo et al. 2020).
Wang et al. (2019) revisited this case by sampling broadly
(n = 454 individuals from 19 populations, including a con-
tact zone) with a focus on obtaining data for mitochondrial,
nuclear, and microsatellite markers, in combination with
morphological measurements, ecological niche models,
and stable isotope (dietary) profiles, to assess species limits
and gene flow. Evidence of character displacement and
ecological niche differentiation suggested that divergent
selection associated with ecological differences led to in-
cipient speciation in the face of historical symmetric gene
flow. Although the authors detected only a small number
of hybrids and did not find a broad hybrid zone where these
taxa overlap, they acknowledged that a narrow hybrid zone
may be observed with more fine-grained sampling. Taken
together, the data by Wang et al. (2019) provide evidence
that Kentish and White-faced plovers are distinct lineages
that deserve full species status under the General Lineage
Concept of Species (De Queiroz 2007). However, strict ad-
herence to the criterion of reproductive isolation under
the BSC, and desire for an increased sampling of the con-
tact zone, may lead some taxonomists to oppose the split,
highlighting the nuances of many species-level taxonomic
proposals.
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While integrative taxonomy is an important guiding
principle for species delimitation, there are cases where a
complex evolutionary history and behavioral observations
of mating preferences present a taxonomic challenge de-
spite diagnosability across multiple traits. One classic but
controversial example involves the Yellow-rumped Warbler
(Setophaga coronata) complex. This species currently
consists of 4 subspecies (S. ¢. coronata, S. c. auduboni,
S. . nigrifrons, and S. c. goldmani; Clements et al. 2019) that
are diagnosable phenotypically, genetically, ecologically, vo-
cally, and in migratory behavior (Hubbard 1969, Mila et al.
2007, 2008, Brelsford et al. 2011, Toews et al. 2013, 2016).
Data thus far have resulted in a recommendation to split
the Yellow-rumped Warbler into 3 species (Toews et al.
2016), which is followed by some taxonomic authorities
(Gill et al. 2020): Goldman’s Warbler (S. goldmani),
Myrtle Warbler (S. coronata), and Audubon’s Warbler
(S. auduboni, including S. a. auduboni and S. a. nigrifrons).
However, several factors complicate species delimitation
in this complex. First, Brelsford et al. (2011) provided ev-
idence that S. auduboni originated through hybridization
between long-diverged coronata and nigrifrons; Jacobsen
and Omland (2011) likewise acknowledged the role that
gene flow plays in speciation, but suggested that other pos-
sible scenarios may be elucidated with more thorough ge-
ographic sampling. Second, Toews et al. (2016) noted the
need for a further sampling of auduboni and nigrifrons
near putative contact zones to assess levels of gene flow
and reproductive isolation between those taxa (also see
Mil4 et al. 2011). Third, a close study of the narrow contact
zone between S. ¢. coronata and S. c. auduboni (Hubbard
1969, Brelsford and Irwin 2009) has shown that assortative
mating is weak or absent, leading to extensive hybridization
within the zone but strong differences away from the zone.
The limited width and temporal stability of the zone, along
with evidence for fixed differences at 2 nuclear loci and
concordance with plumage patterns, have been invoked
to argue for postmating reproductive isolation, selection
against hybrids, and species status (Brelsford and Irwin
2009). However, a genome-wide analysis of the complex
(Toews et al. 2016) did not include samples from the contact
zone, and those authors note that further study is needed to
elucidate how divergent genomic regions relate to pheno-
typic differences and reproductive barriers in areas of sym-
patry. While the S. coronata complex appears to be in the
process of incipient speciation (Brelsford and Irwin 2009),
the debate continues over whether these represent biolog-
ical species and how many species to recognize. Twice over
the past decade, the NACC has reviewed proposals to split
this complex into 2—4 species, and the majority consensus
has been to retain the status quo for now; see comments
for proposals 2010-A-4 (https://americanornithology.org/
nacc/current-prior-proposals/2010-proposals/comments-

Ornithology 138:1-15 © 2021 American Ornithological Society

1202 udy g1 uo Jasn AysiaAlun ale)s eueisinoT Aq 8212229/6009exn/ABojoyiulo/e60 L 0L /10p/a[o1e-80uBAPE/ Y NE/WOo2 dno-dlwepeoe//:sdiy woij papeojumoq


https://americanornithology.org/nacc/current-prior-proposals/2020-proposals/proposals-2020-c/#2020-C-17
https://americanornithology.org/nacc/current-prior-proposals/2020-proposals/proposals-2020-c/#2020-C-17
https://americanornithology.org/nacc/current-prior-proposals/2020-proposals/proposals-2020-c/#2020-C-17
https://americanornithology.org/nacc/current-prior-proposals/2010-proposals/comments-2010-a
https://americanornithology.org/nacc/current-prior-proposals/2010-proposals/comments-2010-a

6 Integrative species delimitation

2010-a) and 2017-A-9 (https://americanornithology.
org/nacc/current-prior-proposals/2017-proposals/
comments-2017-a).

GEOGRAPHIC SAMPLING

Species delimitation based on integrative taxonomy
requires robust geographic sampling to capture trait var-
iation across the distributional and environmental range
of populations and any described subspecies. Likewise,
more intensive sampling is often necessary where pheno-
typically and/or ecological divergent populations contact.
Developing a strategy for sampling requires an under-
standing of species traits as outlined previously. For this
reason, species delimitation should incorporate targeted
field sampling where possible rather than relying solely
on existing material in museum collections (although ex-
isting samples may be used to supplement field-collected
material). Familiarity with organisms in their natural en-
vironment, and first-hand experience with geographical
differences in ecology, behavior, and phenotype, is indis-
pensable for interpreting patterns of divergence in ge-
nomic or other traits.

Although exhaustive sampling is often logistically diffi-
cult, especially for taxa that occupy large or remote geo-
graphic regions, incomplete sampling may lead to biased
findings. Simulations supported by empirical analyses have
shown that sampling can have a clear effect on species de-
limitation scenarios, especially where there are strong
patterns of isolation by distance (Mason et al. 2020). In
a study of the Empidonax difficilis/E. occidentalis com-
plex, dense sampling from a previously unsampled por-
tion of the range in Mexico uncovered paraphyly and a
cryptic lineage based on genomic data, thus highlighting
the consequences of biased geographic sampling for spe-
cies delimitation (Linck et al. 2019). Another study of
Sagebrush and Bell’s sparrows (Artemisiospiza nevadensis
and A. belli, respectively) with extensive sampling (Figure 1)
revealed both concordant and discordant differences
among populations and subspecies (Johnson and Marten
1992, Cicero and Johnson 2007, Cicero and Koo 2012,
Karin et al. 2018). Dense sampling and analyses of genetic,
morphological, vocal, and ecological niche variation in
different environments and across a narrow contact zone
between A. nevadensis and A. belli canescens showed con-
cordant patterns and abrupt transitions in all of these traits.
The sampling also uncovered discordance in 2 populations
of A. b. canescens (southern San Joaquin Valley and Mojave
Desert of California) that are geographically separated by
the Tehachapi Mountains. Although these 2 populations
are similar in body size, plumage coloration, song, and
ecology, they are genetically distinct (Cicero and Koo 2012,
Karin et al. 2018). Findings show that A. b. canescens from
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the San Joaquin Valley is allied genetically with A. b. belli
from the California Coast Ranges, even though A. b. belli
differs in phenotype (smaller and darker), song (more rapid
with a distinct structure), and environment (denser chap-
arral habitat, different bioclimate) (Johnson and Marten
1992, Cicero and Koo 2012, Karin et al. 2018). This dis-
cordance, which requires further study, would not have
been uncovered if A. b. canescens was represented only by
samples from the Mojave Desert, which is the primary ec-
oregion that it occupies.

While sampling in contact zones is important for
inferring reproductive isolation and species limits on
the basis of different traits (per the BSC), this is not pos-
sible for allopatric populations. Despite the challenge of
delimiting species in these cases, sampling that covers the
geographic distribution of allopatric populations, and that
integrates multiple traits, should remain a driving principle
for these kinds of studies (Fujita et al. 2012). Quantitative
methods for comparing genetic and phenotypic traits
among allopatric populations provide metrics of diver-
gence that can be useful when determining species status
and identifying cryptic species (Campbell et al. 2016).
Likewise, the incorporation of Geographic Information
System (GIS) analyses—along with genetics, morphology,
and behavior—can be used to rigorously examine how
traits are distributed across environmental space and to
understand what limits the geographic and ecological
range of populations (Raxworthy et al. 2007, Wiens 2007).

SPECIES DELIMITATION IN PRACTICE: THE NACC

Standardized taxonomy and nomenclature are critical for
research and conservation, and impact diverse stakeholders
including scientists, educators, students, wildlife
managers, government agencies, and the general public.
In ornithology, this extends to the millions of birdwatchers
who use field guides and apps for species identification or
who contribute to citizen science efforts such as eBird.
Thus, it is the responsibility of biologists to approach spe-
cies delimitation scientifically and objectively and make
use of the best available published data. The AOS NACC
is responsible for reviewing data that relate to the system-
atics, taxonomy, and nomenclature of birds from the North
Pole to the boundary between Panama and Colombia, in-
cluding adjacent islands. Thus, the committee serves all of
these diverse interest groups who rely on its decisions for
species-level taxonomy. The NACC operates on a proposal
basis, whereby proposals may be submitted by anyone (ei-
ther on the committee or not) who considers that a change
is warranted. There is an open process for proposal sub-
mission, and the NACC’s Early Career Systematics Group
has helped to engage a new and more diverse generation
of scientists in taxonomic and nomenclatural issues. The
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FIGURE 1. Maps showing the distribution and sample sizes for a species delimitation study of Artemisiospiza nevadensis and A. belli.
(A) Samples used in morphological and genetic analyses (allozymes, mtDNA, microsatellites). (B) Samples used in song analyses.
Ranges of the continental USA taxa (A. nevadensis, A. b. belli, A. b. canescens) are shown. The subspecies A. b. clementeae, endemic to the
California Channel Islands, was studied for song and genetic variation. A fifth subspecies from northern Baja California (A. b. cinerea)
was not studied. The figure illustrates the multiple traits used for species delimitation, and the emphasis on broad sampling with more
intensive coverage where A. nevadensis and A. belli contact in eastern California.

content of proposals ranges from species delimitation to
changes in higher-level classification or linear sequence,
English name changes, and distributional records. All
proposals are reviewed critically by committee members,
and external input may be solicited to provide additional
perspectives on specific issues. In addition, informa-
tion and resources not mentioned in the proposal (e.g.,
other literature, audiovisual repositories such as xeno-
canto [https://www.xeno-canto.org/] or Macaulay Library
[https://macaulaylibrary.org/], museum specimens, per-
sonal field experiences) also may be brought to bear on
the proposal topic. Members then provide discussion and
comments internally, which sometimes involve delibera-
tion and debate on certain topics, and ultimately vote on
each proposal. Successful proposals (i.e. proposals that
pass) must receive at least two-thirds majority vote. All
votes and comments, as well as guidelines for proposals
and English name changes, are posted for transparency on
the AOS’s website. For more information about how the
committee operates and to view proposals, visit the AOS
website (https://americanornithology.org/nacc).
Historically, the NACC has followed the BSC in theory
and practice (American Ornithologists’ Union 1998).
Furthermore, in the interest of taxonomic stability, the

committee tends to operate conservatively and requires
strong justification for the change. As noted in the preface
to the Check-list (American Ornithologists’ Union 1998),
the committee favors multiple lines of evidence and in-
dependent datasets that provide an integrative perspec-
tive. To investigate how the NACC implements species
delimitation in practice, we reviewed NACC proposals
that evaluated species-level issues from 2008 to 2018
and assessed the basis for why a proposal passed or not.
We considered a total of 138 proposals (Supplementary
Material Table S1), but excluded 19 that involved extralim-
ital or exotic taxa (e.g., where other authorities take pri-
ority) or where the proposal was later withdrawn. We also
excluded 10 proposals where the author recommended re-
jection, with the intent to get a NACC decision on record.
For the remaining 109 proposals, we recorded the following
information: (1) Traits mentioned in the proposal (and
references therein) as the basis for a recommended spe-
cies split or lump. These included genetics, morphology,
plumage, voice, other behavior, and habitat. Typically, this
is provided in the “New Information” section of a proposal,
but also may include information in the “Background” sec-
tion. (2) The total number of genetic samples analyzed, if
applicable (regardless of the geographic coverage, which
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FIGURE 2. Distribution of votes for AOS North American
Classification Committee proposals (2008-2018) that passed
vs. failed. Data reflect the number of proposals that received a
certain percentage of votes in favor of (“Yes”) or against (“No”) a
proposal.

is clearly important but often not specified in proposals).
(3) The known distribution of the proposed species (i.e.
whether populations are allopatric or parapatric). (4)
Whether the contact zone was sampled, if applicable
(i.e. for parapatric populations). (5) The number of “yes”
and “no” votes for each proposal. (6) A summary of the
comments in favor of, or against, a proposed split or lump.

Slightly more than half (60, 55%) of the 109 proposals
concerned passerines compared to non-passerines (49,
45%). One striking result was that only 67 (61%) of the
proposed changes in species delimitation were successful.
Furthermore, successful proposals were much more
likely to get a unanimous vote compared to unsuccessful
proposals; 39 (58%) of the 67 successful proposals received
aunanimous “yes” vote, while 4 (10%) of the 42 unsuccessful
proposals received a unanimous “no” vote. The distribu-
tion of the number of votes for proposals that passed vs.
those that failed (Figure 2) provides a metric for evaluating
the level of agreement in favor of, or against, a proposal.
Strong, convincing proposals typically received majority or
unanimous votes supporting the change, while proposals
with more mixed votes reflect greater contention or disa-
greement about the strength of the argument being made.
Interestingly, there was no difference in the mean number
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TABLE 1. Summary of traits mentioned in AOS North American
Classification Committee proposals that passed or failed. Values
indicate the number of proposals that mentioned a particular
type of trait.

Passed Failed
Trait mentioned in proposal (n=67) (n=42)
Genetics 47 39
Morphology 45 25
Plumage 48 25
Voice 44 24
Other behavior 18 12
Habitat 16 15
Number of traits mentioned (mean) 33 33
Number of traits mentioned (range) 1-6 1-6

or range of traits mentioned between successful and un-
successful proposals; however, more successful proposals
referenced genetic data and other kinds of traits compared
to unsuccessful proposals (Table 1). Furthermore, congru-
ence among traits was viewed as supporting evidence for
the proposed species delimitation—thus reflecting an inte-
grative taxonomic approach in practice.

The total number of traits examined is not an adequate
measure of a successful proposal because of differences in
(1) the types of data presented, (2) the number and geo-
graphic distribution of samples, and (3) whether the in-
formation is qualitative or quantitative (Supplementary
Material Table S1). For example, of the 69 proposals
that mentioned vocalizations, most involved qualitative
assessments while a small number (z = 29) was based
on quantitative analysis of acoustic traits and even fewer
(n = 5) referenced formal playback experiments. Likewise,
of the 94 proposals that included published genetic data,
there was wide variation in the number and type of loci
examined and in the number of individuals sampled.
The scale of genetic datasets ranged from single-locus
mitochondrial gene sequences to multi-locus Sanger
sequencing datasets to more recent genomic data with
thousands of loci. Similarly, sample sizes varied from a few
individuals (Rhynchopsitta pachyrhyncha/R. terrisi, pro-
posal 2014-A-9, part of a larger phylogeny) to nearly 700 in
the case of Aphelocoma californica/A. woodhouseii (pro-
posal 2016-A-1).

Another important consideration was the extent
to which contact zones were sampled for parapatric
populations. Of the 109 proposals considered here, 41 in-
volved taxa with populations that were known or thought
to occur in parapatry; the other 68 involved allopatric
populations. As noted previously, sampling in contact
zones is important for assessing species limits in the con-
text of the BSC (the operational concept for the NACC).
Although this only applies to parapatric populations, the
relative paucity of data from contact zones was noteworthy.
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Of the 41 proposals involving parapatric populations, only
about half (n = 22) reported some level of sampling in
the contact zone. Furthermore, contact zone data varied
from minimal sampling (e.g., n = 3, Poecile gambeli, pro-
posal 2010-A-3) to more focused efforts (e.g., Troglodytes
troglodytes/T. pacificus, proposal 2009-A-3; Artemisiospiza
belli/A. nevadensis, proposal 2013-A-8). Despite the fact
that parapatric populations present an opportunity to di-
rectly assess species limits, relatively few proposals re-
flected a concerted effort to sample in contact zones.

Because contact zone sampling does not apply to al-
lopatric populations, it is worth examining the extent
to which those proposals involved multi-trait studies.
Corroboration of multiple lines of evidence provides
a stronger justification for species limits than single-
trait analyses (Sangster 2018), especially in the ab-
sence of direct evidence from contact zones. Of the 68
proposals involving allopatric populations, the majority
(61, 90%) examined 2 or more traits and 68% reported
on 3 or more traits. A higher proportion of successful
proposals for allopatric taxa mentioned multiple traits.
There were no proposals that passed on the basis of ge-
netic data only.

Given these variables, what made a successful proposal
to split or lump species? Our review revealed wide vari-
ation in the content of proposals, including the number
and types of traits examined, whether the evidence was
quantitative or qualitative, and the extent of sampling
(total number of samples and whether they extended into
contact zones for parapatric populations). Thus, a direct
comparison of proposals is difficult. Nonetheless, features
of successful proposals can be summarized in 4 main
points, as revealed by our review and proposal comments
(Supplementary Material Table S1): (1) Multiple sets of
traits were diagnosed, showed congruent patterns, and
could be used to infer likely reproductive isolation (or lack
thereof), regardless of whether the taxa occurred in allop-
atry. In general, diagnosability followed by reproductive
isolation is the most frequently applied criteria for species
delimitation (Sangster 2014), although the latter is often a
judgment call in the case of allopatric populations; in cases
where reproductive isolation cannot be tested directly, the
key is in evaluating concordance in different diagnosable
traits among populations (Padial et al. 2010). (2) Data were
based on robust geographic sampling, including the avail-
ability of samples from putative contact zones; the lack of
samples from contact zones was cited often as a missing
component in proposals that failed, where relevant. (3)
Information for or against assortative mating, gene flow,
and introgression provided direct evidence of species
boundaries in cases where delimitation involved parapatric
taxa. (4) Comparisons with other congeneric taxa provided
a framework for evaluating whether traits have diverged to
the level of species status.
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Finally, it is worth noting that many proposals submitted
to the NACC are not written by authors of the original spe-
cies delimitation studies on which a proposal is based. In
the past decade, the NACC has made a concerted effort
to engage the broader community in proposal submis-
sion. As a result, the number of proposals submitted by
non-committee members—including study authors—has
increased. However, more direct contact with study authors
encouraging them to submit a proposal would be benefi-
cial. Authors benefit by getting recognition for their work,
which has value for broad stakeholders, and can cite NACC
contributions on their curriculum vitae for professional
advancement (this is especially important for students and
early-career professionals). Likewise, the NACC and taxo-
nomic revision process benefit by reviewing proposals that
are written by the person most familiar with the case.

RECOMMENDATIONS AND CHALLENGES

Recommendations

Every species-delimitation study is unique and requires
close consideration of the geography, ecology, phenotype,
and behavior of the populations under consideration.
Moreover, it also requires evaluation of gaps in know-
ledge, including areas where samples are lacking but suit-
able habitat occurs. However, some basic protocols can be
established. To begin with, samples should combine ma-
terial and data available from museum collections with
new field-collected samples to fill in geographic and/or
ecological gaps—especially across putative contact zones.
Fortunately, online resources now provide ready access
to information that can guide sampling strategies; these
include (1) aggregators of voucher-based species data
such as VertNet (http://vertnet.org), Integrated Digitized
Biocollections  (https://www.idigbio.org), the Global
Biodiversity Information Facility (https://gbif.org), and
Map of Life (https://mol.org); (2) phylogenetically based
projects such as OpenWings (https://www.openwings.
org), Open Tree of Life (https://tree.opentreeoflife.org),
Tree of Life (http://tolweb.org), and VertLife (https://
vertlife.org); (3) sound archives including Macaulay
Library (https://www.macaulaylibrary.org) and xeno-
canto (https://www.xeno-canto.org); and (4) citizen sci-
ence initiatives that document observational occurrences
including eBird (https://ebird.org) and iNaturalist (https://
www.inaturalist.org), which complement voucher-based
datasets (especially for GIS analyses) with the caveat that
identification from observations may be difficult for some
taxa or in contact zones. Although all of these efforts
are indispensable, they cannot take the place of targeted
field-based sampling. Researchers who conduct field work
and collect specimens will have a firmer grasp of how
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populations vary geographically in phenotype, behavior,
and ecology compared to those who rely solely on existing
resources for specimens and data.

Sampling for species delimitation studies should min-
imally include (1) high-quality tissues with associated
voucher specimens that can be measured for phenotypic
traits, and (2) locality information with coordinate data
(latitude, longitude, datum, error) taken by GPS to pin-
point distributional occurrences for GIS data and ecolog-
ical niche modeling. Moreover, sampling should capture
the range of variation exhibited by populations from dif-
ferent environments, with denser sampling across puta-
tive contact zones to better capture evolutionary patterns
and taxonomic limits. Value can be added to these samples
through the integration of (3) audio recordings and play-
back experiments that show behavioral differences im-
portant in species recognition (McEntee 2015, Freeman
and Montgomery 2017, Nwanko et al. 2018), although
playback responses may be context-dependent (McEntee
2015); (4) other types of samples such as cloacal/buccal/
feather swabs, guts, or parasites to examine specificity in
microbiomes (Hird et al. 2015) or hosts (Sari et al. 2012);
(5) photographs and/or vegetation surveys to document
habitat; (6) field notes that describe ecological and behav-
ioral observations (Grinnell 1910, Herman 1986); and (7)
plant and insect material collected as a control for stable
isotope ratios obtained from specimens sampled at the
same sites (Hobson 1999, English et al. 2018).

Researchers today are fortunate to have modern field and
analytical equipment at their disposal and thus can address
questions of species delimitation more comprehensively
and definitively than several decades ago. However, even
with these new tools, it is important to consider the funda-
mental principles outlined earlier. Accordingly, sampling
strategies should be based on an assessment of known vari-
ation across populations (e.g., in phenotypic traits, ecology,
behavior, or geography), with an exploration into previously
unsampled areas to capture unknown variation and/or pu-
tative trait transitions. Although subspecies descriptions
can help to guide this assessment and provide a framework
for analysis, sampling must be objective and should not be
dictated by previously established subspecies boundaries
(Cicero 1996), which may or may not reflect biological re-
ality (Winker and Haig 2010). Studies that involve short or
long-distance migrants also must ensure that samples rep-
resent individuals from breeding populations in analyses
of geographic variation (Cicero and Johnson 2006, Wang
etal. 2019). Finally, researchers should think not only about
the immediate question that they are investigating, but also
about the legacy of making material available to the “stu-
dent of the future” (Grinnell 1910) by properly archiving
samples, specimens, photographs, recordings, and field
notes into established collections. Likewise, journals

Ornithology 138:1-15 © 2021 American Ornithological Society

C. Cicero, N. A. Mason, R. A. Jiménez, et al.

should require the deposition of vouchers for species de-
limitation as well as ecological and other kinds of studies
(Salvador and Cunha 2020). This is essential for replicating
data across time as well as space, either by incorporating
new methods and/or examining temporal changes in spe-
cies interactions, allele frequencies, and/or phenotype.
For instance, significant insight has been gained into the
evolutionary process by investigating changes in hybrid
zone placement over time (Carling and Zuckerberg 2010,
Krosby and Rohwer 2010, Taylor et al. 2014, Billerman
et al. 2019, Wang et al. 2019). Although studies based on
non-vouchered samples are useful and may be unavoidable
in cases where taking vouchers is not possible (e.g., due to
permitting or species status), they limit researchers’ ability
to reexamine data or assess new traits that were not part of
the original study.

Challenges

The standards for species delimitation outlined here rep-
resent an ideal approach to this problem. However, there
are various challenges that make it difficult to consistently
apply these standards from a practical perspective. First
is the challenge of obtaining all of the necessary permits
for collecting samples and, if necessary, transporting them
internationally. The permit landscape has become in-
creasingly complex, with permits needed at different juris-
dictional levels. In one case, the proposed split of eastern
and western Bell’s Vireo (Vireo belli belli/V. b. medius and
V. b. pusillus/V. b. arizonae, respectively; NACC proposal
2017-C-14) failed in part because of a lack of samples
from New Mexico where V. b. medius and V. b. arizonae
come into contact. This proposal was based on strong
molecular divergence as well as differences in plumage
characters, morphology, behavior, song (qualitative), and
ecological niche (Greaves et al. 2006, Klicka et al. 2016,
Kus et al. 2020). Species delimitation, in this case, has im-
portant conservation implications because all 4 subspe-
cies are state and/or federally threatened or endangered.
According to comments on this proposal, permission was
denied to collect any material from New Mexico, thus
precluding the study of the contact zone. Furthermore,
efforts to extract mtDNA from historic specimens were
unsuccessful. Although permits are undoubtedly more dif-
ficult to obtain for species of conservation concern, and it
may not be possible to collect in some areas (e.g., if there
is political unrest), the complexity of navigating the permit
process can be a deterrent to studies of even common spe-
cies. Nonetheless, while molecular data from the putative
contact zone of Bell’s Vireos would be valuable, other types
of data such as quantitative analysis of song and playback
experiments in the contact zone also could be used as evi-
dence for whether eastern and western Bell’s Vireos should
be considered separate species.
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Another major challenge for studies of species delimita-
tion is time and expertise. Comprehensive studies that in-
volve field collecting, quantitative analyses of multiple traits
(genomics, morphology, plumage, vocalizations), playback
experiments, niche models, and other types of data all re-
quire a significant investment of time as well as expertise in
many different methods. The latter can be solved through
collaborations, but the amount of time it takes to do this
type of work is often limiting—especially for students,
early-career professionals, and others in positions with
constraints on their research time. For example, the split of
Sagebrush and Bell’s sparrows (Artemisiospiza nevadensis
and A. belli, respectively; Chesser et al. 2013) was based
on museum specimens with tissues that were collected
over a period of nearly 30 years. Likewise, our currently
unpublished studies of Steller’s Jays (Cyanocitta stelleri)
and Spotted Towhees (Pipilo maculatus) have taken over
20 years to collect extensive material for analyses of species
limits. While not all studies of species delimitation take
this long to complete, and the length of time for a study
depends on the scope and complexity of the problem, it can
be a daunting consideration. For this reason, and because
of academic incentive structures, students and early-career
professionals may not see the value in pursuing species-
level taxonomic work. Collaborations that divide the work
as well as the expertise are increasingly common and are
perhaps the best way to ensure that studies are completed
in a timely but thorough manner.

Funding is a third major challenge for studies of spe-
cies delimitation. The funding required for field and lab
work can be prohibitive without a large grant to support
this work, and funding outlets for basic studies are limited
and increasingly competitive. Studies that employ “inte-
grative taxonomy” approaches, and especially those that
integrate novel data such as microbiomes and their con-
nection to social behavior (Archie and Tung 2015) in the
context of species limits, may be more likely to be funded.
Genomic methods that get at the underlying mechanisms
for reproductive isolation and species boundaries (Pulido-
Santacruz et al. 2018, Cowles and Uy 2019) also provide
exciting avenues for potential research funding. Apart
from grants for particular studies, funding to support mu-
seum collections is also challenging but critically impor-
tant. Natural history museums have been impacted heavily
by insufficient and declining financial support, yet they
provide the foundation for biodiversity research and for
training the next generation of museum-based scientists
(Suarez and Tsutsui 2004, Cook et al. 2014, Buerki and
Baker 2016, Hiller et al. 2017, Bakker et al. 2020). Students
and early career professionals interested in species-level
work are at an advantage if they are affiliated with a mu-
seum collection, yet support for their training and re-
search is often hampered by budget constraints (Hiller
et al. 2017). Efforts aimed at increasing financial support
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for museum collections and collection-based training will
have a host of benefits, from ensuring proper care for bi-
ological specimens (Nowogrodzki 2016) to supporting
taxonomic research that is crucial for understanding and
preserving biodiversity.

Despite the aforementioned challenges, this is an ex-
citing time to be studying species delimitation in birds.
Many questions remain, and methodological advances
along with increased access to data enable new approaches
to studying long-standing questions in avian taxonomy.
In particular, innovative collections-based research, espe-
cially in the genomic era (Buerki and Baker 2016), provides
new opportunities that foster cross-disciplinary studies.
Species delimitation studies that examine multiple traits
using both traditional and novel methods, and that are
based on robust geographic and ecologic sampling, are
most likely to stand the test of time.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Ornithology online.
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