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ABSTRACT
Biodiversity research has advanced by testing expectations of ecological and evolutionary hypotheses through the 
linking of large-scale genetic, distributional, and trait datasets. The rise of molecular systematics over the past 30 years has 
resulted in a wealth of DNA sequences from around the globe. Yet, advances in molecular systematics also have created 
taxonomic instability, as new estimates of evolutionary relationships and interpretations of species limits have required 
widespread scientific name changes. Taxonomic instability, colloquially “splits, lumps, and shuffles,” presents logistical 
challenges to large-scale biodiversity research because (1) the same species or sets of populations may be listed under 
different names in different data sources, or (2) the same name may apply to different sets of populations representing 
different taxonomic concepts. Consequently, distributional and trait data are often difficult to link directly to primary 
DNA sequence data without extensive and time-consuming curation. Here, we present RANT: Reconciliation of Avian 
NCBI Taxonomy. RANT applies taxonomic reconciliation to standardize avian taxon names in use in NCBI GenBank, a 
primary source of genetic data, to a widely used and regularly updated avian taxonomy: eBird/Clements. Of 14,341 avian 
species/subspecies names in GenBank, 11,031 directly matched an eBird/Clements; these link to more than 6 million 
nucleotide sequences. For the remaining unmatched avian names in GenBank, we used Avibase’s system of taxonomic 
concepts, taxonomic descriptions in Cornell’s Birds of the World, and DNA sequence metadata to identify corresponding 
eBird/Clements names. Reconciled names linked to more than 600,000 nucleotide sequences, ~9% of all avian sequences 
on GenBank. Nearly 10% of eBird/Clements names had nucleotide sequences listed under 2 or more GenBank names. 
Our taxonomic reconciliation is a first step towards rigorous and open-source curation of avian GenBank sequences and 
is available at GitHub, where it can be updated to correspond to future annual eBird/Clements taxonomic updates.

Keywords: big data, DNA sequence data, genomics, NCBI, nomenclature

Actualizando divisiones, agrupamientos y reorganizaciones: reconciliando nombres de GenBank con 
taxonomías aviares estandarizadas

RESUMEN
La investigación sobre biodiversidad ha avanzado al evaluar las expectativas de las hipótesis ecológicas y evolutivas a 
través de la vinculación de bases de datos genéticos, de distribución y de rasgos a gran escala. El auge de la sistemática 
molecular en los últimos 30 años ha dado como resultado una gran cantidad de secuencias de ADN de todo el 
mundo. Sin embargo, los avances en la sistemática molecular también han creado inestabilidad taxonómica, ya que 
las nuevas estimaciones de las relaciones evolutivas y las interpretaciones de los límites de las especies han requerido 
cambios generalizados en los nombres científicos. La inestabilidad taxonómica, coloquialmente llamada “divisiones, 
agrupamientos y reorganizaciones,” presenta desafíos logísticos para la investigación de la biodiversidad a gran escala 
porque (1) las mismas especies o conjuntos de poblaciones pueden estar listados con diferentes nombres en diferentes 
fuentes de datos, o (2) el mismo nombre puede aplicarse a diferentes conjuntos de poblaciones representando 
diferentes conceptos taxonómicos. En consecuencia, los datos de distribución y rasgos a menudo son difíciles de 
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LAY SUMMARY
• 23% of avian names on GenBank do not match eBird/Clements, a widely used standardized avian taxonomy.
• More than 600,000 nucleotide sequences on GenBank are associated with names that do not match eBird/Clements.
• 10% of eBird/Clements names have nucleotide sequences listed under multiple GenBank names.
• We provide an open-source taxonomic reconciliation to mitigate difficulties associated with non-standardized name 
use for GenBank sequences.
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vincular directamente a los datos primarios de secuencias de ADN sin una curación extensa y demandante de tiempo. 
Aquí, presentamos RANT (por sus siglas en inglés): reconciliación de la taxonomía aviar del Centro Nacional para la 
Información Biotecnológica (CNIB). RANT aplica la reconciliación taxonómica para estandarizar los nombres de taxones 
aviares en uso en el GenBank de CNIB, una fuente principal de datos genéticos, con la taxonomía aviar ampliamente 
utilizada y actualizada periódicamente de eBird/Clements. De los 14.341 nombres de especies/subespecies de aves en 
GenBank, 11.031 coincidieron directamente con eBird/Clements; estos se vinculan a más de 6 millones de secuencias 
de nucleótidos. Para los restantes nombres de aves no coincidentes en GenBank, utilizamos el sistema de conceptos 
taxonómicos de Avibase, descripciones taxonómicas en Aves del Mundo de Cornell y metadatos de secuencias de 
ADN para identificar los nombres correspondientes de eBird/Clements. Los nombres reconciliados vincularon a más 
de 600.000 secuencias de nucleótidos, ~9% de todas las secuencias de aves en GenBank. Casi el 10% de los nombres 
de eBird/Clements tuvieron secuencias de nucleótidos enumeradas bajo dos o más nombres en GenBank. Nuestra 
reconciliación taxonómica es un primer paso hacia la curación rigurosa y de código abierto de las secuencias aviares de 
GenBank y está disponible en GitHub, donde se puede actualizar para que corresponda con las futuras actualizaciones 
taxonómicas anuales de eBird/Clements.

Palabras clave: Centro Nacional para la Información Biotecnológica, datos de secuencias de ADN, genómica, 
macrodatos, nomenclatura

INTRODUCTION

Public data repositories are rich information sources 
constituting vital infrastructure for integrative research in 
organismal biology. As a taxonomic group, birds are well 
suited to these endeavors. Their global ubiquity, relative 
ease of observance and identification, and charismatic 
appearances lend to their enduring popularity among pro-
fessional and recreational scientists alike. The quantity and 
extent of avian data have proliferated in recent years, a di-
rect result of efforts to grow and share these data (Table 
1). The information available documenting and describing 
avian genetics, population dynamics, distributions, 
behaviors, and physical traits has become truly staggering.

To leverage the vast wealth of avian information and ef-
fectively implement phylogenetic comparative methods 
(Felsenstein 1985) and other evolutionary analyses, it is 
crucial to have clear, one-to-one linkage between data 
records and the populations of organisms from which 
they are derived. Over the past 30  years, molecular sys-
tematics has wholly transformed avian taxonomy and no-
menclature (Sangster 2009, Gill 2014, Barrowclough et al. 
2016). Its insights have reorganized the avian tree of life 
(Beresford et  al. 2005, Hackett et  al. 2008, Lovette et  al. 
2010, Moyle et al. 2012, Jarvis et al. 2014, Braun et al. 2019, 
Oliveros et al. 2019, Harvey et al. 2020) and reformed prac-
tical applications of species limits (e.g., Andersen et  al. 
2014, Hosner et al. 2018). An unfortunate consequence of 
these much-needed reorganizations is that they often re-
quire changes to organisms’ scientific names. In modern 
implementations of the Linnaean system of nomenclature, 
higher taxa (e.g., genus, family, order) are required to be 
monophyletic. Hence, any move of a species to a different 
genus or an update of species limits requires scientific 
name changes for at least some populations.

Identifying and tracking avian nomenclatural changes 
over time is itself a difficult task. As an example, we 
compared two major taxonomic works completed before 

DNA sequencing technology was widely available in orni-
thology, the Peters checklist series (Peters et al. 1931–1987) 
and Sibley and Monroe (1993), to the eBird/Clements 
v2019 (Clements et al. 2019) list (Data Repository D1). 
Only 6,288 of the 9,204 (69%) Peters checklist species 
names, and 7,470 of 9,702 (77%) of the Sibley and Monroe 
(1993) species names matched exactly to the 10,721 eBird/
Clements v2019 (Clements et al. 2019) names. Allowing 
the last 2 letters of the species epithet to mismatch, to 
account for minor differences in spelling, only improved 
name matching slightly (27 more matches for the Peters 
checklist, 20 more matches for Sibley and Monroe 1993). 
Although the details of broad list comparisons will vary 
depending on exactly which taxonomies are compared, all 
modern avian taxonomies differ substantially from corre-
sponding works produced only decades ago.

In addition to instability stemming from name changes 
through time, another contributor to scientific name insta-
bility is the existence of multiple competing standardized 
avian taxonomies. Currently, there are 4 main global 
choices: (1) eBird/Clements v2021 (Clements et al. 2021), 
(2) IOC World Bird List (Gill et al. 2022), (3) Howard and 
Moore Complete Checklist of Birds of the World (Dickinson 
and Remsen 2013, Dickinson and Christidis 2014), and (4) 
HBW/BirdLife Taxonomic Checklist (HBW and BirdLife 
International 2022). Although similar in many respects, each 
of these lists is governed differently, is updated at different 
intervals, and applies species recognition criteria differ-
ently (Garnett and Christidis 2017). For example, in raptors, 
a paraphyletic assemblage of predatory non-passerine 
landbirds, McClure et al. (2020) found that major world lists 
disagreed in species-level name application in 11–25% of 
cases. Beyond these most-referenced world lists, there are 
additional regional and country-specific avian taxonomies.

Different biodiversity databases use different underlying 
taxonomies, requiring users to reconcile names between 
sources (Boyle et al. 2013, Lepage et al. 2014) before down-
stream analyses are prudent. Some large avian data sources 
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employ standardized global avian taxonomies from the 
start. For example, eBird (https://www.eBird.org/) and 
the Macaulay Library (https://www.macaulaylibrary.org/) 
use the related eBird/Clements taxonomy, which is usu-
ally updated annually. On the other hand, Xeno-canto 
(https://www.xeno-canto.org/) uses the IOC World Bird 
List, which is updated twice a year—although it has been 
updated quadrennially in the past.

Using standardized taxonomies for databases vastly 
improves the ability for users to identify discrepancies 
between name usage and application, especially through 
the links between “taxonomic concepts” as implemented 
in Avibase (Lepage et  al. 2014, McClure et  al. 2020). 
Taxonomic concepts are circumscriptions of a scientific 
name applied by a specific taxonomic authority. Because 
scientific names are applied differently by authors through 
time, the same scientific name may refer to different sets 
of populations, or different scientific names may refer to 
the same sets of populations. Avibase organizes linkages 
between equivalent and partially matching taxonomic 
concepts, so that users can potentially match previously 
used names to those currently considered valid by various 
taxonomic authorities.

Name reconciliation can be trivial when working only 
with a few familiar taxa, but it requires extraordinary 
time and effort when managing mismatching taxonomic 
concepts, large numbers of taxa, and when working at 
global scales. Taxonomic reconciliation becomes even 
more difficult and time-consuming when data sources 
implement their own taxonomy de novo in lieu of a 
standardized list, or when data sources lack consistent 
name use. For databases where the taxonomic names are 
not readily traceable, it can be impossible to correctly 
link information from one database to another without 
Supplemental Information. Failure to link names correctly 
may cause available information to be ignored, excluded, 
or worse—attributed to the wrong population (McClure 
et  al. 2020). This issue could be particularly problematic 
for bird groups in geographic regions disproportionately 
affected by taxonomic progress (Neate‐Clegg et al. 2021), 
or for poorly known birds with limited data, such as rare 
or endangered taxa. In some cases, opportunities to better 
understand these regions and their birdlife could be lost 
simply because of taxonomic instability.

The National Center for Biotechnology Information 
(NCBI) GenBank (Benson et  al. 2012), a partner of the 
International Nucleotide Sequence Database Collaboration 
(INSDC), is the major data repository and distributor for 
genetic data used in phylogenetic analyses. Accurate phy-
logenetic inference underpins most modern comparative 
studies, and hence it is necessary to confront naming issues 
in GenBank data before assembling large-scale, synthetic 
phylogenies (Jetz et al. 2012, Burleigh et al. 2015) and be-
fore linking such phylogenies to other comparative datasets  

(Pigot et al. 2018). Although GenBank implements policies 
to standardize names (Schoch et al. 2020), it does not rely 
on any single standardized avian taxonomy. GenBank 
policy states that taxonomic names must be published and 
valid, but in practice, names are user-submitted and some-
times informal. Furthermore, as names are updated and 
changed by some or all standardized avian taxonomies, 
GenBank largely relies on the original data uploader to cu-
rate and update records. This can lead to problems in light 
of taxonomic instability. For example, when the name of 
a species changes (e.g., it is moved to a new genus, or a 
different specific epithet is used), sequences may be organ-
ized under both former and present names. Hence, a re-
searcher may obtain some sequences for a given taxon, but 
may not realize that other sequence data exist. Worse, a 
user may assume no data exist for a given taxon, as it could 
be listed under a former name without current accept-
ance in standardized lists. Additional uncertainties arise 
when species are split into two or more entities, or when 
species are lumped yet remain listed on GenBank under 
multiple names.

Ultimately, the only way to link GenBank sequences with 
other types of comparative data is to reconcile GenBank’s 
avian names to standardized avian taxonomies. One 
strategy is producing an open source, parallel data struc-
ture, which can be curated and updated as avian tax-
onomy changes (Leray et  al. 2020, Riginos et  al. 2020). 
Each GenBank name has a unique numerical identifier 
(TaxID; Schoch et al. 2020), and each GenBank database 
record has a unique identifier. Using these identifiers, it 
is possible to link one or many names, corresponding to 
standardized lists. Here, we attempt such a reconciliation, 
linking GenBank taxon identifiers to the eBird/Clements 
v2019 (Clements et al. 2019) list for all avian GenBank 
TaxIDs. To further explore the extent to which taxonomic 
instability and its biases affect birds, we summarize avian 
data patterns related to taxonomic groups, geographical 
areas, and conservation status. Finally, we summarize the 
extent to which name-reconciled sequences apply to large 
comparative databases, namely the Macaulay Library and 
Xeno-canto sound archives, using the GenBank Nucleotide 
database, the GenBank product with the broadest taxo-
nomic coverage.

Our goal was to reconcile the taxonomic names in 
GenBank (TaxIDs) to a major avian taxonomy in order to 
link GenBank sequences, and phylogenetic trees built from 
these sequences, to ancillary data sources. We did not at-
tempt to equate Avibase taxonomic concepts with TaxIDs, 
because GenBank TaxIDs can be applied differently by dif-
ferent sequence authors, or at different times. Hence, the 
more challenging task of identifying taxonomic concepts 
for individual GenBank sequences is more prudently done 
following an initial reconciliation with TaxIDs. We selected 
eBird/Clements v2019 (Clements et al. 2019) as the focal 
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standardized bird list, because of its use in the world’s 
largest bird observation dataset (eBird), its related media 
resources (Macaulay Library), and its linked Birds of the 
World information content. Existing tools can reconcile the 
eBird/Clements list with other standardized taxonomies 
(Lepage et al. 2014, Gill et al. 2022). Hence, once GenBank 
names are linked to a single standardized taxonomy, in this 
case, eBird/Clements, reconciling to other standardized 
taxonomies (IOC, BirdLife International, Howard and 
Moore) is straightforward.

METHODS

Taxonomic Reconciliation
We downloaded all names from the NCBI Taxonomy da-
tabase (Schoch et  al. 2020) that descended from “Aves” 
(TaxID: 8782) on May 3, 2020 (Data Repository D2). From 
this list, we extracted all species and subspecies names as 
well as their NCBI Taxonomy ID (TaxID) numbers. We 
then ran a custom Perl script (Data Repository D3) to ex-
actly match binomial (genus, species) and trinomial (genus, 
species, subspecies) names from NCBI Taxonomy to the 
names recognized by eBird/Clements v2019 (Clements 
et al. 2019; Data Repository D4). For each mismatch with 
the NCBI Taxonomy name, we then identified the corre-
sponding equivalent eBird/Clements species or subspecies. 
We first searched for names in Avibase (Lepage et al. 2014). 
However, Avibase’s search function currently facilitates 
only exact matches to taxonomies it implements. For names 
that were not an exact match to an Avibase taxonomic con-
cept, we implemented web searches (Google) which often 
identified minor spelling differences, consulted Cornell’s 
Birds of the World Online (https://birdsoftheworld.org), 
and consulted relevant literature—often the papers that 
first published those sequence data.

We classified 9 categories of naming mismatches 
resulting from discrepancies between GenBank and eBird/
Clements names: split, lump, shuffle, new, spelling, hybrid, 
extinct, domesticated, and unidentified (Table 2). “Split” is 
a name that corresponds to a subspecies rank in GenBank, 
but a species rank in eBird/Clements. For example, the 
GenBank subspecies name Otus megalotis everetti (taxiid: 
56274)  corresponds to the species name Otus everetti in 
eBird/Clements. “Lump” is a name that corresponds to 
species rank in GenBank, but a subspecies rank in eBird/
Clements. For example, the GenBank name Megascops 
colombianus (TaxID: 1740167) corresponds to Megascops 
ingens colombianus in eBird/Clements. “Shuffle” is a 
taxon that has an equivalent rank in GenBank and eBird/
Clements, but different name usage. Most often shuffles 
stem from changes in genera, but a few species epithets 
have changed because of new evidence regarding nomen-
clature priority. For example, the GenBank name Mimizuku 
gurneyi (id: 56287) corresponds to Otus gurneyi in eBird/

Clements, reflecting a change in the generic name. “New” 
is a species or subspecies that was undescribed when its 
sequences were initially uploaded to GenBank. To preserve 
nomenclature priority, GenBank avoids unpublished or in 
press names of undescribed taxa, instead assigning an in-
formal placeholder name. Typically, the placeholder name 
consists of the genus, the data uploaders’ initials, and the 
year of first upload. For example, Megascops_sp._SMD-
2015 (TaxID: 1740173)  corresponds to the Santa Marta 
Screech-Owl Megascops gilesi Krabbe 2017. “Spelling” 
is a taxon that has an equivalent name in GenBank 
and eBird/Clements, but for which a slightly different 
spelling is implemented. For example, the GenBank name 
Glaucidium nanum (TaxID: 126809)  corresponds to the 
eBird/Clements name Glaucidium nana. “Hybrid” is a 
hybrid individual and usually identified in GenBank by a 
name comprising the putative parental species separated 
by a cross “x.” For example, the GenBank name Strix 
occidentalis x Strix varia. Hybrids were not reconciled to 
eBird/Clements names, although eBird taxonomy does 
include and organize names for some frequent avian hy-
brid parental combinations. “Extinct” is an extinct taxon 
that is not regulated by eBird/Clements because it was not 
documented in the modern era. For example, the elephant 
bird Aepyornis maximus (TaxID: 748142)  is known from 
Holocene bones and eggshell materials that have yielded 
DNA sequences, but this name is not regulated by eBird/
Clements. “Domesticated” is a domesticated breed or line. 
For example, GenBank has a listing for the domesticated 
“Society Finch” as Lonchura striata domestica (TaxID: 
299123), but in eBird/Clements it refers to Lonchura striata 
because domesticated forms are not generally considered 
subspecies. Finally, “Unidentified” refers to TaxIDs where 
we were unable to assign a species name. These were gen-
erally samples not identified to species, or environmental 
DNA samples.

We summarized the total number and proportion of 
reconciled GenBank TaxIDs by bird orders, and within 
the largest bird order Passerformes, by families. We also 
summarized the number of GenBank nucleotide sequences 
and number of reconciliations for each IUCN conservation 
status category. For a taxon that did not have a direct match 
to an IUCN name, we placed it under “Not Assessed.”

GenBank Sequences Associated with Avian Names
We tallied the number of core nucleotide sequences 
in GenBank associated with each taxonomic ID by 
downloading the “nucl_gb.accession2TaxID” file on 
November 2, 2020 (Data Repository D5). This file lists 
the accession number for each sequence in the GenBank 
nucleotide database and its corresponding taxonomic ID 
number. From this, we wrote a Perl script (Data Repository 
D6) to count the number of nucleotide sequences associ-
ated with each taxonomic ID corresponding to an avian 
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taxonomic IDs. To obtain counts of the number of runs in 
the NCBI Sequence Read Archive (SRA) associated with 
each bird species, we downloaded the RunInfo for the SRA 
runs (SraRunInfo.csv) within “Aves” on August 1, 2021 
(Data Repository D7). To obtain counts of the number 
of genome sequences in GenBank associated with each 
name, we downloaded from NCBI on September 5, 2021 a 
summary of the NCBI Genome files (“genome_result.txt”) 
within “Aves” (Data Repository D8).

Linking eBird/Clements Names to Geographic Realms
For TaxIDs that were successfully assigned to eBird/
Clements species names (either by direct name match or 
taxonomic reconciliation), we delimited their geographic 
realms using the associated IOC breeding ranges (8 terres-
trial realms and 4 oceanic realms). Here we implemented 
IOC, rather than eBird/Clements geographic information 
because eBird/Clements does not summarize species oc-
currence by geographic realm. We also manually assigned 
geographic realms for species without range information 
available in the IOC v10.1 checklist (master_ioc_list_
v10.1.xlsx). We defined species that occur in only 1 realm 
as realm endemics, and species that occur in 2 or more 
realms as widespread. We then summarized the number 
of reconciliations and the number of GenBank nucleotide 
sequences for each realm, and widespread species.

Linking eBird/Clements Names to Other Databases
We used audio data as an example to examine the extent 
to which name-reconciled GenBank sequences apply to 

large avian comparative databases, such as the Macaulay 
Library and Xeno-canto. Because the Macaulay Library 
uses eBird/Clements taxonomy for its bird images, audios 
and videos, we can readily link these media resources 
to the GenBank nucleotide data under the same eBird/
Clements names. We downloaded a summary of avail-
able audio data (April 2021)  from the Macaulay Library 
(https://www.macaulaylibrary.org/resources/media-
target-species/; Data Repository D9). We also examined 
Xeno-canto, a global avian vocalization database, which 
uses the IOC taxonomy. To match Xeno-canto’s 10,909 
avian names to eBird/Clements names, we filtered out the 
species with a direct name match and then reconciled the 
remaining using Avibase taxonomic concepts. Lastly, we 
summed up the number of Xeno-canto sound recordings 
(October 2020; https://www.xeno-canto.org/collection/
species/all; Data Repository D10) under the same eBird/
Clements name. For example, the Xeno-canto name 
Colinus leucopogon had 26 sound recordings and Colinus 
cristatus had 57, but the eBird/Clements name C. cristatus 
would have 83, because C. leucopogon is treated as a sub-
species of C. cristatus by eBird/Clements.

RESULTS

Descriptive Statistics of Taxonomic Reconciliation
Of 14,341 GenBank species and subspecies TaxIDs within 
Aves, we were able to exactly match an eBird/Clements 
name for 11,031 (77%; Data Repository D11; Figure 1). 
Of the 3,310 GenBank names without an exact match, we 

FIGURE 1.  Proportions of GenBank species and subspecies names that are directly matched to eBird/Clements names (Exact Match), 
manually reconciled to eBird/Clements names (Reconciled), and unidentifiable that include taxa not identified to the species-level or 
erroneous taxa (Unidentified).
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were able to reconcile 2917 to eBird/Clements names using 
Avibase taxonomic concepts and other sources. Thus, 23% 
of GenBank names needed reconciliation to match with 
eBird/Clements names. We were able to reconcile 88% 
of these non-exact-matching names, By far, the most fre-
quent cause of discrepancy between GenBank and eBird/
Clements names were shuffles (64%), most often because 
of a genus name change. Splits (11%) and lumps (11%), 
owing to classification differences at species/subspecies 
ranks, were nearly equally frequent. Spelling discrepancies 
(5%), names of extinct taxa not included in eBird/Clements 
(4%), and hybrids (3%) were relatively infrequent. Finally, 
only a few new species names (0.7%) or names used for do-
mestic breeds (0.2%) contributed to naming discrepancies. 
In total, we were unable to assign 393 (3%) of GenBank 
names to eBird/Clements names.

Following reconciliation, we found that 9,361 eBird/
Clements species names had at least one GenBank 
Nucleotide sequence attributed, whereas 1,832 species 
had no attributable sequences. We also found that 1,050 
(10%) of eBird/Clements species names have sequences 
listed under 2 or more GenBank names. For the GenBank 
SRA (sets of DNA sequence reads derived from massively 
parallel sequencing runs), 24% of avian species and sub-
species were associated with a record. Of the 3,375 species 
and subspecies with SRA data, only 316 (9%) required rec-
onciliation. Among reconciled names, the most common 
reason was due to shuffles (59% of reconciliations). While 
many reconciliation categories showed similar proportions 
to the GenBank data, reconciled names associated with 
SRA data included a greater proportion of hybrids (7%), 
domestics (2%), and unidentified (9%), but a lower propor-
tion of splits (3%). Fewer than 4% (20 out of 530) GenBank 
genome assemblies required reconciliation.

When organized by the number of sequences affected 
by taxonomic reconciliation, different patterns emerged. 
In the GenBank Nucleotide database, 6,302,287 (91%) of 
sequences were a direct match, 626,079 (9%) we reconciled 
to eBird/Clements, and 2,575 (0.02%) we failed to recon-
cile. Of the nucleotide sequences, we reconciled to eBird/
Clements, 106,940 (17%) we attributed to shuffles, 16,129 
(2.6%) we attributed to lumps, and 381,652 (61%) we 
attributed to splits. We attributed 1,952 sequences to ex-
tinct species names not regulated by eBird/Clements, 
5,909 (0.9%) sequences to hybrids, 102 (0.016%) sequences 
to new species names, and 110,748 (17%) sequences to 
domestic breeds.

The total number and proportion of sequences 
reconciled varied substantially among bird orders and 
among families within Passeriformes (Figures 2 and 
3). Orders with the largest numbers of reconciled taxa 
corresponded to those with the greatest species diver-
sity, including the Passeriformes (Songbirds), Piciformes 
(Woodpeckers and allies), and Caprimulgiformes 

(nightjars & allies, swifts, and hummingbirds). However, 
the proportion of names reconciled was reasonably uni-
form across orders, with outliers in some very small or-
ders where few taxonomic changes have a dramatic effect 
on proportion (Rheiformes, 2 species; Casuariiformes, 4 
species; Suliformes, 10 species), and a few orders that have 
retained relative taxonomic stability over the past 30 years 
(e.g., Trogoniformes, Galbuliformes, Ciconiiformes). 
We also broke down taxonomic reconciliation by family 
in the large order Passeriformes, where similar patterns 
emerged. However, in passerines, a few large families 
exhibited high proportions of reconciled names. Species-
rich passerine families with high proportions of reconciled 
names included: Phylloscopidae (52%), Leiothrichidae 
(50%), Sylviidae sensu stricto (46%), Scotocercidae 
(42%), Pellorneidae (41%), Locustellidae (37%), and 
Timaliidae (27%).

Taxonomic Reconciliation in Relation to IUCN 
Conservation Status and Geography
There was little relationship between IUCN status and the 
proportion of taxa reconciled (Table 3; Data Repository 
D12). The categories Least Concern (LC) Near-threatened 
(NT) Vulnerable, (V), and Endangered all had similar 
proportions of taxa reconciled. Critically Endangered 
taxa were more likely to have had exact matches be-
tween GenBank and eBird Clements. Taxa not assessed by 
IUCN were far less likely to have an exact match between 
GenBank and eBird/Clements.

There was marked geographic variation in the per-
centage of taxa that needed reconciliation. The percentages 
of widespread taxa (19%) vs. those that were endemic to 
one of the realms we considered (18%) were virtually iden-
tical (Data Repository D13). Antarctica had no reconciled 
names, no doubt reflecting the very limited number of taxa 
found there. The 3 New World realms and the Australasian 
realm had the lowest percentages of reconciled names 
(15% for the North American realm to 17% for the South 
American realm; Data Repository D13; Figure 4). Oceanic 
realms had the highest percentages (up to 37% for the 
Atlantic Ocean; Data Repository D13; Figure 4).

Descriptive Statistics Linking GenBank Names to 
Global Avian Data Sources
To assess benefits that reconciling NCBI names with a 
standardized taxonomy has for the linking of sequence 
data with phenotypic data, we examined a reconciliation 
between the Xeno-canto avian sound database (which uses 
the IOC World Birds list) and the eBird/Clements names. 
We matched all Xeno-canto avian taxa to eBird/Clements 
names, except for 13 undescribed and 3 extinct taxa that 
are not included in the eBird/Clements v2019 (Clements et 
al. 2019) list. 10,166 (93%) of the Xeno-canto names directly 
matched to eBird/Clements names, and 9,506 of those 
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FIGURE 2.  Number and proportion of taxonomic reconciliations applied to GenBank TaxIDs, by avian order.

FIGURE 3.  Number and proportion of taxonomic reconciliations applied to GenBank TaxIDs, by family within Passeriformes. Suboscine 
families are indicated by boldface text.
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names have available sound recordings (Data Repository 
D14). The remaining 727 (7%) taxa were reconciled to 
eBird/Clements using Avibase taxonomic concepts. After 
reconciliation, we found 9,961 eBird/Clements species had 
sound recordings in Xeno-canto. In the Macaulay Library, 
there are 9,609 species with sound data, with an overlap 
of 9,399 species to Xeno-canto. By reconciling GenBank 
names with eBird/Clements taxonomy, we could easily link 
sequence data with the 2 largest avian sound databases that 
utilize standardized avian taxonomies (Table 4).

Open Source Access to Taxonomic Reconciliation
Our taxonomic reconciliation “RANT: reconciling avian 
NCBI taxonomy” is open source, and available at GitHub 

(https://github.com/ebraun68/RANT). Currently, the rec-
onciliation is available for eBird/Clements version 2019 
(Data Repository D11). Our intention is to update the 
reconciliation corresponding to eBird/Clements annual 
updates.

DISCUSSION

Successful Linkage of GenBank Names to 
Standardized Lists
Our reconciliation procedures have successfully linked 
GenBank taxonomic names (TaxIDs) with avian species 
and subspecies names regulated by eBird/Clements. 

TABLE 3. Number and proportion of reconciliations by conservation status and their associated GenBank nucleotide data. The 
category Extinct includes both extinct taxa and the taxa that were extinct in the wild.

IUCN conservation status 

Number of  
GenBank 

nucleotide 
sequences 

Number 
of eBird/

Clements taxa 

Number of  
eBird/Clements  
taxa reconciled 

Proportion 
of eBird/

Clements taxa 
reconciled (%) 

Least Concern 5,277,924 7,976 1,426 17.88
Vulnerable 782,643 750 113 15.07
Near-Threatened 397,032 932 150 16.09
Endangered 259,720 423 70 16.55
Critically Endangered 54,789 204 22 10.78
Extinct 482 160 4 2.50
Data Deficient 163 45 7 15.56
Not Assessed 150,901 286 80 27.97

FIGURE 4.  Geographic distribution of taxonomic reconciliations applied to GenBank TaxIDs. With the exception of the Antarctic 
realm, where there were no reconciliations between GenBank and eBird/ClementsClements/eBird, the proportion of reconciled names 
(blue) ranged from 15% (North America) to 37% (Atlantic Ocean). Widespread species may occur in multiple realms.
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Nearly a tenth of all GenBank core nucleotide sequences 
had a name unrecognized in the eBird/Clements list, 
amounting to a total of more than 600,000 nucleotide 
sequences. Hence, it is now easier to link genetic data 
associated with GenBank TaxIDs to natural populations 
for comparative work, at least when comparative data 
have also been reconciled to the eBird/Clements taxo-
nomic lists. If not, these GenBank TaxIDs can still be 
reconciled to other standardized lists (IOC, BirdLife 
International, Howard and Moore) through existing 
resources, namely Avibase and list comparisons freely 
available from the IOC World Bird List. If avian com-
parative data do not follow the names of one of these 
standardized global bird lists, then we advocate that da-
tabase providers and curators reconcile their aggregated 
data to one of these standardized lists before its further 
use and publication.

Identifying Patterns and Biases in Naming 
Reconciliation
Reconciling GenBank TaxIDs to eBird/Clements names 
illustrates that naming problems are found throughout 
the avian tree of life yet they are concentrated in certain 
taxonomic groups. Unsurprisingly, these groups tend to 
have long histories of taxonomic instability. Reconciliation 
was especially frequent among members of the traditional 
“Old World warbler” (Sylviidae sensu lato) and “babbler” 
families (Timaliidae sensu lato). These groups have been 
split into a myriad of smaller families, each of which have 
undergone substantial revision (Cibois et  al. 1999, 2002, 
Alström et al. 2011, 2018, Fregin et al. 2012, Moyle et al. 
2012, Cai et al. 2019).

Outside the Old World warblers and babblers, sev-
eral other passerine families had high proportions of 
reconciled names. Forty-one percent of Pittidae names 
required reconciliation. Perhaps this was because tradi-
tionally all pitta species were included in the genus Pitta. 
However, pitta diversity is now divided nearly equally 
among three genera: Pitta, Hydronis, and Erythropitta 
(Irestedt et  al. 2006, Harvey et  al. 2020). Additionally, 
the highly polytypic Erythropitta erythrogaster has been 
split into 12 species (Irestedt et al. 2013). Another group 
with a highly polytypic species is the Pachycephalidae. It 
contains the Golden Whistler (Pachycephala pectoralis), 

which was previously the world’s most polytypic bird spe-
cies (Andersen et al. 2014, Jønsson et al. 2014). Taxonomic 
revisions have since split the P. pectoralis complex into ~15 
species. Reconciliations in Pittidae and Pachycephalidae 
illustrate how only a few major taxonomic revisions can 
create stark differences between names used on GenBank 
and those used in standardized avian bird lists.

One large family, Tyrannidae, had relatively few 
reconciliations. The eBird/Clements list currently considers 
422 species of Tyrannidae, yet the proportion of reconciled 
names was low, only 7%. Small-scale molecular studies 
have revised parts of tyrannid nomenclature (Hosner and 
Moyle 2012, Rheindt et al. 2015). Yet until recently (Harvey 
et al. 2020, Ohlson et al. 2020), the Tyrannidae has lacked 
more comprehensive published molecular phylogenies 
and associated major taxonomic revisions. With the sup-
port of these recent publications, we expect the relative no-
menclatural stability in Tyrannidae will prove short-lived, 
and a series of proposed changes will take effect in the 
coming years.

In addition to taxonomic biases, RANT identified large-
scale geographic differences in GenBank name reconcil-
iation. Widespread species—those found in more than 
one geographic realm—were only slightly more likely to 
have been subject to taxonomic reconciliation than those 
limited to a single geographic realm. North America and 
Australasia proportionally had the fewest reconciled 
names (Figure 4, Supplementary Material Table S1). Both 
of these realms are comparatively well studied, so a lack 
of taxonomic effort is not a viable explanation for their 
relative stability. One explanation for relative stability in 
North America and Australia could be the lack of highly 
problematic groups inhabiting those realms. Very few or 
no members of taxonomically problematic groups, such as 
Leiothrichidae, Phylloscopidae, or Sylviidae occur in North 
America or Australia. Although far more diverse than North 
America or Australia, Middle and South America had only 
slightly greater proportions of reconciled names (Figure 4), 
though several of the megadiverse Neotropical families, 
namely Thraupidae, Furnariidae, and Thamnophilidae; 
were among the families with the greatest total number of 
reconciliations. Proportionally, Old World realms had the 
most name changes of the terrestrial realms (Figure 4). We 
suspect the high proportion of reconciled names is related 

TABLE 4. Linking reconciled GenBank names with the two largest avian sound databases which utilize standardized avian taxonomies.

Database 

eBird/
Clements 

species with 
sound data 

Species with 
both sound and 
nucleotide data 

Sound 
data only 

Nucleotide 
data only 

Neither  
sound nor  
nucleotide 

data 

Xeno-canto 9,961 (92.9%) 8,693 (81.1%) 1,268 442 318
Macaulay Library 9,609 (89.6%) 8,409 (78.4%) 1,200 712 386
Combined 10,171 (94.9%) 8,837 (82.4%) 1,333 298 252
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to the concentration of taxonomically problematic groups 
in these regions, especially the Sylvioidea.

The oceanic realms all featured relatively large 
proportions of reconciled names. Seabirds in particular 
have undergone extensive taxonomic revisions, driven 
mostly by molecular genetic work which has revealed 
great levels of cryptic genetic diversity among ocean 
basins, breeding islands, and archipelagos (Pyle et al. 2011, 
Taylor et  al. 2019). Among orders, the pelagic groups 
Procellariiformes, Suliformes, and Sphenisciformes all had 
large proportions of reconciled names.

Previous authors have raised alarms regarding how taxo-
nomic instability can hamper conservation efforts (Garnett 
and Christidis 2017). However, we found that IUCN red-
listed species were not more likely to have had name rec-
onciliation compared to non-threatened taxa. Among 
IUCN conservation status categories, “Least Concern” 
had the greatest proportion of reconciled names whereas 
“Critically Endangered” had the lowest. Most critically en-
dangered birds are highly range-restricted, and hence are 
not likely to have been subject to taxonomic splits into mul-
tiple species. Taxa not assessed by IUCN had a large pro-
portion of reconciled names, probably driven by the fact 
that eBird/Clements names not assessed by IUCN are the 
result of nomenclatural differences between these sources.

The Problem of Name Application for GenBank 
Sequences
One glaring problem linking taxonomic names to DNA 
sequences remains, and that is far more insidious than 
the main problem addressed here. A GenBank TaxID as-
sociated with a eBird/Clements name does not necessarily 
mean that the DNA sequences ascribed to that name will 
apply correctly (Schoch et al. 2020). Before phylogenetic or 
population genetic analyses can commence, the correct ap-
plication of eBird/Clements names to individual sequences 
must be verified, a process that is time-consuming and 
challenging to automate. Below is an example of how the 
verification process may proceed, drawn from an example 
of nucleotide data published on GenBank.

The Robsonius ground warblers (Cordillera Ground-
Warbler [Robsonius rabori], Sierra Madre Ground-Wabler 
[R.  thompsoni], Bicol Ground-Warbler [R.  sorsogonensis]) 
have a complex taxonomic history which highlights many 
of the nomenclatural challenges inherent when working 
with GenBank data. Originally described in the wren-
babbler genus Napothera (Rand and Rabor 1967), for 
most of their history they have been considered a single 
species. In 2006, they were split into 2 recognized species 
based on new morphological evidence and moved to the 
new genus Robsonius (Collar 2006). In 2013, a third spe-
cies was described following the collection of the first 
adult specimen of true R. rabori (Hosner et al. 2013). All 4 
standardized world lists currently recognize all 3 species: 

R.  rabori, R.  thompsoni, and R.  sorsogonensis. However, 
GenBank nucleotide data are ascribed to only 2 TaxIDs: 
R.  rabori (TaxID: 1149667, n  =  76) and R.  thompsoni 
(TaxID: 2162877, n = 3). Most of these data were uploaded 
under the name Napothera rabori prior to use of the 
Robsonius or the epithets sorsogonensis/thompsoni in 
GenBank taxonomy, but these sequences actually pertain 
to all 3 Robsonius species. After tracking down voucher 
numbers and metadata from publications and voucher 
specimens, the true taxonomic breakdown of nucleotide 
sequences is: R. rabori, n = 7; R. sorsogonensis, n = 24; and 
R. thompsoni, n = 48. Without confirming the application 
of names, several errors would hamper the use and inter-
pretation of these data. A user might incorrectly conclude 
that no nucleotide data exist for R. sorsogonensis, because 
its sequences are labeled as R. rabori. A user might incor-
rectly conclude that R. thompsoni and R. rabori are not ge-
netically distinct, because many R.  thompsoni sequences 
are labeled as R. rabori. A user might incorrectly conclude 
that R. rabori has exceptional genetic diversity despite its 
tiny distribution because divergent R.  sorsogonensis and 
R. thompsoni sequences are each labeled as R. rabori.

Resolving name application will be a far more difficult 
problem to solve than name reconciliation. Name rec-
onciliation requires a set of non-standardized names, a 
standardized list, and tools or literature to match the non-
standardized names to their standardized counterparts. 
Resolving name application, as in the Robsonius example 
above, requires individual sequence metadata, which is 
often not recorded in GenBank. Most name application 
issues arise from splits, when an inclusive former name is 
applied erroneously to one or more populations with which 
they were formerly considered conspecific. The most rig-
orous method to solve these taxonomic problems is to 
consult voucher specimens to confirm sequence identity. 
However, many GenBank sequences lack proper voucher 
specimen information (Peterson et al. 2007, Buckner et al. 
2021), as we also noted. After filtering the “Aves” sequences 
in the nucleotide database to include only genomic DNA/
RNA nucleotide sequences (excluding mRNA or rRNA 
sequences) from the INSDC (GenBank, not RefSeq) 
source database, we estimated that only 17% (484,232) of 
the 2,902,805 sequences included voucher information 
anywhere in the full GenBank record. While some other 
samples may have information included that could be used 
to trace the source of the sample, the majority of available 
sequence data lacks such information. Although there is a 
GenBank voucher field, it is not required, and is easy for se-
quence authors to omit. In some GenBank records voucher 
information is found in the sequence definition line instead. 
Checking vouchers one-by-one is not feasible for large-
scale metadata correction of what, at present count, is more 
than 6 million avian nucleotide sequences, although it can 
still be used to resolve at least some problems.
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Aside from vouchers, locality metadata is useful when 
resolving name application problems. Latitude and longi-
tude can be included in GenBank metadata, but often are 
not. In some cases, they can be found in published papers 
or their Online Supplements, or in publicly shared mu-
seum databases if the samples were properly vouchered 
and digitized. However, this laborious task is not suited to 
large-scale applications without the development of auto-
mated tools such as georeferencing algorithms (Miraldo 
et al. 2016) to improve sequence attribution. When splits 
apply to allopatric populations, the latitude/longitude of 
the sample origin solves name application. However, when 
these splits do not apply cleanly to allopatric populations, 
or when migratory populations of split taxa overlap for 
part of the year, further information will be needed to re-
solve sequence identity with confidence.

A Call for Expert Curation of Avian GenBank Sequence 
Metadata
RANT is a first step towards active and decentralized man-
agement of metadata associated with avian sequence data. 
These standardized names provide a new benchmark for 
managing large-scale sequence meta-analyses, but many 
data problems remain—particularly the challenge of 
verifying names application to individual DNA sequences. 
Although GenBank provides a vast and important re-
source, large biodiversity datasets need constant manage-
ment and expert curation to maximize their usefulness 
(Schoch et al. 2020, Sangster and Luksenburg 2021). One 
solution is to maintain a parallel database to update and 
store metadata related to GenBank sequences, but free of 
its restrictive updating policies (Riginos et al. 2020). With 
such a system, a team of expert curators could gather, re-
view, proofread, and provide supplemental metadata as-
sociated with GenBank sequences (Marques et  al. 2013), 
linked to the actual sequence data housed at GenBank 
through the accession number. In addition to validating 
metadata, curators can permanently flag or provide feed-
back on potentially problematic sequences (De Silva et al. 
2019, Sangster and Luksenburg 2021). These strategies are 
effective for curating far larger sets of biodiversity data col-
lected largely by non-professional scientists (Sullivan et al. 
2009, Robertson et al. 2014).

SUPPLEMENTARY MATERIAL

Supplementary material is available at Ornithology online.
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