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Abstract 
In many organisms, especially those of conservation concern, traditional lines of evidence for taxonomic delineation, such as morphological data, 
are often difficult to obtain. In these cases, genetic data are often the only source of information available for taxonomic studies. In particular, 
population surveys of mitochondrial genomes offer increased resolution and precision in support of taxonomic decisions relative to conventional 
use of the control region or other gene fragments of the mitochondrial genome. To improve quantitative guidelines for taxonomic decisions in 
cetaceans, we build on a previous effort targeting the control region and evaluate, for whole mitogenome sequences, a suite of divergence 
and diagnosability estimates for pairs of recognized cetacean populations, subspecies, and species. From this overview, we recommend new 
guidelines based on complete mitogenomes, combined with other types of evidence for isolation and divergence, which will improve resolution 
for taxonomic decisions, especially in the face of small sample sizes or low levels of genetic diversity. We further use simulated data to assist 
interpretations of divergence in the context of varying forms of historical demography, culture, and ecology.
Key words: divergence, fastsimcoal, mitogenome, simulated populations, subspecies delineation

Introduction
Taxonomic classification is the process of creating discrete 
categories within a continuous evolutionary process. As such, 
it is a difficult and often contentious process, with few fixed 
rules or constants across the breadth of biodiversity. It is, nev-
ertheless, a critical component of understanding patterns of 
biodiversity and how they arise, and is essential for effective 
conservation management. The delimitation of populations, 
subspecies, and species is the basis for understanding when 
groups have reached certain levels of divergence or inde-
pendence, and in the context of conservation, what level of 
protection might be warranted under certain frameworks 
(e.g. the IUCN Red List). For marine mammals, definitions 
by Taylor et al. (2017a) provided a useful framework for 
developing quantitative guidelines to evaluate taxonomic 
arguments for classification. Populations are understood to 
be demographically independent, such that within a popu-
lation, demographic dynamics “are more a consequence of 
births and deaths within the group (internal dynamics) than 
of immigration or emigration (external dynamics)” (Taylor 
2005; Taylor et al. 2010, 2017b). Subspecies, the lowest taxo-
nomic level commonly recognized in vertebrates, are typically 

recognized to include some level of allopatry (Mayr 1969). 
They have recently been defined as “a population, or collec-
tion of populations, that appears to be a separately evolving 
lineage with discontinuities resulting from geography, eco-
logical specialization, or other forces that restrict gene flow 
to the point that the population or collection of populations 
is diagnosably distinct” (Reeves et al. 2004; Taylor et al. 
2017b). Whereas species, the next taxonomic level up and the 
basic unit of biology, are defined as “a separately evolving lin-
eage comprised of a population or collection of populations” 
(Taylor et al. 2017b, following De Queiroz 2007).

Cetaceans constitute a somewhat special problem for 
taxonomists. Their large bodies, oceanic habitat, rela-
tively recent radiation, and often ocean basin-wide or even 
global distributions make it difficult to apply traditional 
morphology-based methods, which historically have relied 
on collections of skulls. Taylor et al. (2017b) argued that 
32% of currently recognized cetacean species and subspecies 
are under-classified, and that there could be twice as many 
subspecies. Molecular methods have played an increasing 
role in taxonomic descriptions within the Cetacea, some-
times providing the only available data for describing new 
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species (Dalebout et al. 2002, 2007; Morin et al. 2017; 
Carroll et al. 2021). The inconsistent use of molecular 
markers and analytical methods (reviewed in Martien et al. 
2017; Rosel et al. 2017b), however, has resulted in con-
fusion about what level of molecular (and other) evidence 
is appropriate for taxonomic classification in cetaceans. A 
Special Issue of Marine Mammal Science (vol. 33, 2017) 
presented the reasons molecular methods are needed to 
advance cetacean taxonomy (Taylor et al. 2017b), a re-
view of the genetic markers and analytical methods that 
have been used (Martien et al. 2017; Rosel et al. 2017b), 
and evaluations of how various divergence (Rosel et al. 
2017a) and diagnosability (Archer et al. 2017b) metrics 
correlate with accepted taxonomic status. The Special 
Issue concluded with proposed guidelines and quantitative 
standards intended to “promote consistency, objectivity, 
and transparency in the classification of cetaceans” (Taylor 
et al. 2017a), including a decision flow diagram and check-
list of considerations for presenting a persuasive argument 
for delimiting new subspecies or species, including the basis 
for taxonomic hypothesis, sampling considerations (sample 
size and distribution), review of relevant life history char-
acteristics, data types and analytical methods, and synthesis 
of lines of evidence.

The reviews and guidelines in the Special Issue were neces-
sarily limited to datasets that were widely available and com-
parable, specifically short sequences (~250 to 1000 basepairs) 
of the mitochondrial DNA (mtDNA) control region (Ross 
et al. 2003; Archer et al. 2017b; Martien et al. 2017; Rosel 
et al. 2017a,b). However, the level of variability in the con-
trol region can be too low for taxonomic resolution for some 
taxa due to population bottlenecks and social structure (e.g. 
Morin et al. 2010; Foote et al. 2016; Van Cise et al. 2019), 
and variation may predate the divergence of the taxa (incom-
plete lineage sorting) (Archer et al. 2017b).

A well-known principle of population genetics is that diver-
gence due to genetic drift is correlated with effective popula-
tion size (Wright 1931) such that species with high abundance, 
such as spotted and spinner dolphins, are expected to take so 
long to diverge at the subspecies level that genetic markers 
will likely not diagnose well-accepted subspecies (Rosel et al. 
2017a; Leslie et al. 2019). In these taxa, selection on nuclear 
variation may act to drive divergence in the absence of con-
trol region differentiation (Andrews et al. 2021), or the rate 
of diversification may outpace lineage sorting in these highly 
variable mtDNA regions. Since the publication of the Special 
Issue of Marine Mammal Science in 2017, genomic datasets 
for marine mammals have become increasingly available, and 
complete mitochondrial genomes (mitogenomes) have been 
used for population, subspecies, and species-level studies (e.g. 
Morin et al. 2018; Archer et al. 2019; Leslie et al. 2019; Van 
Cise et al. 2019; Louis et al. 2020; Skovrind et al. 2021). In 
many cases, these longer mitogenome sequences (~16,400 bp) 
improved resolution of divergence among taxonomic groups 
(e.g. Morin et al. 2010, 2015, 2018; Archer et al. 2013; Van 
Cise et al. 2019; Albertson et al. 2022), but the impact of 
improved resolution on the use of genetics for taxonomic 
decisions has not yet been investigated.

Taylor et al. (2017a) proposed thresholds for two metrics, 
net nucleotide divergence (d

A) and percent diagnosability 
(PD), that can be used as guidelines for classification of ce-
tacean strata as populations, subspecies, or species based on 
mtDNA control region sequences. To develop comparable 

thresholds for full mitogenome sequences, we have compiled 
published and unpublished cetacean mitogenomic sequence 
alignments and used them to evaluate the correlation of diver-
gence metrics with taxonomic status. We compare the values 
of metrics calculated from full mitogenomes to those from 
hypervariable control region sequences to determine how 
the two sequence lengths are likely to perform in taxonomic 
assessments, including cases in which classification based on 
the guidelines would over- or under-classify recognized sub-
species or species (i.e. genetic data place a taxon at a lower 
or higher level than currently recognized). We also conducted 
simulations of mitogenome and control region sequence di-
vergence over continuous ranges of divergence time, effective 
population size (Ne), mutation rates, and migration rates, 
evaluating when divergence and diagnosability guidelines 
may be likely to under- or over-classify taxonomic groups.

Materials and methods
This study uses mitogenome sequence data from 18 cetacean 
species that have complete mitogenome sequence datasets pre-
viously published or generated for this study (Supplementary 
Table S1). Datasets were stratified into 30 different pairs 
of populations and subspecies within species, and sister- or 
closely related species based on published information associ-
ated with the data for accepted cetacean taxa (Committee on 
Taxonomy 2019). Populations within species were recognized 
based on independent data indicating genetic or geographic 
isolation (e.g. island-associated groups or population genetic 
analyses). Subspecies or species that have been suggested in 
published literature, but which remain uncertain due to lack 
of data or appropriate analyses, have been designated “un-
resolved” and analyzed only to suggest further taxonomic 
analyses that should be pursued (Supplementary Table S2). 
Only strata (populations, subspecies, or species) with at least 
10 sequences available were used in the analyses described 
below. Capture of geographic variability within subspecies 
or species was limited by available data and/or samples, and 
datasets were selected to maximize diversity of pairs of sub-
species and species regardless of geographic representation 
within each stratum.

Samples and sequencing
We assembled mitogenomes from one genus, Neophocaena, from 
the genomic short-read archive (SRA) data after standard quality 
trimming with BBtools (sourceforge.net/projects/bbmap/), 
using the BWA mem algorithm (v. 0.7.15, Li and Durbin 2009) 
to align reads to a published mitogenome for Neophocaena 
phocaenoides (accession KC777291). We generated new data 
for four species (Pepenocephala electra, Pseudorca crassidens, 
Phocoena phocoena, and Balaenoptera musculus; Table 1) using 
previously described methods for capture enrichment of mtDNA 
prior to Illumina short-read sequencing (Hancock-Hanser et al. 
2013). DNA extraction and sequencing library preparation for 
these species were conducted at SWFSC from samples stored 
in the Marine Mammal and Sea Turtle Research (MMaSTR) 
Collection. Consensus mitochondrial sequences were obtained 
from the newly generated data using reference-guided assembly 
based on the custom pipeline described by Hancock-Hanser 
et al. (2013). Previously unpublished mitogenome sequences 
of right whales (Eubalaena sp.) were generated by conven-
tional (Sanger) and next-generation sequencing at Oregon 
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Table 1. Mitochondrial genome sequence datasets used for pairwise divergence analysis.

Strata type Genus Species Strata pairs (sample sizes) Source

Population Globicephala macrorhynchus Mariana Islands (20) v. Hawaii (32) Van Cise et al. (2019)

Population Orcinus orca EAL-TRI (16) v. GOA (17)a Morin et al. (2010, 2015)

Population Orcinus orca CAL-WAL (23) v. EAL-TRI-GOA (33)a Morin et al. (2010, 2015)

Population Orcinus orca CAL (15) v. GOA (17)a Morin et al. (2010, 2015)

Population Orcinus orca CAL (15) v. EAL-TRI (16)a Morin et al. (2010, 2015)

Population Peponocephala electra Main Hawaiian Is. (10) v. Palmyra (11) This study

Population Peponocephala electra Bahamas (10) v. Main Hawaiian Is. (10) This study

Population Peponocephala electra Atlantic (10) v. Pacific (21) This study

Population Peponocephala electra Bahamas (10) v. Palmyra (11) This study

Population Phocoena phocoena N. California-BC (11) v. S. California (10) Ben Chehida et al. (2020)

Population Physeter macrocephalus Atlantic (35) v. Pacific (124) Morin et al. (2018)

Population Pseudorca crassidens E. Pacific (29) v. Hawaii (27) This study

Population Stenella attenuata Northern (14) v. WesternSouthern (17) Leslie et al. (2019)

Species Balaenoptera B. musculus (101) v. B. physalus (123) This study, Archer et al. (2013, 2019)

Species Eubalaena E. australis (15) vs. E. japonica (27) This study

Species Eubalaena E. australis (15) vs. E. glacialis (11) This study

Species Eubalaena E. glacialis (11) vs. E. japonica (27) This study

Species Neophocaena N. asiaeorientalis (31) v. phocaenoides (17) Zhou et al. (2018)

Species Phocoena P. phocoena (49) v. P. sinus (24) Ben Chehida et al. (2020)

Species Stenella S. attenuata (59) v. S. longirostris (98) Leslie et al. (2019)

Species Tursiops T. aduncus (21) v. T. truncatus (48) Moura et al. (2013)

Subspecies Balaenoptera musculus B. m. brevicauda (20) v. B. m. musculus (29) This study

Subspecies Balaenoptera musculus B. m. intermedia (65) v. B. m. musculus (29) This study

Subspecies Balaenoptera musculus B. m. brevicauda (20) v. B. m. intermedia (65) This study

Subspecies Balaenoptera physalus B. p. physalus (14) vs. B. p. quoyi (43) Archer et al. (2013, 2019)

Subspecies Balaenoptera physalus B. p. velifera (96) vs. B. p. quoyi (43) Archer et al. (2013, 2019)

Subspecies Balaenoptera physalus B. p. physalus (14) vs. B. p. velifera (96) Archer et al. (2013, 2019)

Subspecies Neophocaena asiaeorientalis N. a. asiaeorientalis (13) v. N. a. sunameri (18) Zhou et al. (2018)c

Subspecies Stenella attenuata S. a. graffmani (21) v. S. a. attenuata (38) Leslie et al. (2019)

Subspecies Stenella longirostris S. l. orientalis (30) v. S. l. longirostris (27)b Leslie et al. (2019)

Unresolved Globicephala macrorhynchus Atlantic (30) v. Naisa (72) Van Cise et al. (2019)

Unresolved Globicephala macrorhynchus Atlantic (30) v. Clade 3 (36) Van Cise et al. (2019)

Unresolved Globicephala macrorhynchus Clade 3 (36) v. Naisa (72) Van Cise et al. (2019)

Unresolved Globicephala macrorhynchus Atlantic (30) v. Shiho (43) Van Cise et al. (2019)

Unresolved Globicephala macrorhynchus Clade 3 (36) v. Shiho (43) Van Cise et al. (2019)

Unresolved Globicephala macrorhynchus Naisa (72) v. Shiho (43) Van Cise et al. (2019)

Unresolved Orcinus orca Antarctic_B1 (21) v. Antarctic_B2 (10) Morin et al. (2010, 2015)

Unresolved Orcinus orca Antarctic_B1 (21) v. Antarctic_C (38) Morin et al. (2010, 2015)

Unresolved Orcinus orca Antarctic_B2 (10) v. Antarctic_C (38) Morin et al. (2010, 2015)

Unresolved Orcinus orca Antarctic_B1 (21) v. Resident (107) Morin et al. (2010, 2015)

Unresolved Orcinus orca Antarctic_B2 (10) v. Resident (107) Morin et al. (2010, 2015)

Unresolved Orcinus orca Antarctic_C (38) v. Resident (107) Morin et al. (2010, 2015)

Unresolved Orcinus orca Resident (107) v. Transient (97) Morin et al. (2010, 2015)

Unresolved Orcinus orca Antarctic_B1 (21) v. Transient (97) Morin et al. (2010, 2015)

Unresolved Orcinus orca Antarctic_B2 (10) v. Transient (97) Morin et al. (2010, 2015)

Unresolved Orcinus orca Antarctic_C (38) v. Transient (97) Morin et al. (2010, 2015)

Unresolved Phocoena phocoena Atlantic (13) v. Pacific (32) Ben Chehida et al. (2020)

Accession numbers for mitogenomes sequenced for this study are in Supplementary Table S3.
aStrata based on Parsons et al. (2013): EAL = E. Aleutians; TRI = Trinity Islands; GOA = Gulf of Alaska; CAL = Central Aleutians; WAL = Western 
Aleutians.
bS. l. longirostris samples from “white belly” population in the Eastern Tropical Pacific.
cMitogenomes assembled from short read archive data. Accession ID’s in Supplementary Table S3.
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State University, following methods described by Alexander 
et al. (2013) (Supplementary Methods). All previously unpub-
lished mitogenome sequences generated for this study have 
been submitted to NCBI GenBank (Supplementary Table S3). 
The remainder of the data used in this analysis were previously 
published (Table 1).

Sequence alignment
All sequences were aligned first within species, then by com-
bining species alignments within each genus. When available 
in the literature, full alignments were downloaded or requested 
from the authors. Otherwise, mitogenome sequences were 
downloaded from NCBI GenBank and alignments were 
created using MUSCLE (Edgar 2004) with default parameters 
as implemented in Geneious Prime (BioMatters, Ltd). All 
indels were visually inspected in the alignment files to ensure 
consistent placement. After complete mitochondrial genomes 
were aligned for each taxonomic group, coding sequences 
(CDS: defined here as all contiguous rRNA, tRNA, and pro-
tein coding sequence, excluding the full control region), and 
the first 500 bp of the control region were extracted as sep-
arate sequence alignments from each mitogenome alignment. 
The three datasets were used for parallel analyses of the 
shorter sequences with the full mitogenome sequences.

Data analyses
Unique haplotypes within each taxonomic-group alignment 
were assigned using the labelHaplotypes function (ignoring 
indels) in the strataG package (Archer et al. 2017a) for R (v. 
4.0.4, R Core Team 2021). Samples were assigned a priori 
to populations, subspecies, and species pairs for analysis of 
divergence (FST [Weir and Cockerham 1984], ΦST [Excoffier 
et al. 1992], dA [eq. 10.21; Nei 1987]), fixed differences, and 
PD (Archer et al. 2017b) in R using custom scripts and the 
strataG package. PD is the smallest percent of correctly clas-
sified individuals in a stratum. In a pairwise analysis, this is 
the percent of individuals classified at >50% probability (= 
PD50 in Archer et al. 2017b). We used the modelTest func-
tion in the Phangorn package (v.2.2.0, Schliep 2011) to deter-
mine the optimal nucleotide substitution model, which was 
the HKY (74%; Hasegawa et al. 1985) or GTR (26%; Taveré 
1986), for all mitogenome alignments. For divergence met-
rics involving genetic distance (dA, ΦST) calculated in strataG, 
the most similar available model was the TN93 (Tamura and 
Nei 1993) model in the dist.dna function in the ape package 
(Paradis and Schliep 2019).

Simulated data and modeling the effect of 
simulation parameters on classification accuracy
Simulated datasets were generated to examine the effects of 
a set of evolutionary and demographic parameters on values 
of dA and PD that meet our empirically derived subspecies 
and species thresholds (see Results). Our simulations used 
the same structure as the model from Archer et al. (2017b). 
Specifically, the coalescent-based model implemented in 
fastsimcoal2 (v. 2.6) (Excoffier and Foll 2011) was used to 
simulate a single population with effective size 2*Ne that 
diverged into two populations, each with effective size Ne. 
The split occurred T generations in the past, after which the 
populations exchanged migrants at the rate m per generation. 
Mutation occurred at the rate μ substitutions/basepair/gener-
ation. Twenty individuals were sampled per stratum.

Parameter values for each simulation were drawn from the 
following distributions:

Ne ~ 10Uniform(2, 5)

T ~ 10Uniform(1.398, 5.398)

m ~ 10Uniform(−9, −2)

μ ~ 10Uniform(−8, −5.5)

These parameter ranges were chosen to include all values 
likely to apply to cetacean species (see Archer et al. 2017b 
for details). Empirical estimates for mutation rates in the 
cetacean mitogenome and control region range from 1.6 × 
10−8 (=10−7.8) to 1.86 × 10−6 (=10−5.73) (summarized in Table 
4 of Alexander et al. 2013). As in Archer et al. (2017b), a 
large number (100,000) of parameter sets were generated, 
from which 3,000 sets were randomly chosen that were 
evenly split between three categories: 1) Nem ≥ 1, to represent 
populations, 2) 0 < Nem < 1, to represent subspecies, and 3) 
m set to zero, to represent species.

The fastsimcoal simulation was run once each with se-
quence lengths of 16,400 bp (full mitogenome simulations) 
and 500 bp (control region simulations). For each simulated 
dataset, dA and PD were calculated. Logistic Generalized 
Additive Models (GAM; Wood 2006) were fit to the resulting 
estimates as described in Archer et al. (2017b) and used to 
visualize the relationships between the simulation parameters 
and dA and PD. The simulations and GAM analyses were 
performed using functions in the R package strataG and 
custom scripts.

Results
We collected published mitogenome datasets for 13 cetacean 
species and generated new mitogenome sequences for 6 ce-
tacean species (Table 1). We generated pairwise divergence 
and diagnosability metrics for 13 populations, 9 subspecies, 
and 8 species pairs (Table 1). These included 11 of the 14 
families of cetaceans. Similar to results based on short (~340 
bp) control region sequences (Rosel et al. 2017a), analysis 
of mitogenomes showed that fixed differences, net nucleo-
tide divergence (dA), ΦST, and diagnosability all showed large 
differences in comparisons between subspecies and species 
pairs (Fig. 1). The frequency-based measure FST performed 
poorly for differentiating taxonomic groups. Diagnosability 
(PD) was high for all strata, with increasing diagnosability 
of subspecies relative to populations, and near-complete 
diagnosability for species, as expected (e.g. Morin et al. 2010, 
2018; Archer et al. 2013; Van Cise et al. 2019). Differences be-
tween complete mitogenomes and only the coding sequences 
in pairwise statistics were minimal (Supplementary Figs. S1 
and S2), so primarily full mitogenomes and control region 
datasets are presented and discussed.

Empirical control region data from cetacean pairwise 
comparisons were previously used to establish guidelines 
that minimized over- and under-classification of populations, 
subspecies, and species based on genetic data (Taylor et al. 
2017a). Those guidelines were based on ~340 bp of the 
control region and would be expected to change for longer 
sequences and lower mutation rates, such as for the complete 
mitogenomes. Based on our empirical comparisons, we pro-
pose new guidelines for mitogenome datasets, based on sim-
ilar minimization of over- and under-classification errors. For 
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dA, the values that best delineated subspecies from populations 
and species from subspecies are dA > 0.0006 and dA > 0.008, 
respectively (Fig. 2). As argued by Taylor et al. (2017a), we 
propose to use 95% as the diagnosability (PD) threshold for 

subspecies and species in keeping with standard practices for 
diagnosability based on morphology, but include a reduced 
threshold (80%) in Fig. 2 that would decrease the number 
of under-classification errors for recognized subspecies, but 

Fig. 1. Plots of mitogenome divergence metrics (FST, ΦST (PHIst), PD, net nucleotide divergence (dA), and fixed differences) between accepted pairs of 
populations, subspecies, and species of cetaceans. The median values for each dataset are indicated by a horizontal bar.
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increase the potential for misidentification of populations as 
subspecies. This lower threshold might be appropriate, for 
example, when sample sizes are small (see Archer et al. 2017b 
for additional discussion). Additional information can be 
useful to further justify taxonomic decisions (see Discussion).

We evaluated molecular classification accuracy using 
our proposed guidelines (i.e. using dA and PD) for the full 
mitogenome sequences and a 500 bp portion of the control 
region from the same datasets (Fig. 2, Supplementary Table 
S1). Only one (short-finned pilot whale (Hawaii/Mariana 
Islands)) population pair was over-classified by molecular 
data as subspecies for both the control region and complete 
mitogenome datasets. Rates of under-classification based on 
molecular data were also similar for both control regions and 
mitogenomes, with six recognized subspecies pairs falling 
below the subspecies thresholds for each dataset, and two 
and one recognized species pairs for control regions and 
mitogenomes, respectively, falling below the species threshold. 
In the latter cases, one of the species pairs was the recently 
described species of finless porpoises, which are believed to 
have diverged within the past ~20 kyr (Jefferson and Wang 
2011); this pair was also under-classified with the shorter 
control region dataset in Rosel et al. (2017a).

We similarly plotted net divergence and PD for additional 
pairs of intraspecific cetacean groups based on geographically 
and/or ecologically divergent pairs with unresolved taxonomic 
status in order to provide evidence in support of further taxo-
nomic evaluation (Fig. 3, Supplementary Table S2). All short-
finned pilot whale (Globicephala macrorhynchus) pairs were 
classified as subspecies based on our mitogenome guidelines. 

This is not surprising, as most pairs were previously proposed 
as subspecies based on nuclear single nucleotide polymor-
phism (SNP) divergence, mitogenome phylogeography, and 
control region dA and PD (Van Cise et al. 2019). Killer whales 
(Orcinus orca), known for a global distribution with genet-
ically and ecologically divergent ecotypes, especially in high 
latitudes (Pitman and Ensor 2003; Leduc et al. 2008; Morin 
et al. 2010, 2015; Foote et al. 2016, 2019), clustered into 
the population and subspecies levels of divergence based on 
dA, though even the populations (dA < 0.0006) all had high 
diagnosability. Interestingly, the ecotype pairs classified as 
populations were comparisons of all of the ice-associated 
Antarctic types (B1, B2, and C), which are among the most 
morphologically diverse of all killer whale ecotypes (Pitman 
and Ensor 2003; Durban et al. 2017). The partially sympatric 
North Pacific resident and transient ecotypes were classified 
as subspecies, as were allopatric comparisons between those 
two ecotypes and the Antarctic types. It has been previously 
suggested based on geographic isolation, control region data, 
and morphological differences (Rosel et al. 1995; Reeves et al. 
2004) that the two harbor porpoise subspecies in the North 
Pacific and North Atlantic ocean basins, which form recipro-
cally monophyletic mitogenome clades separated for an ap-
proximately 0.86 Myr (Ben Chehida et al. 2020), could be 
considered separate species. Based on our analyses, they fall 
firmly within the “species” part of the dA/PD plot, with 196 
fixed differences across the mitogenome, supporting an eleva-
tion from subspecies to species status.

Similar to previous analyses of the number of fixed 
differences in control region sequences between subspecies 

A) B)

Fig. 2. Plot of net divergence (dA) (on a natural log scale) vs. PD for accepted populations (triangle), subspecies (square), and species (circle) of 
cetaceans, based on A) the first 500 bp of the control regions extracted from the mitogenomes and B) complete mitochondrial genomes. Thin 
horizontal and vertical lines show the central 95th percentile of the estimate distributions. The dotted and solid vertical lines are the minimum 
cutoffs for subspecies and species, respectively, corresponding to dA = 0.004, 0.02 for control regions (Taylor et al. 2017a) and dA = 0.0006, 0.008 for 
mitogenomes. The gray horizontal dotted lines demark 80% and 95% diagnosability. The numbers highlight over- and under-classified pairs in one or 
both plots based on the taxonomic guidelines. 1. Spotted dolphin (Coastal/Pantropical), 2. Short-finned pilot whale (Hawaii/Mariana Islands), 3. Harbor 
porpoise (S. California/British Columbia – N. California), 4. Narrow-ridged finless porpoise (Yangtze/East Asian), 5. Finless porpoise (Narrow-ridged/Indo-
Pacific), 6. Blue whale (Pygmy/Antarctic), 7. Blue whale (Antarctic/Northern), 8. Blue whale (Pygmy/Northern), 9. Spinner dolphin (Eastern/Gray’s [white 
belly]), 10. Common and Indo-Pacific bottlenose dolphins. Divergence data in Supplementary Table S2.
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and species pairs (Rosel et al. 2017a), the number of fixed 
differences in mitogenomes was much better for identifying 
species than subspecies (Supplementary Fig. S1c). Species 
were more strongly differentiated by fixed differences across 
the full mitogenome than just the control region. There were 
an average of 311 fixed differences for six of seven spe-
cies pairs (range 127 to 812, excluding the species pair, N. 
phocaenoides, N. asiaeorientalis, with no fixed differences). 
The 500 bp control region sequences for the same pairs 
contained an average of 10 fixed differences (range 0 to 28). 
One species pair (Tursiops truncatus, T. aduncus) had no fixed 
differences in the control region, but 223 fixed differences in 
the complete mitogenome. For subspecies pairs, none of the 
10 pairs had fixed differences in the control region, while they 
had zero to 28 fixed differences in the complete mitogenomes. 
The frequency of fixed differences between species pairs was 
nearly the same in coding and noncoding regions (average 
control region = 0.020/bp, CDS = 0.019/bp) across species 
pairs, so the benefit of using complete mitogenomes is due 
to the increased sequence length rather than different rates 
of fixation.

Simulated data were used to investigate the effect of a range 
of divergence times, mutation rates, and migration rates on 
nucleotide divergence and diagnosability. Simulations showed 
patterns that followed population genetic predictions, with 
larger effects of divergence time and effective population size 

on accumulation of diagnosable differences between groups, 
and smaller effects of mutation rate (Fig. 4). This was espe-
cially true for full mitogenomes, where mutation rate had 
little effect on dA through most of the empirically observed 
range (log10μ = −7.8: −5.7). The simulated mitogenome data 
also replicated the divergence time results based on control 
region sequences in Archer et al. (2017b), but with a ≥10-
fold decrease in divergence times required to reach >85% 
diagnosability (Fig. 4) across most population sizes and mu-
tation rates.

Discussion
When genetic data are the only or primary source of informa-
tion available, quantitative guidelines and decision criteria 
can help to make consistent, transparent taxonomic decisions. 
We have used empirical comparisons of well-accepted pairs of 
cetacean populations, subspecies, and species to establish a 
new divergence (dA) threshold based on whole mitogenome 
sequences to use as quantitative standards to guide taxo-
nomic decisions. Correct classification of accepted taxa was 
maximized when the population/subspecies boundary was dA 
= 0.0006 with PD > 95%, and the subspecies/species boundary 
was dA = 0.008, PD = 100%. While control region sequences 
will continue to be valuable for population and taxonomy 
studies, especially because they can be generated quickly and 

Fig. 3. Plot of net divergence (dA) vs. PD values based on complete mitochondrial genomes (see Fig. 2B for plot details) for geographically and/or 
ecologically divergent pairs of unresolved taxonomic status. See Supplementary Table S2 for group pairs and divergence metrics. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jhered/article/114/6/612/7255533 by N

O
AA C

entral Library user on 11 January 2024

http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad049#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad049#supplementary-data


Journal of Heredity, 2023, Vol. 114, No. 6 619

Fig. 4. Two-dimensional GAM fits of effective population size (Ne), divergence time in generations (T), mutation rate (μ), and migrants per generation 
(m) for dA and PD from simulated data. A and C) 16.4 kb sequences (mitogenomes); B and D) 500 bp sequences (control regions [CR]). Each column 
contains the three possible pairwise comparisons for each simulation, with and without migration (see methods). Guideline ranges of dA (see Fig. 2) for 
subspecies delineation are indicated on the log10dA legend.
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cheaply from a wide variety of sample types (e.g. biopsies, 
teeth, and eDNA; Parsons et al. 2018; Costa et al. 2022), com-
plete mitogenome sequences offer some advantages. The pri-
mary benefit of using whole mitogenome sequences instead of 
short control region (or other mitochondrial locus) sequences 
(Taylor et al. 2017a) are 1) a 10-fold increase in the rate of 
diagnosability relative to divergence time, as mutations across 
~16.4 kb of sequence and drift lead to divergent sequences 
and fixation of differences between demographically isolated 
lineages, and 2) a decreased effect of differences in substitu-
tion rates on dA over time, reducing variability in estimates of 
divergence due to stochastic sampling of variant sites from 
short sequences.

Complete mitogenome sequence comparisons across taxo-
nomic groups also showed strong differences in the number 
of fixed differences in coding and noncoding (control 
region) sequence between subspecies and species categories 
(Supplementary Fig. S1). Among species, all pairs examined 
except for one, the recently divergent narrow- and wide-
ridged porpoises (Neophocaena sp.) had at least 127 fixed 
differences across the mitogenomes. Thus, accumulation 
of fixed differences in the coding region reflects the longer 
isolation and divergence of lineages, and provides another 
mitogenome metric for delimiting species from subspecies. 
Although our sample size is small, we suggest a conserva-
tive guideline of >50 fixed differences for delineating species 
based on full mitogenomes, roughly half way between the 
maximum number of fixed differences found between sub-
species pairs and the minimum for species pairs (excluding 
the Neophocaena species pair). Since the observed number 
of fixed differences may be influenced by the sample size and 
geographic distribution, the probability of observing a given 
number of fixed differences in a given sample size when they 
are not truly fixed can be calculated to support the strength of 
results (Braulik et al. 2021).

We divided the mitogenome alignments into coding and 
noncoding regions to investigate the differences between 
parameters for portions of the mitogenome presumably 
under different selective constraints, and where there might 
be advantages of using short noncoding sequences (control 
region) vs. complete mitogenomes. Comparison of dA between 
coding regions and the control region indicate that divergence 
between pairs is greater in the control region in populations 
(Supplementary Fig. S2A), as would be expected due to higher 
mutation rate in the control region (Duchene et al. 2011). As 
taxonomic differentiation increases, net divergence remains 
greater in the control region, but the rate of change becomes 
more similar to that of the coding regions. This suggests 
that there is no advantage in using just coding sequences 
or the complete mitogenome for comparisons of divergence 
(dA) at lower levels (populations and subspecies). However, 
diagnosability is higher for subspecies and species when the 
complete mitogenome (or complete coding sequence) is used, 
as fixed or nearly fixed differences will accumulate faster 
across the longer sequences (Supplementary Fig. S2B). Thus, 
when possible, use of complete mitogenome sequences in con-
junction with the divergence and diagnosability guidelines is 
recommended for inference of taxonomic status.

The guideline for using dA and PD to evaluate taxonomic 
status should serve as a starting point for making an argument 
about taxonomic status, rather than an inflexible rule. We ac-
knowledge that mtDNA, even when the whole mitogenome is 
sequenced, still represents only a single locus and a single gene 

genealogy. Rapid speciation can lead to incomplete lineage 
sorting resulting in mito-nuclear discordance in the absence 
of gene flow (e.g. Duran et al. 2020; Deraad et al. 2023), and 
mito-nuclear discordance can arise from historical gene flow 
among diverging lineages, as has recently been suggested to 
have been common in cetaceans (Arnason et al. 2018; Foote 
et al. 2019; Westbury et al. 2023). Indeed, there is a suggestion 
of historical mitochondrial introgression in Steno bredanensis 
(Vilstrup et al. 2011; McGowen et al. 2020), and a putative 
hybrid origin of Stenella clymene, resulting in discordant mi-
tochondrial and nuclear phylogenetic relationships (Kingston 
et al. 2009; Amaral et al. 2014; McGowen et al. 2020). 
However, there have been multiple studies comparing mito-
chondrial and nuclear phylogenetics and taxonomy across ce-
tacea and within subgroups (Dalebout et al. 2008; McGowen 
et al. 2009; Amaral et al. 2012; Banguera-Hinestroza et al. 
2014; Leslie et al. 2019; McGowen et al. 2020), and while 
patterns of inferred phylogenetic relationships have varied 
somewhat among studies and marker sets, changes to taxo-
nomic level (as opposed to changing nomenclature or inferred 
phylogenetic relationships) due to mito-nuclear discordance 
to date have been limited to a recommendation to synonymize 
two congeneric species (Delphinus delphis, D. capensis) until 
more detailed analyses can be completed (Mcgowen et al. 
2020; Committee on Taxonomy 2023).

There is a rich history of analyses of mtDNA sequences 
to inform systematics and taxonomy, as well as methods 
that do not rely on phylogenetic arguments (e.g. reciprocal 
monophyly) for taxonomic inference. The “flow diagram for 
species delineation” provided by Taylor et al. (2017a) (Fig. 
5) provides the context for interpretation (see Taylor et al. 
2017a for additional discussion). The genetic criteria pro-
vide PD and an independent evolutionary trajectory (dA) 
as initial thresholds for taxonomic delimitation. Additional 
considerations for arguments about whether a group of an-
imals merits subspecies or species status include effects of 
demography, gene flow, and mutation rate on the metrics 
considered and other factors that could lead to a different 
taxonomic outcome than using mtDNA metrics alone. In rec-
ognition of the needed increase in evidence to make an argu-
ment for a species classification, the guidelines flow diagram 
(Fig. 5) requires evidence beyond mtDNA sequence data, in-
cluding ruling out male-mediated gene flow (often provided 
through analysis of nuDNA) and more traditional lines of ev-
idence like geographic distribution of samples, acoustic sig-
nals, color patterns, morphology, distribution, and life history 
differences (Martien et al. 2019a).

There are many reasons why a taxonomic unit might 
be classified differently from what is suggested by the 
guidelines. The simulated data provide some guidance to 
assist researchers in interpreting divergence and diagnostic 
data when comparing groups in the context of their histor-
ical demography, culture, and ecology. For instance, the sim-
ulation results clearly demonstrate that very low values of 
Ne can result in high values of PD, even in the face of on-
going gene flow (Fig. 4C and D, m > 0 panels). Although low 
Ne can result from low abundance, it can also result from 
strong social structure (e.g. false killer whales, Martien et al. 
2019b) or historical events such as bottlenecks and founder 
effects (Weber et al. 2000; Foote et al. 2019). In such cases, 
it might be appropriate to classify a unit at a lower taxo-
nomic level than suggested by the guidelines. On the other 
hand, under-classification (not recognizing a taxon when it 
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is warranted) of empirical, recognized subspecies pairs was 
more common for both mitogenome and control region 
datasets. Under-classification may be due to demographic 
effects, but the speciation process also may proceed at a faster 
pace than the evolution of mtDNA (e.g. resulting in mtDNA 
polyphyly; Funk and Omland 2003; Wang et al. 2018), es-
pecially for highly social species that show evidence of niche 
partitioning or sexual selection (e.g. killer whales [Foote et 
al. 2016], spinner dolphins [Andrews et al. 2021]). In the em-
pirical mitogenome data presented here, under-classification 
based on the dA threshold involved subspecies of only three 
species: blue whales, spinner dolphins, and spotted dolphins. 
Blue whales are globally distributed with high historical 
abundance in at least some oceans, and spinner and spotted 
dolphins fall at the highest demographic extreme, with global 
distributions and pelagic populations numbering in the hun-
dreds of thousands, in the range where both dA and PD would 
be expected to be lowest (Fig. 2).

As genomic methods continue to expand the quantity and 
quality of data available to investigate evolutionary and 
demographic history of species, genomic tools will continue 
to expand and refine taxonomic delineation in the absence 
of morphological data. Our analysis of whole mitogenome 
datasets of cetacean populations, subspecies, and species 
provides a benchmark for understanding the patterns of 
mtDNA diversity, divergence, and diagnosability through the 
speciation process, with simulated data to further examine the 
ranges of parameters that will affect these processes across a 
wide range of possibilities.

Supplementary material
Supplementary material is available at Journal of Heredity 
online.
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