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ARTICLE INFO ABSTRACT

Keywords: The family Alaudidae, larks, comprises 93-100 species (depending on taxonomy) that are widely distributed
Phylogeny across Africa and Eurasia, with single species extending their ranges to North and northernmost South America
Phylogenomics and Australia. A decade-old molecular phylogeny, comprising ~80% of the species, revealed multiple cases of
I]tda];::mpemes coalescent parallel evolution and large variation in rates of morphological evolution, which had misled taxonomists into
Paraphyly creating many non-monophyletic genera. Here, we reconstruct the phylogeny of the larks, using a dataset
Taxonomy covering one mitochondrial and 16 nuclear loci and comprising all except one of the currently recognised species

Subfamily description as well as several recently proposed new species (in total 133 taxa; not all loci available for all species). We
provide additional support using genome-wide markers to infer a genus-level phylogeny based on near-complete
generic sampling (in total 51 samples of 44 taxa across 40 species). Our results confirm the previous findings of
rampant morphological convergence and divergence, and reveal new cases of paraphyletic genera. We propose a
new subfamily classification, and also that the genus Mirafra is divided into four genera to produce a more
balanced generic classification of the Alaudidae. Our study supports recently proposed species splits as well as
some recent lumps, while also questioning some of the latter. This comprehensive phylogeny will form an
important basis for future studies, such as comparative studies of lark natural history, ecology, evolution and
conservation.

1. Introduction which also includes various groups given the common names warblers,
babblers, hirundines, bulbuls etc., as well as the single species that is
The family Alaudidae, larks, is part of the superfamily Sylvioidea, sister to the larks, the Bearded Reedling (Panurus biarmicus) (Alstrom
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etal., 2006, 2013b; Fregin et al., 2012; Oliveros et al., 2019). The number
of currently recognised species of larks varies from 93 (Clements et al.,
2022) to 100 (Gill et al., 2022), although both these authorities recognise
the same 21 genera. The discrepancy between these two main checklists
concern species recognised by Gill et al. (2022) that have recently
(October 2022) been lumped by Clements et al. (2022). The larks are
widely distributed across Africa and Eurasia, with 59-60% of the species
and 33% of the genera endemic to Africa. A single lineage (the Horned
Lark Eremophila alpestris complex) has reached North America and
Colombia from its ancestral Eurasian range (Ghorbani et al., 2020a), and
another species (Horsfield’s Bushlark Mirafa javanica) has reached
Australia from Africa and southern Asia (Alstrom et al., 2013a). Larks
inhabit a broad range of open habitats, including short-grass habitats,
agricultural lands, open scrublands, stony as well as sandy deserts and
tundra (de Juana et al., 2004; Fjeldsa et al., 2020a). A few species occur
in glades and clearings in open forest and along forest edges (de Juana
et al., 2004). Most species are cryptically coloured and sexually mono-
morphic, and superficially similar in appearance. Males of Black Lark
(Melanocorypha yeltoniensis) and all except one of the species of
sparrow-larks Eremopterix species are the most notable exceptions to this
rule (de Juana et al., 2004; Fjeldsd et al., 2020a). Lark plumages often
match the colour of the substrates they inhabit, which may be adaptive as
it can increase camouflage (Donald et al., 2017; Mason et al., 2023).
Many larks have elaborate songs that often include outstanding mimicry,
but some species have very simple songs (de Juana et al., 2004). A mo-
lecular phylogeny for the Alaudidae revealed that morphological evolu-
tion was not tightly associated with genetic divergence (Alstrom et al.,
2013a). Instead, the authors found multiple instances of remarkable
convergent evolution in distant lineages, cases of deep genetic diver-
gence between taxa that were treated as conspecific, as well as other
instances of extraordinary morphological divergence between closely
related species.

The number of recognised species of larks has increased remarkably
over the past six decades (Peters, 1960, 76 species; Clements et al., 2022,
93 species; Gill et al., 2022, 100 species). This increase is mainly due to
studies of, in particular, molecular data and/or songs that have resulted
in the elevation of several taxa from the rank of subspecies to species
(Alstrom, 1998; Ryan et al., 1998; Ryan and Bloomer, 1999; Guillaumet
et al., 2005, 2006, 2008; Stervander et al., 2016, 2020a; Donald and
Christodoulides, 2018; Ghorbani et al., 2020a; Alstrom and Sundev,
2021; Alstrom et al., 2021). Other splits have been proposed, but not yet
endorsed by the main checklists (Drovetski et al., 2014; Ghorbani et al.,
2020b), while a few lumps have also been proposed and accepted
(Donald and Collar, 2011; Spottiswoode et al., 2013). The recent (25
October 2022) checklist by Clements et al. (2022), which is the one we
follow as our baseline taxonomy in this paper, lumped eight of the species
recognised by Gill et al. (2022) while it split one species (Table 1). It
nevertheless seems likely that the number of lark species will increase as
a result of studies that integrate different categories of data (e.g.,
morphological, vocal, genetic and behavioural data). This is particularly
true for Africa, which has several lark species with multiple poorly
known subspecies. For example, a recent integrative taxonomic study of
the African Rufous-naped Lark (Mirafra africana)-Sharpe’s Lark
(M.  sharpii)-Red-winged Lark (M. hypermetra)-Somali Lark
(M. somalica)-Ash’s Lark (M. ashi) species complex proposed recognition
of nine instead of five species (Alstrom et al., submitted).

Only one comprehensive molecular phylogeny, based on mitochon-
drial DNA (mtDNA) and three nuclear loci and comprising ~80% of the
species, has previously been published for the Alaudidae (Alstrom et al.,
2013a). It revealed an exceptionally high level of disagreement between
the traditional, morphology-based, taxonomy and phylogenetic re-
lationships, and resulted in several taxonomic changes. Here, we expand
the sampling of mtDNA and nuclear loci to include all except one of the
currently recognised species (99%), as well as all of the species proposed
by Ghorbani et al. (2020b) and Alstrom et al., (submitted). We further
assess the resulting phylogenetic hypothesis by constructing a
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genus-level phylogeny using genome-wide markers by sampling repre-
sentatives for all but three genera. The resulting phylogeny forms the
basis for a taxonomic revision and provides a valuable framework for
future comparative studies of various aspects of lark evolution and
conservation.

2. Methods

The datasets, analyses, and output are graphically summarised in
Fig. 1, while details are provided below.

2.1. DNA sampling and sequencing and SNP calling

Our sampling scheme follows the taxonomy of Clements et al. (2022).
We obtained fresh or toepad samples for 38 lark taxa, for which whole
genomes were resequenced (see below and Appendix Table S1). Com-
parable data were obtained for another 21 samples of 17 Mirafra lark taxa
from Alstrom et al., and for the outgroup Panurus biarmicus (Short Read
Archive accession SRX7050291) from Sigeman et al. (2020). In addition,
306 sequences from 111 taxa from Alstrom et al. (2013a) and various
other sources were downloaded from GenBank (Appendix Table S1). In
all, our sampling comprises 184 samples of 133 lark taxa and includes all
except one of the species currently recognised in Alaudidae (the poorly
known Friedmann’s Lark Mirafra pulpa). The genetic sampling (Appendix
Table S1) varied from one gene (mitochondrial cytochrome b, cytb; 19
species) to >1 million single nucleotide polymorphisms (SNPs) (39
species).

For the fresh samples, DNA was extracted using the DNeasy Blood and
Tissue Kit (Qiagen, Hilden, Germany). For museum toepad samples, we
followed existing protocols of laboratory procedures for degraded DNA,
including all procedures from DNA extraction, USER enzyme (New En-
gland Biolabs) treatment, and library constructions in Irestedt et al.
(2022) and Meyer and Kircher (2010). Whole genomes were resequenced
at ~10-43.5x coverage (mean 22.1x + 9.4 s.d.) on an Illumina NovaSeq
6000 S4 (Illumina, CA) at SciLifeLab, Stockholm and Uppsala.

The mitochondrial cytb, nuclear myoglobin intron 2 and partial exons
(Myo), ornithine decarboxylase introns 6-7 and partial exons (ODC) and
recombination activating gene part 1 (RAG1) were harvested from 57
resequenced genomes (an additional 10 for cytb only; Appendix
Table S1). This was done by mapping short reads of each species to
reference sequences of these loci, which were obtained from the Horned
Lark (Eremophila alpestris) reference genome, using Geneious v.9.1.2
(Biomatters Ltd), with the “map to reference” command. This process
was then repeated, with the consensus sequence of the assembled reads
of each species used as a template for that same species. From 35 rese-
quenced genomes (Appendix Table S1), 13 additional genetic markers
were harvested the same way: aconitase 1 mainly intron 9 (ACO1),
brahma protein, mainly intron 15 (BRM), chromodomain helicase DNA
binding protein 1 (CHD1z), beta-fibrinogen mainly intron 5 (Fib5) and
mainly intron 7 (Fib7), glyceraldehyde 3-phosphate mainly intron 11
(G3P), interphotoreceptor retinoid-binding protein (IRBP), L-lactate de-
hydrogenase mainly intron 3 (LDH), melanocortin 1 receptor complete
codons (MC1R), rhodopsin mainly intron 1 (RHO), transforming growth
factor beta 2 mainly intron 5 (TGFb2), early growth response protein
exon 2 (ZENK) and 3’ untranslated region (ZENKUTR). All new sequences
have been submitted to GenBank (Appendix Table S1).

We called variants from 50 resequenced lark samples and the out-
group Bearded Reedling (Panurus biarmicus) (Appendix Table S1), rela-
tive to the Eremophila alpestris reference genome (GCA_009792885.1;
Mason et al., 2020). We first trimmed Illumina adapters using the soft-
ware Fastp v. 0.20.0 (Chen et al., 2018) and evaluated sequence quality
using FastQC (Andrews, 2010). Read mapping and variant calling were
performed using the accelerated wrapper tools in the Sentieon toolkit v.
201911 (Freed et al., 2017). Reads were mapped to the Eremophila
alpetris genome using BWA-mem v. 0.7.17-r1188 (Li, 2013) and PCR
duplicates removed using the LocusCollector and dedup modules in
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Table 1
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Proposed species-level taxonomy for the family Alaudidae, comprising all lark taxa included in the present study in linear sequence (following the
principles of Fjeldsa et al., 2020b), compared to the taxonomy according to Gill et al. (2022) and Clements et al. (2022). In cases where the latter two
are conflicting, the treatment supported by our study is highlighted in green font and the unsupported one in red font. Changes in our proposed
taxonomy are highlighted in blue font; tentative but uncertain species status in purple font. The family, as defined here, contains 103 species across

three subfamilies.

This study

Clements (2022)

Gill et al. (2022)

Comment

Subfamily Alaudinae (41 spp.)
Lullula arborea

Spizocorys starki
Spizocorys personata
Spizocorys conirostris
Spizocorys fringillaris
Spizocorys fremantlii
Spizocorys sclateri
Spizocorys obbiensis
Alauda leucoptera
Alauda razae
Alauda arvensis
Alauda gulgula
Galerida magnirostris
Galerida modesta
Galerida deva
Galerida theklae
Galerida malabarica
Galerida cristata

Galerida cristata macrorhyncha '
Eremophila longirostris
Eremophila alpestris (sensu stricto) >
Eremophila bilopha *
Eremophila penicillata ®
Calandrella brachydactyla
Calandrella blanfordi
Calandrella eremica
Calandrella cinerea
Calandrella dukhunensis
Calandrella acutirostris
Melanocorypha bimaculata
Melanocorypha mongolica
Melanocorypha maxima
Melanocorypha yeltoniensis
Melanocorypha calandra
Chersophilus duponti
Eremalauda dunni
Eremalauda eremodites
Alaudala somalica

A. somalica athensis **
Alaudala cheleensis
Alaudala rufescens
Alaudala raytal

Alaudala heinei

Subfamily Certhilaudinae (25 spp.)
Alaemon alaudipes

Alaemon hamertoni
Ammomanopsis grayi
Chersomanes beesleyi
Chersomanes albofasciata
Certhilauda chuana
Certhilauda subcoronata
Certhilauda benguelensis
Certhilauda curvirostris
Certhilauda brevirostris
Certhilauda semitorquata
Pinarocorys erythropygia
Pinarocorys nigricans
Ramphocoris clotbey
Ammomanes cinctura

Ammomanes phoenicura

Lullula arborea
Spizocorys starki
Spizocorys personata
Spizocorys conirostris
Spizocorys fringillaris
Spizocorys fremantlii
Spizocorys sclateri
Spizocorys obbiensis
Alauda leucoptera
Alauda razae
Alauda arvensis
Alauda gulgula
Galerida magnirostris
Galerida modesta
Galerida deva
Galerida theklae
Galerida malabarica
Galerida cristata
Galerida cristata macrorhyncha '
Eremophila alpestris longirostris *
Eremophila alpestris >
Eremophila bilopha
Eremophila alpestris penicillata *
Calandrella brachydactyla
Calandrella blanfordi
Calandrella eremica
Calandrella cinerea
Calandrella dukhunensis
Calandrella acutirostris
Melanocorypha bimaculata
Melanocorypha mongolica
Melanocorypha maxima
Melanocorypha yeltoniensis
Melanocorypha calandra
Chersophilus duponti
Eremalauda dunni
Eremalauda eremodites
Alaudala somalica
Alaudala somalica athensis
Alaudala cheleensis
Alaudala rufescens
Alaudala raytal

Alaudala heinei

Alaemon alaudipes

Alaemon hamertoni

Ammomanopsis grayi

Chersomanes albofasciata beesleyi
Chersomanes albofasciata
Certhilauda chuana

Certhilauda subcoronata
Certhilauda subcoronata benguelensis
Certhilauda curvirostris
Certhilauda curvirostris brevirostris
Certhilauda semitorquata
Pinarocorys erythropygia
Pinarocorys nigricans

Ramphocoris clotbey

Ammomanes cinctura

Ammomanes phoenicura

Lullula arborea
Spizocorys starki
Spizocorys personata
Spizocorys conirostris
Spizocorys fringillaris
Spizocorys fremantlii
Spizocorys sclateri
Spizocorys obbiensis
Alauda leucoptera
Alauda razae
Alauda arvensis
Alauda gulgula
Galerida magnirostris
Galerida modesta
Galerida deva
Galerida theklae
Galerida malabarica
Galerida cristata
Galerida macrorhyncha
Eremophila alpestris longirostris *
Eremophila alpestris ®
Eremophila bilopha
Eremophila alpestris penicillata *
Calandrella brachydactyla
Calandrella blanfordi
Calandrella eremica
Calandrella cinerea
Calandrella dukhunensis
Calandrella acutirostris
Melanocorypha bimaculata
Melanocorypha mongolica
Melanocorypha maxima
Melanocorypha yeltoniensis
Melanocorypha calandra
Chersophilus duponti
Eremalauda dunni
Eremalauda eremodites
Alaudala somalica
Alaudala athensis
Alaudala cheleensis
Alaudala rufescens
Alaudala raytal

Alaudala heinei

Alaemon alaudipes
Alaemon hamertoni
Ammomanopsis grayi
Chersomanes beesleyi
Chersomanes albofasciata
Certhilauda chuana
Certhilauda subcoronata
Certhilauda benguelensis
Certhilauda curvirostris
Certhilauda brevirostris
Certhilauda semitorquata
Pinarocorys erythropygia
Pinarocorys nigricans
Ramphocoris clotbey
Ammomanes cinctura
Ammomanes phoenicura
3

Possible lump with G. cristata

No support for lump with C. albofasciata

No strong support for lump with C. subcoronata

Support for lump with C. curvirostris

Some support for lump with C. curvirostris
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Ammomanes deserti
Eremopterix australis
Eremopterix hova
Eremopterix nigriceps
Eremopterix griseus
Eremopterix leucotis
Eremopterix verticalis
Eremopterix leucopareia

Eremopterix signatus

Subfamily Mirafrinae (37 spp.)

Calendulauda rufa
Calendulauda sabota
Calendulauda poecilosterna
Calendulauda gilletti
Calendulauda africanoides
C. africanoides alopex 3
Calendulauda albescens
Calendulauda burra
Calendulauda erythrochlamys
C. erythrochlamys barlowi *
Heteromirafia ruddi
Heteromirafra archeri
Plocealauda microptera
Plocealauda erythrocephala
Plocealauda affinis
Plocealauda assamica
Plocealauda erythroptera
Mirafra passerina
Mirafra pulpa *
Mirafra cordofanica
Mirafra williamsi
Mirafra cantillans
Mirafra javanica
Mirafra cheniana
Mirafra albicauda
Amirafra collaris
Amirafra angolensis
Amirafra rufocinnamomea
Corypha apiata
Corypha fasciolata
Corypha kurrae kurrae
C. kurrae stresemanni’
Corypha kabalii kabalii >
C. kabalii irwini ¢
Corypha nigrescens nigrescens °
C. nigrescens nyikae ®
Corypha africana (sensu stricto) °
Corypha athi®
Corypha somalica ®
C. somalica ashi®
Corypha hypermetra
Corypha sharpii ®

Corypha kidepoensis °

Ammomanes deserti
Eremopterix australis
Eremopterix hova
Eremopterix nigriceps
Eremopterix griseus
Eremopterix leucotis
Eremopterix verticalis
Eremopterix leucopareia

Eremopterix signatus

Mirafia rufa

Calendulauda sabota
Calendulauda poecilosterna
Mirafra gilletti

Calendulauda africanoides

Calendulauda africanoides alopex

Calendulauda albescens
Calendulauda burra

Calendulauda erythrochlamys

Calendulauda erythrochlamys barlowi

Heteromirafia ruddi
Heteromirafra archeri
Mirafra microptera
Mirafra erythrocephala
Mirafra affinis
Mirafia assamica
Mirafra erythroptera
Mirafra passerina
Mirafira pulpa
Mirafia cordofanica
Mirafra williamsi
Mirafra javanica cantillans
Mirafia javanica
Mirafira cheniana
Mirafia albicauda
Mirafra collaris
Mirafra angolensis
Mirafra rufocinnamomea
Mirafia apiata
Mirafra fasciolata
Mirafra aricana kurrae
Mirafra africana stresemanni
Mirafra africana kabalii
Mirafra afiicana ssp.®
Mirafra africana nigrescens
Mirafra africana nyikae
Mirafia africana
Mirafra africana athi
Mirafira somalica
Mirafra ashi
Mirafra hypermetra
Mirafra sharpii

Mirafira hypermetra kidepoensis

Ammomanes deserti
Eremopterix australis
Eremopterix hova
Eremopterix nigriceps
Eremopterix griseus
Eremopterix leucotis
Eremopterix verticalis
Eremopterix leucopareia

Eremopterix signatus

Mirafira rufa
Calendulauda sabota
Calendulauda poecilosterna
Mirafra gilletti
Calendulauda africanoides
Calendulauda alopex ?
Calendulauda albescens
Calendulauda burra
Calendulauda erythrochlamys
Calendulauda barlowi *
Heteromirafia ruddi
Heteromirafra archeri
Mirafra microptera
Mirafra erythrocephala
Mirafia affinis
Mirafira assamica
Mirafra erythroptera
Mirafra passerina
Mirafira pulpa
Mirafia cordofanica
Mirafra williamsi
Mirafra cantillans
Mirafra javanica
Mirafira cheniana
Mirafia albicauda
Mirafra collaris
Mirafra angolensis
Mirafra rufocinnamomea
Mirafia apiata
Mirafra fasciolata
Mirafra aricana kurrae
Mirafra afiicana stresemanni
Mirafia africana kabalii
Mirafra afiicana ssp.®
Mirafra afiicana nigrescens
Mirafra africana nyikae
Mirafra africana
Mirafra africana athi
Mirafra somalica
Mirafra ashi
Mirafra hypermetra
Mirafia africana sharpii

Mirafira hypermetra kidepoensis
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Support for lump with C. afiicanoides

Strong support for lump with C. erythrochlamys

No support for lump with M. javanica

Split from C. africana

Split from C. afiicana

Split from C. africana

Split from C. afiicana

Lump with C. somalica

Split from C. afiicana
Split from C. hypermetra

ISeveral subspecies involved, G. c. randonii analysed here. % Ghorbani et al. (2020b); 3Several subspecies involved, C. a. intercedens and C. a. alopex
analysed here. “Several subspecies involved, C. e. patae analysed here. >Alstrom et al. (submitted); ®Not recognised, but uncertain with which taxon it
is synonymised; *Mirafra pulpa not analysed, but believed to be part of the redefined Mirafra; **Alaudala somalica athensis not analysed, but

considered to be conspecific with A. somalica based on morphology.
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Fig. 1. Flow chart detailing the major datasets, processes, and applications used in this study. Further, it shows the main output, and in case the output is included as a
figure, the figure number. A key is located in the bottom right corner; additionally, the white box represents external material, and bold font indicates main com-
ponents referred to in the manuscript. Details on all analyses are available in the Methods section.

Sentieon. We called variable positions using HaplotypeCaller GATK v. 4.1
(McKenna et al., 2010) and performed joint genotyping of all samples
using GenotypeGVCFs (GATK v. 4.1) by using the Haplotyper and Gen-
otyper modules, respectively, in Sentieon. Finally, we applied the
following common GATK filters to SNPs using the VariantFiltration
command in GATK v. 4.1: RPRS < -8, QD < 2.0, FS > 60.0, SOR > 3.0,
MQ < 40.0, and MQRankSum < —12.5. We additionally set genotypes
with a depth outside the range 2-100, and those with a genotype quality
<20 to no call using the SelectVariants command in GATK v. 4.1. Filtered
SNPs, indels, sites with >90% missing data, and non-biallelic SNPs were
subsequently removed from the callset using bcftools (Danecek et al.,
2021).

2.2. Phylogenetic analyses based on mtDNA and nuclear loci

A total of 177 lark sequences were included in the mitochondrial cytb
data set (Appendix Table S1). In addition, up to 16 nuclear loci were
obtained for 35 taxa (Appendix Table S1). The DNA sequences were
trimmed and assembled in MegAlign v. 4.03 in the DNAstar package
(DNAstar Inc.). The sequences were aligned using ClustalW (Thompson
et al., 1994) implemented in Bioedit 7 (Hall, 1999). The gaps generated
by the process of multi-sequence alignments were coded as missing data
in all analyses. For each gene, the choice of model was determined based
on the Bayesian Information Criterion (BIC) as implemented in jMo-
deltest v. 2 (Darriba et al., 2012). The best-fit models for each dataset are
provided in Appendix Table S2.

We used Bayesian inference (BI) to reconstruct a tree from cytb and
the 16 nuclear loci for (177 samples), referred to as the 17-locus data. It
was analysed using BEAST v. 2.7.1 (Bouckaert et al., 2019), with Panurus
biarmicus and Black-chested Prinia (Prinia flavicans) as outgroup (see
Appendix Table S1 for details of sampling scheme), using a relaxed

lognormal clock model, a birth-death tree prior, and otherwise default
priors. Since no suitable primary fossil calibration points are available for
Alaudidae, we calibrated the age of the crown clade with a lognormal
prior with a standard deviation of 0.08, offset by 19.0. This corresponds
to an age of 19 million years (My), with a central 95% prior distribution
ranging 16.2-22.2 My, and was based on two independent estimations of
the Alaudidae crown node age: (1) multilocus analyses with 13
fossil-calibrated external nodes (~19.0 My + ~3 My 95% highest pos-
terior distribution (HPD); Stervander et al., 2020b) and (2) analyses of
cytb based on a molecular clock (~19.5 My + ~6 My 95% HPD; Alstrom
et al., 2013).

We ran the Markov Chain Monte Carlo (MCMC) for multiple short
rounds of 10-20 million generations, followed by tuning of operators to
increase efficiency. We then ran final analyses for 100-125 million
generations, sampling every 10,000 generations across eight replicate
runs at different starting seeds. Convergence and effective sample size
(ESS) was assessed using Tracer v. 1.7.2 (Rambaut et al., 2018), with ESS
> 200. For each run, the first 3-5% of the sampled trees were discarded
as burn-in, after stationarity had been reached. A maximum credible tree
was summarised from the combined replicates with LogCombiner and
TreeAnnotator v. 2.7.1 (Rambaut and Drummond, 2015) and displayed
in FigTree v. 1.4.3 (Rambaut, 2016).

In addition, a species tree was reconstructed in ASTRAL-III v. 5.7.8
(Zhang et al., 2018) including 177 ingroup samples, with the same out-
group as above. Single-gene trees were inferred using the maximum
likelihood (ML) method implemented in IQ-TREE v. 2.0 (Minh et al.,
2020) with selection of the best substitution model as implemented in
ModelFinder (Kalyaanamoorthy et al.,, 2017) and branch support
measured with the Approximate-Likelihood Ratio Test (alrt). Branches
with alrt <80 were collapsed, and the resulting trees were fed into
ASTRAL. Branch support in the species tree was measured as local
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posterior probabilities.
2.3. Phylogenomic SNP data analyses

For phylogenomic analyses we retained 44 samples of 34 species
(including the single outgroup species) and added SNP data for 7 samples
of 6 Mirafra taxa (M. somalica, M. ashi, M. hypermetra, M. a. africana, M. a.
athi, and M. fasciolata) included in Alstrom et al. (submitted), processed
with the above pipeline. We filtered the combined SNPs further to
require a minimum genotype quality of 20 (-minGQ 20) and full sample
coverage, i.e., none with missing data (-max-missing-count 0) with
veftools v. 0.1.17 (Danecek et al., 2011). Additionally, we excluded SNPs
mapped to scaffolds <0.5 Mbp, in order to confidently being able to
select subsets of physically spaced SNPs. The full final SNP dataset
comprised 1,247,784 SNPs across 51 samples of 40 species, referred to as
the 51-taxon 1.2M SNP set.

2.3.1. Coalescence-based species tree analyses

We down-sampled the 51-taxon 1.2M SNP set considerably for ana-
lyses with SNAPP v. 1.5.1 (Bryant et al., 2012) by (1) retaining a single
individual per taxon (41 samples, including the single outgroup species)
and (2) thinning by physical distance to include SNPs at a minimum
distance of 10 Kbp or larger. From this, we randomly selected two
non-overlapping subsets of 5,000 SNPs, creating two 41-taxon 5K SNP
sets.

We ran additional analyses with targeted datasets to resolve the
branching sequence of (a) the three primary clades and (b) particularly
challenging taxa, for which node support was lower in the above analyses
(see Results). From the 51-taxon 1.2M SNP set, we selected 21 taxa that
represented every genus/major lineage (based on the results from the
above analyses) and down-sampled SNPs either (1) through thinning by
50 Kbp, resulting in a matrix of 18,812 SNPs (21-taxon 18K SNP set), or
(2) through first thinning by 10 Kbp and then selecting 50,000 of the
remaining SNPs at random (21-taxon 50K SNP set). These two datasets
addressed the three primary clades and the branching sequence among
Calendulauda, Heteromirafra and Mirafra sensu lato. Another dataset
specifically addressed the position of Lullula and comprised the seven
sampled species within the clade containing Lullula (genera Alauda,
Galerida, Lullula, Spizocorys) with Calandrella as outgroup. Thinning by
10 Kbp, we analysed the full matrix of 88,030 variable SNPs (8-taxon 88K
SNP set).

Node age calibration was implemented as described for the 17-locus
analyses (except in Lullula-specific analyses of the 8-taxon 88K SNP set, in
which an uninformative tree age of 10 My was set to improve compu-
tation efficiency). We specified that branch-specific population sizes
should not be evaluated (through linking theta), using the ruby script
snapp_prep.rb (https://github.com/mmatschiner/snapp_prep; Stange
et al., 2018). We ran the SNAPP analyses in Beast 2.6.6 (Bouckaert et al.,
2019) at different seeds, sampling every 100-500 generations, and
optimizing parameters for final runs of typically around 1-2 million
generations. We inspected results in Tracer v. 1.7.1 (Rambaut et al,,
2018), ensuring stationarity and sufficient effective samples sizes (all
parameters >200), and convergence between replicate runs.

2.3.2. Species tree inferred from 50 Kbp windows trees

ASTRAL-III (Zhang et al., 2018) infers a species tree based on indi-
vidually precomputed trees from discrete loci, such as gene sequences in
our multilocus analyses. From the 51-taxon 1.2M SNP set, we extracted
all SNPs occurring in 50 Kbp non-overlapping windows at 500 Kbp dis-
tance from each other. We retained only those windows containing >10
informative sites, resulting in 1370 windows (comprising a total of 67,
340 SNPs).

We built individual 50-Kbp-window trees using IQ-TREE v. 2.2.0.3
(Minh et al., 2020) with the same settings and procedures as described
above, although we did not explore rate heterogeneity in finer detail.
Contracting branches with very low support improves accuracy of
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ASTRAL (Zhang et al., 2018), hence we used Newick utilities (Junier and
Zdobnov, 2010) to remove branches with ultrafast bootstrap support
<10%, before running ASTRAL-III v. 5.7.8 (Zhang et al., 2018). Since
ASTRAL only estimates terminal branch lengths for taxa with multiple
samples, we only considered the topology and node support (not branch
lengths) of the ASTRAL species trees.

2.3.3. Concatenated ML tree

Using the 51-taxon 1.2M SNP set with IQ-TREE multicore v. 1.6.12
(Nguyen et al., 2015) we implemented ModelFinder (Kalyaanamoorthy
et al., 2017) to identify the best substitution model and applied ascer-
tainment bias correction (-m MF + ASC). We then ran additional explo-
ration of rate heterogeneity for the best model GTR + F + ASC + R2 (-m
MFP + ASC -cmax 20 -mset GTR + F) that confirmed GTR + F + ASC +
R2, and computed a tree with IQ-TREE, obtaining node support with
1000 replicates of ultrafast bootstrap (Hoang et al., 2018).

3. Results
3.1. Phylogeny based on single-locus and multilocus data

The concatenated 17-locus dataset comprised 177 samples and
14,506 bp, of which 626 sites were variable in mitochondrial cytb and
4,810 sites across the 16 nuclear markers (Appendix Table S2). The tree
based on the 17-locus dataset (Fig. 2) includes all of the 93 recognised
species in the world (Clements et al., 2022) except Mirafra pulpa. It also
covers recently proposed species of Eremophila (Ghorbani et al., 2020b)
as well as deeply diverged lineages within Mirafra africana and
M. hypermetra, which have been proposed to be treated as separate spe-
cies (Alstrom et al.,). In total, 133 taxa are included, of which 44
(including 17 proposed or currently recognised species) are new
compared to the study by Alstrom et al. (2013a). The tree is overall well
supported (168 of 176 nodes, 95%, with posterior probability [PP] >
0.95). It shows three primary clades, denoted I, II and III. Clade I com-
prises nine mainly Palearctic genera (with a few species in the Oriental
and sub-Saharan African regions) as well as the exclusively sub-Saharan
genus Spizocorys. The latter is strongly supported as sister to the Western
Palearctic monospecific genus Lullula (Woodlark L. arborea). Clade II
contains the large genus Mirafra as well as Heteromirafra and Calen-
dulauda. Within Mirafra, all of the species in the clades labelled 1 and 2
are confined to sub-Saharan Africa, all five of the species in clade 3 are
endemic to the Oriental region, and five of the seven species in clade 4
are restricted to sub-Saharan Africa, while one (Horsfield’s Bushlark
M. javanica) ranges from West Africa to Australia. Two of the Mirafra
species (Gillett’s Lark M. gilletti, Rusty Bushlark M. rufa) are part of the
Calendulauda clade. Mirafra ashi is weakly differentiated from
M. somalica of the subspecies M. s. rochei. Clade III, which is sister to
clades I and II, comprises eight genera, of which half are restricted to
sub-Saharan Africa and half occur from southern Africa through the
southern part of the Western Palearctic to the Oriental region, and a
single species (Madagascar Lark Eremopterix hova) in Madagascar.

The ASTRAL species tree based on the 17-locus data (Appendix
Fig. S1) is less supported than the 17-locus tree based on concatenated
sequences (Fig. 2). There are no strongly supported discordances
compared to the concatenation tree. The positions of Lullula and Alau-
dala, which are incongruent among different trees (cf. Figs. 2 and 3), are
unresolved. Clades I and II and the sister relationship between these are
strongly supported.

3.2. Phylogeny based on genomic data

The main SNAPP species trees, based on two non-overlapping 41-
taxon 5K SNP datasets and covering representatives of all genera
except Pinarocorys, Certhilauda, and Ammomanopsis (Fig. 3A, Appendix
Fig. S2), are overall well supported by the data (35-36 of 39 nodes,
90-92%, have PP > 0.95). The two trees only differ on two points: the
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Fig. 2. Bayesian (BEAST) multilocus tree of the avian family Alaudidae (larks), based on concatenated mitochondrial cytochrome b and up to 16 nuclear loci per taxon
(14,506 bp) analysed in 17 locus-specific partitions. Primary clades discussed in the text have been highlighted and labelled I-III, with subfamily names proposed here.
All nodes have posterior probability 1.00, except the ones with values indicated at the nodes (in black when >0.95, in red when <0.95). A red § indicates a node that is
strongly incongruent with one or more of the SNP-based species trees in Fig. 3. A black $ after a species name indicates that this taxon was not analysed by Alstrom
et al. (2013a). Names in red font are treated as separate species by Gill et al. (2022), see Table 1. The genus Mirafra in clade II is proposed to be split into four genera,
as indicated by the numbers on the branches and names in the top left corner, to better align with the other genera. The revised taxonomy proposed here is indicated in
blue font adjacent to the old names. The four pairs of sympatric sister species with the most recent divergences have been highlighted by yellow/pink branches and
vertical lines, to aid comparisons between their divergence times and that of other nodes. The photos show single representatives for all of the genera or, for genera
with much variation in structure or plumage (Melanocorypha, Spizocorys, Eremopterix), also deviant species. The names of the photographers are given in the Ac-
knowledgements (in addition: PA number 9-11, 13, 14, 19, 22, 23, and PFD 4-6, 18, 26). (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

<

position of Mirafra hypermetra in relation to M. somalica/M. ashi/M.
africana athi, and the position of Lullula, either as sister to Spizocorys (PP
= 0.73; Fig. 3A) or to the clade containing Galerida and Alauda (PP =
0.94; Appendix Fig. S2). The two 41-taxon 5K SNP trees generally agree
well in topology with the 17-locus tree. However, two incongruences
stand out (indicated by red § in Fig. 3A), although only one of these re-
ceives PP > 0.95 in both trees: the SNAPP trees recover a sister rela-
tionship between clades II and III whereas the concatenated 17-locus tree
recovers a sister relationship between clades I and II.

The ASTRAL species tree (Fig. 3B) based on >1,300 genomic win-
dows comprising >60,000 SNPs, exhibits even more highly supported
nodes (37 of 38 nodes, 97%, have PP > 0.95) than the 41-taxon 5K SNP
SNAPP trees. Unlike in the SNAPP analyses, clade III is not recovered, but
instead is split into two clades (IIla, IIIb). Five nodes are incongruent with
the 17-locus tree (indicated by red § in Fig. 3B). Three of these, con-
cerning the positions of Lullula and Asian Short-toed Lark (Alaudala
cheleensis) in clade I, and the existence of clade III, are incongruent be-
tween the SNAPP and ASTRAL trees (indicated by red branches).

The additional SNAPP analyses to further explore these relationships
included higher numbers of SNPs: (a) 18,000 or 50,000, respectively, for
one species per genus from each of the three primary clades (I-III); and
(b) 88,000 SNPs for the species in clade Ib to focus specifically on the
position of Lullula. In the 21-taxon 18K SNP (Appendix Fig. S3) and 50K
SNP (Fig. 3C) sets, Alaudala remained as sister to the clade comprising
Melanocorypha, Chersophilus, and Eremalauda, whereas Lullula moved to
the sister position with Galerida and Alauda, and clade III was sister to
clades I'and II, all with PP = 1.00. In the Lullula-specific analysis (8-taxon
88K SNP; Fig. 3D), Lullula was recovered as sister to Spizocorys, Alauda
and Galerida with PP = 1.00. In all these analyses, as well as in the SNAPP
tree for all of the species (Fig. 3A), the internode leading up to Lullula and
its sister clade was extremely short.

The 51-taxon 1.2M-SNP ML concatenation tree, analysed with IQ-
TREE (Appendix Fig. S4), yielded a fully supported topology (100% ul-
trafast bootstrap support for all nodes) identical to the ASTRAL species
tree (Fig. 3B) except for the branching sequence within Calendulauda.

3.3. Divergence time estimates

The node age estimates based on the multilocus (Fig. 2) and genomic
data (Fig. 3) differ, with the former being more ancient than the latter
(Tables 2 and 3). The youngest estimated mean divergence time for
sympatric sister species are 1.1 Mya based on the multilocus data (Mir-
afra ashi-M. somalica rochei) and 0.06 My based on the SNP data
(M. ashi-M. somalica somalica; M. s. rochei not analysed by SNPs), and the
second youngest 2.7 My based on the multilocus data (Mirafra
assamica-M. erythroptera) and 1.4 My based on the SNP data (Mirafra
hypermetra—M. ashi). Two of the taxa that have recently been downgraded
from species to subspecies by Clements et al. (2022), namely Chersomanes
albofasciata beesleyi and Certhilauda subcoronataa benguelensis, have esti-
mated divergence times from their sister taxon that are older than 2.7 My
based on the multilocus data (no SNP data available). The estimated
mean divergence times between the newly proposed species range from
2.0 to 5.7 My in the M. africana-M. hypermetra-M. somalica complex
(excluding M. ashi; Alstrom et al., submitted) and from 2.2 to 4.0 My in

the Eremophila complex (Table 3).
4. Discussion
4.1. Phylogeny

Our analyses of mitochondrial DNA and nuclear introns for all except
one of the 93 currently recognised species (Clements et al., 2022) plus
several other taxa recently proposed to be distinct species (Drovetski
etal., 2014; Ghorbani et al., 2020b; Alstrom et al., submitted; in total 133
taxa) agrees almost perfectly with the one by Alstrom et al. (2013a) for
the species that were included in both studies. It also recovers strongly
supported positions for almost all of the 44 taxa that were not included in
the earlier phylogenetic study. Our trees based on genome-wide SNPs
added further support to the intergeneric relationships, as well as to
previously surprising sister relationships, such as those between Erema-
lauda and Chersophilus and between Calandrella and Eremophila, as well as
Eremopterix hova being far removed from Mirafra (cf. photos in Fig. 2).

All trees in the analyses of the present study are congruent in recov-
ering three primary lineages, except those from SNP-based analyses in
ASTRAL and IQ-TREE, which split clade III into two non-sister clades
(IlTa, ITIb). However, two different topologies reflecting the relationships
among the three clades are recovered. Clades II + III are sisters in the
SNAPP species trees comprising relatively more species but fewer SNPs
(Fig. 3A, Appendix Fig. S2). Conversely, Clades I + II are sisters in the 17-
locus tree (Fig. 2) and the two SNAPP trees based on more SNPs and
fewer species (Fig. 3C and D, Appendix Fig. S3). The two different to-
pologies receive equally strong support in the respective analyses. The
SNAPP species trees (Fig. 3A, D, Appendix Figs. S2-S3) are generally
based on a considerably larger number of sites (5,000-50,000 variable
sites) than the 17-locus tree (5,436 variable sites, although a significant
proportion reflects within-taxon variation in the nuclear markers), and
were further analysed under the multispecies coalescent model (MSC;
Rannala and Yang, 2003), as was also the ASTRAL tree based on the
17-locus data. The MSC accounts for the ubiquitous heterogeneity in
gene trees, thereby providing more realistic support than concatenation
for nodes with incongruence among loci or in cases where all or most of
the signal in a multilocus analysis comes from a single locus (Degnan
et al., 2006; Edwards et al., 2007; Kubatko and Degnan, 2007). However,
distinguishing between species tree topologies recovered with fewer sites
and more taxa versus more sites and fewer taxa is challenging. We
tentatively favour the topology in which clade III is sister to clades I and
II, as it is based on a larger number of sites, while acknowledging that
sampling more genetic sites does not necessarily lead to more correct
trees (Zhang et al., 2021).

The other main incongruences among the trees concern the positions
of the monospecific genus Lullula and the genus Alaudala (represented by
a single species in the SNP trees, A. cheleensis). In the case of Lullula, there
was strong conflict among different analyses (Fig. 3A-D, Appendix
Figs. S2 and S3). All of the SNAPP analyses reconstructed a very short
internode between Lullula and either of the alternative clades. Such short
internodes may be caused either by short time spans between successive
lineage splits, which may cause problems for phylogeny reconstruction
no matter how much genetic data are analysed, or by ancient
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Fig. 3. Bayesian (SNAPP) species tree of the avian family Alaudidae (larks), based on 5,000 genome-wide single nucleotide polymorphisms (SNPs) (A), and ASTRAL
species tree, inferred from 1,370 trees, each based on SNPs from well-spaced, non-overlapping 50 Kbp windows (B). The topology of the ASTRAL tree also largely
agrees with that of IQ-TREE analyses of all 1,247,784 concatenated SNPs (with all nodes receiving 100% ultrafast bootstrap support; Appendix Fig. S6). Primary clades
discussed in the text have been highlighted and labelled I-III (in agreement with Fig. 2). All nodes have posterior probability 1.00, except the ones with values
indicated at the nodes. Node bars in the SNAPP tree indicate 95% highest posterior distributions for the divergence times (in the ASTRAL tree, the branch lengths are
of fixed length). The red branches are incongruent between these two trees, and strongly supported in at least one of the trees. A red § indicates a strongly supported
node that is incongruent with the tree in Fig. 2. The newly proposed names in clade II are indicated in blue font (cf. Fig. 2). The two bottom trees are SNAPP species
trees based on matrices with a higher number of SNPs and a lower number of taxa, with the aim to resolve the positions of clades I, II and III in relation to each other
and the positions of the problematic taxa (Alaudala, Lullula): 50,000 SNPs variable for single representatives per genus from all primary clades (C), and 88,000 SNPs
variable for single representatives per genus only from clade I (D). The outgroups have been pruned from all trees. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

introgressive hybridisation, which could also lead to inference of incor-
rect relationships (Edwards et al., 2016; Taylor and Larson, 2019; Ran-
cilhac et al., 2021; Zhang et al., 2021). While the Eurasian Lullula is
sympatric with several Alauda and Galerida species, but widely separated
geographically from the Afrotropical Spizocorys, present-day ranges can
differ considerably from ancient ones, so Lullula and Spizocorys may have
been in geographical contact in the past. At present, the position of Lul-
lula as either sister to the Galerida-Alauda clade or to Spizocorys or to all
of these should be considered unresolved. Explicit tests for introgression
will be required to test alternative hypotheses (e.g., Green et al., 2010;
Burbrink and Gehara, 2018; Zhang et al., 2019; Rancilhac et al., 2021;
Zhang et al., 2021).

With respect to Alaudala, all SNAPP analyses support a sister rela-
tionship with the Chersophilus—Eremalauda—Melanocorypha clade with full
support (Fig. 3A, C, Appendix Figs. S2 and S3). We tentatively support
this topology over the alternative one in the ASTRAL and IQ-TREE trees
(Fig. 3B; Appendix Fig. S4), where Alaudala is sister to the Calan-
drella—Eremophila clade. Our preference is based on the fact that SNAPP
co-estimates all possible gene trees and directly infers the species tree
under the MSC (Bryant et al., 2012). In contrast, ASTRAL infers species
trees from precomputed gene trees, while accounting for gene tree
discordance under the MSC in a two-step approach (Zhang et al., 2018).
The gene trees inferred here by Maximum Likelihood might have esti-
mation errors, which could bias the ASTRAL analysis.

A final incongruence is the position of the Mirafra fasciolata—M. apiata
clade. While it is nested within the M. africana-M. sharpii-M. hyper-
metra—M. somalica-M. ashi complex in the multilocus tree (Fig. 2; not
analysed by SNPs in the present study), M. fasciolata is sister to the
M. africana-M. sharpii-M. hypermetra-M. somalica-M. ashi complex, with
strong support (M. apiata not analysed) in a SNP-based study (Alstrom
et al.,).

4.2. Family level taxonomy

Historically, lark taxonomy has been particularly unstable, owing to a
mixture of pronounced convergent and divergent evolution (Alstrom
et al, 2013a), rendering presumed relationships inferred from
morphology invalid. However, the vast majority of our analyses —
whether based on the 17-locus or SNP data — consistently recovered three
well-supported primary clades (I-III), which were also obtained in the
more restricted multilocus analyses by Alstrom et al. (2013a). Given the
large number of species within Alaudidae and the frequent historical
misclassifications, we suggest that it may be useful for further taxonomic
reference to formalise the stable clades I-III as subfamilies (Table 1),
even though no morphological characters consistently distinguish them.
We therefore propose:

(1) Subfamily Alaudinae Vigors, 1825 (available under Articles 12.2.4
and 36 of the International Code of Zoological Nomenclature
(ICZN, 1999))

Type genus (by indication): Alauda Linnaeus, 1758
Diagnosis: the taxa in this subfamily form a well-supported primary
clade in multiple analyses of independent phylogenetic datasets (Fig. 1 in
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Alstrom et al., 2013a, Figs. 2 and 3 in the present study), specifically
diagnosed by a fixed 1-bp adenine insertion between positions 14 and 15
of Myoglobin (MB) intron 2 in the Zebra Finch reference genome bTae-
Gutl v1 (accession GCA_003957565.2); fixed thymine alleles at positions
89 and 434 (other taxa fixed for purines); fixed adenine allele (other taxa
fixed for guanine) at position 414 counting from the start of exon 5 of
ODC (transcript ODC1-201) in the Zebra Finch reference genome; fixed
pyrimidine alleles at position 521 (other taxa fixed for purines).

Included taxa: Alaudinae comprises the Saharo-Arabian genus Ere-
malauda, the sub-Saharan genus Spizocorys, the Palearctic genera Lullula,
Chersophilus and Melanocorypha, and five widespread genera with a
predominantly Palearctic distribution: Galerida, Calandrella, Alaudala,
Alauda, and Eremophila (all species included in Fig. 2).

(2) Certhilaudinae Le Maout, 1852 (available under Article 11.7.2)

Type genus (by indication): Certhilauda Swainson, 1827

Diagnosis: the taxa in this subfamily form a well-supported primary
clade in multiple analyses of independent phylogenetic datasets (Fig. 1 in
Alstrom et al., 2013a, Figs. 2 and 3 in the present study), specifically
diagnosed by a fixed guanine allele (adenine in all other taxa) at position
19 and a fixed cytosine allele (guanine in all other taxa; site not sampled
in Pinarocorys) at position 665 in Myoglobin; reference and positions as
declared above for Alaudinae.

Included taxa: Certhilaudinae comprises the sub-Saharan genera
Ammomanopsis, Chersomanes, Certhilauda, and Pinarocorys, the predomi-
nantly Saharo-Arabian genera Alaemon, Ramphocoris, and Ammomanes,
and the Afro-Oriental genus Eremopterix (all species included in Fig. 2).

(3) Mirafrinae Bianchi, 1905 (available under Article 12.2.4)

Type genus (by indication): Mirafra Horsfield, 1821

Diagnosis: the taxa in this subfamily form a well-supported primary
clade in multiple analyses of independent phylogenetic datasets (Fig. 1 in
Alstrom et al., 2013a, Figs. 2 and 3 in the present study), specifically
diagnosed by a fixed guanine allele (adenine in all other taxa) at position
544 in Myoglobin and a fixed adenine allele or deletion (the latter only in
Corypha hypermetra; all other taxa fixed for guanine) at position 534 of
ODG; reference and positions as declared above for Alaudinae.

Included taxa: Mirafrinae comprises the exclusively sub-Saharan
genera Calendulauda, Heteromirafra, Amirafra, and Corypha, the pre-
dominantly sub-Saharan genus Mirafra, and the Oriental genus Plocea-
lauda (all species except Mirafra pulpa are included in Fig. 2).

We follow the principles of a linear phylogenetic sequence employed
by Fjeldsé et al. (2020b) to order the subfamilies, genera, and species
(Table 1), tentatively placing more weight on the large-scale phyloge-
nomic and multilocus results that recover Alaudinae (clade I) and Mir-
afrinae (clade II) as sisters (Fig. 3).

4.3. Genus level taxonomy

The genus Mirafra is considerably larger than any of the other genera,
with deep internal divergences that are considerably older than several of
the other genera in the family. In order to create a more balanced
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Table 2
Divergence time estimates in million years based on the multilocus data (cf. Fig. 2) or, when available, based on the
SNP data. Names in red font are treated as separate species by Gill et al. (2022), see Table 1.

95% HPD Mean 95% HPD

Species/subspecies pair Mean Fig. 2 Fig. 2 Fig. 3A Fig. 3A
Allopatric

Calendulauda a. africanoides—C. a. intercedens ' 1.7 0.5-3.0 - -
Alaudala heinei-A. raytal 1.8 1.1-2.5 - -
Mirafia javanica williamsoni-M. j. cantillans * 2.4 0.8-4.2 - -
Chersomanes albofasciata—C. albofasciata beesleyi * 35 1.2-6.3 - -

Mainly allopatric/parapatric
Eremophila complex ° see Table 3 see Table 3 - -
M. africana—M. hypermetra—M. somalica—M. ashi complex © see Table 3 see Table 3 - -

Parapatric or narrowly sympatric

Calendulauda e. erythrochlamys—C. e. patae’ 0.9 0.3-1.7 - -
Galerida cristata—G. cristata randonii 8 0.9 0.4-1.4 - -
Certhilauda curvirostris brevirostris—C. semitorquata ° 1.1 0.3-2.1 - -
Galerida cristata—G. malabarica '° 1.6 0.9-2.3 0.5 0.2-0.8
Certhilauda curvirostris brevirostris—C. curvirostris ° 1.8 0.7-3.2 - -
Alaudala rufescens—A. heinei ! 2.2 1.5-3.0 - -
Eremophila bilopha—E. penicillata '* 2.2 1.4-3.2 - -
Calendulauda albescens—C. erythrochlamys patae '3 2.8 1.64.1 - -
Certhilauda subcoronata benguelensis—C. subcoronata ' 2.8 1.04.7 - -
Alaudala heinei-A. cheleensis 2.9 2.0-3.9 - -
Calandrella brachydactyla—C. acutirostris ' 4.0 2.8-5.3 - -
Ammomanes deserti-A. phoenicura ' 4.4 2.8-6.2 1.9 1.4-2.5
Alaemon alaudipes—A. hamertoni ' 4.7 3.3-6.2 2.6 2.0-3.3
Sympatric

Mirafra ashi-M. somalica rochei* 1.1 0.5-1.7 0.06* 0.0-0.2*
Mirafia assamica—M. erythroptera '’ 2.7 1.4-4.1 - -
Melanocorypha calandra—M. yeltoniensis *° 2.9 1.6-4.4 2.0 1.5-2.6
Melanocorypha maxima—M. mongolica *! 2.9 1.6-4.4 - -
Mirafia albicauda—M. cheniana ** 2.9 2.0-3.8 1.5 1.1-1.9
Mirafia hypermetra—M. ashi » 3.5 2.6-4.4 1.4 1.0-1.8
Mirafra sharpii-M. somalica somalica ** 3.5 2.6-4.4 - -
Alauda arvensis—A. gulgula » 3.8 2.2-5.5 - -
Eremopterix griseus—E. nigriceps *° 3.8 2.4-52 - -
Ammomanes deserti-A. cinctura *’ 6.2 43-8.2 33 2.5-4.1

1C. africanoides intercedens treated as C. alopex intercedens by Gill et al. (2022); 2Alstrom et al. (2021); M. javanica
cantillans treated as M. cantillans cantillans by Gill et al. (2022), cf. Alstrom et al. (2013); *C. albofasciata beesleyi treated
as C. beesleyi by Gill et al. (2022), cf. Alstrom et al. (2013); SDrovetski et al. (2014), Ghorbani et al. (2020b), treated as a
single species by Clements et al. (2022) and Gill et al. (2022); b¢f. Alstrom et al. (submitted); ”C. erythrochlamys patae
treated as C. barlowi patae by Gill et al. (2022); 8G. cristata randonii treated as G. macrorhyncha randonii by Gill et al.
(2022); local sympatry with evidence of reproductive isolation (Guillaumet et al., 2005, 2006, 2008); 9C. curvirostris
brevirostris treated as C. brevirostris by Gill et al. (2022), cf. Ryan and Bloomer (1999); 101pcal sympatry with no evi-
dence of interbreeding (cf. Ganpule et al., 2022); 'probably locally sympatric, but interactions unstudied (cf. Alstrom
et al. 2021); *?local sympatry, strong segregation by elevation (and hence also habitat), no evidence of interbreeding
(Cramp, 1988; Shirihai and Svensson, 2018); *®local sympatry, segregation by habitat, no firm evidence of inter-
breeding; 1*C. subcoronata benguelensis is treated as C. benguelensis by Gill et al. (2022); ®probably locally sympatric, no
evidence of interbreeding (cf. Alstrom et al. 2021); ®marginal sympatry, strong segregation by elevation (and hence
also habitat), no evidence of interbreeding (Dement'ev and Gladkov 1968); '7very locally sympatric in Rajasthan, India
(Prasad Ganpule, in litt.) and perhaps in northeastern Pakistan (Roberts, 1992; Rasmussen and Anderton, 2012); 18Ash
and Miskell 1998; ®widely sympatric, segregated by habitat (Ali and Ripley, 1973; Rasmussen and Anderton, 2012);
2Owidely sympatric, partly separated by habitat (Dement'ev and Gladkov, 1968; Shirihai and Svensson 2018); *'widely
sympatric, mainly segregated by habitat (Alstrom 2020a, b); 2%extent of sympatry poorly known, at least partly
separated by habitat (Finch et al., 2023); Zsympatric (Ash and Miskell, 1998); 2*M. sharpii treated as M. africana sharpii
by Gill et al. (2022); Zlocally sympatric in Central Asia (Dement'ev and Gladkov, 1968); 26widely sympatric, partly
segregated by habitat (Ali and Ripley, 1973; Roberts, 1992; Ganpule et al. 2022); ?’widely sympatric, segregated by
habitat (Cramp, 1988; Shirihai and Svensson, 2018). * indicates that M. somalica somalica was included instead of M. s.
rochei in the SNP analysis.

11



P. Alstrom et al.

Table 3
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Divergence time estimates in million years for the Mirafra africana-M. sharpii-M. hypermetra—M. somalica-M. ashi complex (A) and Eremophila complex (B), based on
the multilocus data (cf. Fig. 2) or, when available, based on the SNP data (after a slash symbol; cf. Fig. 3); 95% highest posterior distributions are given in parentheses.
Taxa that are believed to be marginally or more widely sympatric are highlighted with blue text (except for M. ashi-M. somalica rochei, which are sympatric, indicated
by #; § indicates altitudinal, and hence also habitat, segregation), and taxa that are proposed to be treated as subspecies by Alstrom et al., (submitted) are highlighted

with brown text.

A M. ashi M. somalica M. somalica M. hypermetra M. hypermetra M. hypermetra M. africana M. africana M. africana M. africana M. africana M. africana M. africana M. africana M. africana M. africana
somalica rochei hypermetra gallarum kidepoensis  sharpii athi africana grisescens tropicalis nigrescens  nyikae kabalii irwini kurrae
M. ashi
M. somalica
somalica
M. s. rochei
M. hypermetra 35(2.6-44)/ 35(2.644) / 35(2.6-44)
hypermetra 1.4(1.0-1.8) 1.4(1.8-1.8)
M. h. gallarum 35(2.6-44)/ 3.5(2.6-44)/ 3.5(2.6-44)/
M. h. kidepoensis 35 (2.6-4.4)/ 3.5(2.6-44)/ 3.5(2.6-44)/ 3.1(22-4.1)/ 3.1Q22-4.1)/
M. sharpii 35(2.644)/ 35(2.644)/ 352644)/ 3.1Q2241)/ 3.1Q224.1)/ 20(1.0-3.0)
M. africana athi 4.0(3.049)/ 40(3.0-49)/ 40(3.0-4.9)/ 40(3.0-49)/ 40(3.0-49)/ 4.0(3.049)/ 4.0(3.0-49)/
L7132  17(13-21) - L7(13-21) -~ - -
M. a. africana 50(39-6.1)/ 50(3.9-61)/ 50(39-61)/ 50(39-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(39-6.1)/ 50(3.9-6.1)/
21(1.7-26)  21(1.7-26) - 21(1.7-26) — - - -
M. a.grisescens 50(3.9-6.1)/ 50(3.9-6.1)/ 50(39-61)/ 503961)/ 50(39-61)/ 50(3.9-6.1)/ 50(3.9-61)/ 503.9-6.1)/
M. a. tropicalis 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-61)/ 50(3.9-6.1)/ 50(3.9-61)/ 50(3.9-61)/ 50(3.9-61)/ 50(39-6.1)/
M. a. nigrescens 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-61)/ 50(3.9-61)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 3.72.748)/ 3.7Q27-48)/ 37(27-48)/
M. a. nyikae 50(39-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(39-6.1)/ 50(39-6.1)/ 3.7(27-48)/ 3.7(27-48)/ 3.7(2.7-48)/
M. a. kabalii 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-61)/ 50(3.9-61)/ 50(39-61)/ 50(3.9-61)/ 50(3.9-61)/ 50(39-61)/ 433355/ 43(3.3-55)/ 43(3.3-55)/ 43(33-55)/ 43(33-55)/
M. a. irwini 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-6.1)/ 50(3.9-61)/ 50(3.9-61)/ 50(39-6.1)/ 50(39-61)/ 43(33-55/ 43(33-55/ 43(33-55)/ 43(33-55)/ 43(3.3-55)/
M. a.kurrae 57(3.9-64)/ 57(3.9-64)/ 57(3.9-64)/ 57(3.9-64)/ 57(39-64)/ 57(3.9-64)/ 57(3.9-64)/ 57(3.9-64)/ 57(39-64)/ 57(39-64)/ 57(3.9-64)/ 57(3.964)/ 57(3.964)/ 57(39-64)/ 57(3.9-64)/
M.a.stresemanni 57(3.9-6.4)/ 5.7(3.9-64)/ 5.7(39-64)/ 57(3.9-64)/ 57(3.9-64)/ 57(3.964)/ 57(3.9-64)/ 57(3.9-64)/ 57(39-64)/ 57(3.9-64)/ 57(3.9-64)/ 57(3.9-64)/ 57(3.964)/ 57(39-64)/ 57(3.9-6.4)
B E. bilophila___E. penicillata__E. alpestris
E. bilophila
E. penicillata 22(1432)§
E. alpestris 29(1.9-3.9)  29(1.9-3.9)
E. longirostris 40(2853) 40(2853) 40(2853)

taxonomy, we propose to split the present Mirafra into four genera,
corresponding to the four primary clades within Mirafra (indicated by
1-4 in Fig. 2). Names are available for three: Mirafra sensu stricto, i.e.,
Mirafra Horsfield, 1821 (type M. javanica), Corypha G.R. Gray, 1840 (type
C. apiata), and Amirafra Bianchi, 1906 (type A. collaris). For the fourth
clade, Plocealauda Hodgson in J.E. Gray, 1844 has been used. However,
this is a nomen nudum and therefore unavailable. As no other names are
available for this clade, and with the intention not to inflate the number
of names further, we here formally describe:

Genus Plocealauda gen. nov.

Type species (by designation): Plocealauda assamica (Horsfield,
1840).

Diagnosis: The Plocealauda larks have a rather thick-set appearance,
with heavy bills, nostrils not covered by feathers, moderately long hind
claws, and short, rounded wings with primaries not projecting or just
projecting slightly beyond the tips of the tertials on the folded wings.
They have well developed outermost primary, rounded (not markedly
notched) tips to the secondaries and inner primaries, three tertials, and
relatively short tails. They lack distinct crests, although one species
regularly raises its crown feathers, and are heavily streaked above and on
the breast, with conspicuous rufous panels on the primaries. None of
these morphological characters are truly diagnostic; however, the species
in this genus form a well-supported clade in multilocus analyses (Fig. 1 in
Alstrom et al., 2013a, Fig. 2 in the present study) as well as single-locus
analyses of cytbh, Myoglobin, and ODC (not shown here). The genus is
specifically diagnosed by a fixed cytosine allele (adenine in all other taxa)
at position 642 of cyth, a fixed cytosine allele (thymine/adenine in all
other taxa) at position 424 of ODC, and fixed alleles at five positions of
Myoglobin: 99 (thymine vs. guanine in all other taxa), 177 (adenosine vs.
cytosine/deletion), 324 (thymine vs. cytosine), 332 (cytosine vs.
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adenosine/guanine), and 578 (cytosine vs. adenosine); reference and
positions as declared above for Alaudinae.

Included  species: Plocealauda  comprises P.  microptera,
P. erythrocephala, P. affinis, P. erythroptera, and P. assamica; all species are
monotypic and their distributions range from the Indian Subcontinent to
Southeast Asia.

Nomenclatural acts: The LSID for the nomenclatural act associated
with Plocealauda is urn:lsid:zoobank.org:act:3EB6ACAE-CA27-4340-
831B-BECFFBCFEDFE. The LSID for this publication is
urn:lsid:zoobank.org:pub:4E231C1E-BCD2-4580-920E-A83F2EOF93D1.
The electronic edition of this work was published in a journal with ISSN
2053-7166, and is available from the digital repository http://www.nc
bi.nlm.nih.gov/pmc/. The electronic edition of this article conforms to
the requirements of Article 8.5.3 of the amended International Code of
Zoological Nomenclature (ICZN, 2012), and hence the new name con-
tained herein are available under that Code from the electronic edition of
this article. This published work and the nomenclatural acts it contains
have been registered in ZooBank, the online registration system for the
International Commission of Zoological Nomenclature. The ZooBank Life
Science Identifiers (LSIDs) can be resolved and the associated informa-
tion viewed through any standard web browser by appending the LSID to
the prefix “http://zoobank.org/”.

Mirafra sensu stricto is the only genus that is widespread (West Africa
to Australia, although only one of the species occurs outside of sub-
Saharan Africa). We tentatively place M. pulpa in this genus, as it is
very similar to the other species, especially to M. passerina in song and
other behaviours (Bradley, 2021). Both Corypha and Amirafra are
restricted to sub-Saharan Africa, while Plocealauda is confined to South
and Southeast Asia.

Based on our results, the previously phylogenetically unstudied
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Mirafra gilletti and M. rufa are moved to Calendulauda, i.e., Calendulauda
gilletti and C. rufa, respectively. With regard to other previously unsam-
pled species, the oddly-plumaged Collared Lark (Mirafra collaris) is
placed in the revived genus Amirafra, Kordofan Lark (Mirafra cordofanica)
is determined to belong in Mirafra sensu stricto, Obbia Lark (Spizocorys
obbiensis) is confirmed as being part of the genus Spizocorys, and Lesser
Hoopoe-lark (Alaemon hamertoni) is confirmed to be sister to Greater
Hoopoe-lark (A. alaudipes).

4.4. Species level taxonomy

The Corypha (i.e., until now Mirafra) africana—C. sharpii-C. hyper-
metra—C. somalica—C. ashi complex has recently been revised using an
integrative taxonomic approach (Alstrom et al., submitted). That study
proposed that nine species should be recognised in this complex:
C. somalica (with C. ashi treated as a synonym of C. somalica rochei),
C. hypermetra, C. sharpii, C. kidepoensis, C. athi, C. africana sensu stricto,
C. nigrescens, C. kabalii and C. kurrae. Corypha sharpii has recently
(October 2022) been recognised as a monotypic species (Sharpe’s Lark
Mirafra sharpii; Clements et al., 2022; Alstrom and Donald, 2022). The
present study supports the taxonomy proposed by Alstrom et al. (sub-
mitted) (Fig. 2). First, all of the traditional species (except M. ashi, which
is monotypic) are recovered as paraphyletic. Second, the youngest
divergence times based on the multilocus data between taxa that are
usually treated as subspecies of M. africana and the other currently rec-
ognised species in this complex are estimated at 2.0 My (M. sharpii vs.
M. hypermetra kidepoensis) and 4.0 My (M. africana athi vs. the other
species) (Table 2). Moreover, the estimated mean divergence times
among the M. africana subspecies that were proposed to be treated as
separate species by Alstrom et al. (submitted) are 4.0-5.7 My (Table 2).
These divergence times are older than or equal to those between most of
the sympatric lark species pairs (Table 2). In addition, some of the
youngest divergences in this complex concern taxa that are considered to
be sympatric: M. hypermetra hypermetra and M. somalica rochei + M. ashi,
and M. s. somalica and M. sharpii (Ash and Miskell, 1998). With respect to
M. ashi, the multilocus analysis indicates 1.1 My divergence from its
sister taxon M. somalica rochei, whereas the differentiation between
M. ashi and M. s. somalica was only 0.06 My according to the SNP analysis
(M. s. rochei not analysed by SNPs). Alstrom et al. (submitted) concluded,
based on an integrative taxonomic approach, that rochei should be syn-
onymised with ashi (by priority).

The genus Eremophila has been suggested to be treated as six species
(Drovetski et al., 2014) or as four species (Ghorbani et al., 2020b) based
mainly on mitochondrial DNA. The present study supports recognition of
at least four species, as the youngest sister pair, E. bilopha—E. penicillata,
are locally sympatric, although segregated by elevation and habitat
(Cramp, 1988; Shirihai and Svensson, 2018). The estimated divergence
times among the other proposed Eremophila species are on par with those
between some other sympatric lark species pairs (Table 2). Genomic data
would be valuable for further confirmation.

Galerida malabarica has previously only been analysed by a short cytb
(550 bp) and Fib7 (115 bp) sequences (Guillaumet et al., 2008; Alstrom
et al., 2013a). In the 17-locus analysis it is found to be sister to the pair
composed of G. cristata (G. c. magna and G. c chendoola) and the recently
lumped Maghreb Lark G. cristata randonii (Clements et al., 2022; treated
as G. macrorhyncha by Gill et al., 2022), with an estimated divergence
time that is younger than any of the sympatric species (Table 2). It is by
far the youngest of the sister pairs analysed with SNP data, with a
divergence time of only one third of the youngest sympatric species pair
(Table 2). Future studies are needed to determine whether these two
Galerida species, which are essentially parapatrically distributed but with
an apparent narrow zone of sympatry (Ganpule et al., 2022), are repro-
ductively isolated or should rather be treated as conspecific. Galerida
cristata magna/G. c chendoola and G. c. randonii are even more shallowly
diverged (Table 2), and are treated as conspecific by one of the main
checklists (Clements et al., 2022). However, they have shown evidence of
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reproductive isolation in a contact zone in Morocco (Guillaumet et al.,
2005, 2006, 2008).

The other shallowly diverged para-/allopatrically distributed species
pairs that have recently been lumped (Clements et al., 2022) have vari-
ously deep divergence times (Table 2): Beesley’s Lark (Chersomanes a.
beesleyi)-Spike-heeled Lark (C. albofasciata), Agulhas Long-billed Lark
(Certhilauda curvirostris brevirostris)-Cape Long-billed Lark
(C. curvirostris), Benguela Long-billed Lark (C. subcoronata benguelensis)—
Karoo Lark (C. subcoronata), Foxy Lark (Calendulauda africanoides inter-
cedens, formerly C. alopex intercedens)-Fawn-coloured Lark
(C. africanoides), Barlow’s Lark (C. erythrochlamys patae, formerly
C. barlowi patae)-Dune Lark (C. erythrochlamys), and Singing Bushlark
(M. javanica cantillans)-M. javanica. Although three of these six pairs
have more recent divergence times (0.9-1.8 My) than any of the sym-
patric species pairs, three of them (C. a. beesleyi-C. albofasciata, C. s.
benguelensis—C. subcoronata and Mirafra j. cantillans-M. javanica) have
estimated divergence times (3.8 My, 2.8 My and 2.4 My, respectively)
that overlap those of several sympatric species pairs. Moreover, if
C. curvirostris and C. brevirostris are treated as conspecific, Eastern
Long-billed Lark (C. semitorquata) should perhaps be included in that
species, as it is only slightly more diverged (Table 2). As these analyses
are based mainly or exclusively on mitochondrial DNA (cf. Appendix
Table S1), more comprehensive analyses are warranted to evaluate the
taxonomic status of these taxa.

5. Conclusions

Our study infers a baseline phylogeny of the species-rich lark family
based on multilocus sequence data combined with up to 1.2 million SNPs.
It confirms the previously most densely sampled study, which revealed
an unusually poor correspondence between phenotypes and phylogenetic
relationships. We define three primary clades as subfamilies and balance
the taxonomy of the family by splitting the large genus Mirafra into four
genera, with divergence times similar to those between other lark genera.
Two species are moved from Mirafra to Calendulauda, and several sub-
species in a Corypha (formerly Mirafra) species complex that were sug-
gested to be raised to species rank in a different study are here supported
as separate species.

This updated phylogeny and taxonomy of Alaudidae will serve as a
foundation for future studies of various aspects of lark evolution and
natural history, including addressing the few remaining phylogenetic
conflicts uncovered here. Our findings further highlight the need for
exploring biogeography, species delimitation, and systematics of the
widespread and subspecies-rich Ammomanes and Alauda larks, as well as
several understudied sub-Saharan taxa.
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