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Abstract
Phylogeographic analyses of the genus Eremophila (Horned Lark E. alpestris and Temminck’s Lark E. bilopha) were car-
ried out based on the mitochondrial cytochrome b and ND2 genes. Four primary lineages with para-/allopatric distributions 
were identified: (1) a Qinghai–Tibetan–Himalayan lineage; (2) a North African and Middle Eastern lineage; (3) a northwest 
African and southeast European/southwest Asian lineage; and (4) a Northern Palearctic and North American lineage. The 
relationships between these four lineages were poorly resolved. They were estimated to have diverged in the late Pliocene to 
early Pleistocene, although the dates are uncertain due to topological ambiguity and wide confidence intervals. The subline-
ages were estimated to have diverged around the Middle Pleistocene (c. 0.8–0.2 mya). A strong signal of population growth 
and range expansion was observed from the Middle Pleistocene, at least in the North Palearctic subclade (A2). Morphomet-
ric analysis of the Eurasian taxa revealed a high degree of overlap among taxa, although E. bilopha and E. a. longirostris 
stood out from the others. We support a recent suggestion to split E. alpestris into multiple species, although we propose 
four instead of six species, corresponding to the four primary lineages identified in this study: (1) Himalayan Horned Lark 
E. longirostris (by priority and on the premise that the genetically unsampled taxon longirostris belongs to this clade); (2) 
Temminck’s Lark E. bilopha; (3) Mountain Horned Lark E. penicillata; and (4) Common Horned Lark E. alpestris (sensu 
stricto). Our results illustrate the discrepancy between phylogenetic relationships and phenotype in larks.
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Zusammenfassung
Mitochondriale Phylogeografie der Gattung Eremophila bestätigt eine unterschätzte Artenvielfalt in der Paläarktis.
Phylogeografische Untersuchungen der Gattung Eremophila (Ohrenlerche E. alpestris und Hornlerche E. bilopha) auf 
der Basis der Analyse des mitochondiralen Cytochrom b und ND2 Gene ergaben vier primäre Abstammungslinien mit 
para-/allopatrischen Verbreitungen: (1) eine Qinghai–Tibetische–Himalaya Linie; (2) eine nordafrikanische und nahöstliche 
Linie; (3) eine nordostafrikanische und südosteuropäische/südwestasiatische Linie; und (4) eine nordpaläarktische und 
nordamerikanische Linie. Die Verbindungen zwischen diesen vier Abstammungslinien waren bisher nur unzureichend 
aufgeklärt. Die Aufspaltung wurde im späten Pliozän bis ins frühe Pleistozän geschätzt, obwohl diese Daten, aufgrund von 
räumlichen Unsicherheiten und weiten Konfidenzintervallen, als unsicher gelten. Für die Unterstämme wurde eine Aufspaltung 
im mittleren Pleistozän geschätzt (c. 0.8–0.2 Millionen Jahre). Deutliche Hinweise auf ein Populationswachstum und eine 
Arealausweitung gibt es im mittleren Pleistozän, zumindest im nordpaläarktischen Unterstamm (A2). Morphometrische 
Analysen der eurasischen Taxa ergaben einen hohen Überlappungsgrad zwischen den Taxa, obwohl E. bilopha und E. 
a. longirostris sich von den anderen abheben. Wir unterstützen einen neuen Vorschlag, E. alpestris in mehrere Arten 
aufzuspalten. Wobei wir vier anstatt sechs Arten vorschlagen, entsprechend der vier, in dieser Studie identifizierten primären 
Abstammungslinien: (1) Himalaya Ohrenlerche E. longirostris (vorrangig und unter der Voraussetzung, dass das genetisch 
bisher nicht beprobte Taxon longirostris zu diesem Stamm gehört); (2) Hornlerche E. bilopha; (3) Gebirgsohrenlerche E. 
penicillata; und (4) Ohrenlerche E. alpestris (sensu stricto). Unsere Ergebnisse verdeutlichen die Diskrepanz zwischen 
phylogenetischen Beziehungen und dem Phänotyp bei Lerchen.

Introduction

Genetic diversity and demographic structuring of many spe-
cies have been formed by Quaternary glacial and interglacial 
climatic oscillations and fueled by consequent ecological 
changes (Avise 2000; Hewitt 2004; Weir and Schluter 2004; 
Sandel et al. 2011; Lei et al. 2014). The effects of the late 
Pliocene and Pleistocene climatic fluctuations on the genetic 
structure of organisms inhabiting the Holarctic region have 
been documented for many forest birds (Klicka and Zink 
1999; Zink et al. 2002; Weir and Schluter 2004; Saitoh 
et al. 2010; Zhao et al. 2012). Other studies have focused on 
open-habitat adapted species (Voelker 1999; Pavlova et al. 
2003; Qu et al. 2010; Aliabadian et al. 2012; Li et al. 2016; 
Liu et al. 2017; Harris et al. 2018; Song et al. 2018), which 
may differ from forest species in their responses to climate 
change.

The genus Eremophila has a complex taxonomic history 
due to the high spatial (e.g. de Juana et al. 2004) and tempo-
ral (Mason and Unitt 2018) plasticity of its plumage colora-
tion and structure. In his review of the genus (then known as 
Otocorys), Bianchi (1904) recognized eight species, but the 
tendency since then has been to reduce this number and most 
sources (e.g. Peters 1960; Cramp 1988; de Juana et al. 2004; 
Dickinson and Christidis 2014; del Hoyo and Collar 2016; 
Clements et al. 2018; Gill and Donsker 2018; Shirihai and 
Svensson 2018) currently recognize two species: Horned 
Lark E. alpestris (Linnaeus, 1758), which is widespread 
across the Holarctic and also occurs south through Mes-
oamerica into northern Colombia, in many different open 
habitats such as grasslands, tundra, farmland, deserts, and 
alpine habitats and Temminck’s Lark E. bilopha (Temminck, 
1823), which is limited to desert areas of North Africa and 

the Middle East. Horned Lark breeds on five continents, and 
is the only lark that has successfully colonized and extended 
its range into the New World. Among the extensive range 
of Horned Lark, up to 42 subspecies have been recognized 
together with a large number of synonyms (Peters 1960; 
Dickinson 2003; Dickinson and Christidis 2014; del Hoyo 
and Collar 2016; Gill and Donsker 2018). Temminck’s Lark 
is currently considered a monotypic species (Dickinson and 
Christidis 2014; del Hoyo and Collar 2016; Gill and Donsker 
2018). Horned Lark subspecies have been divided into two 
groups: one in which the black face mask is separated from 
the black breast band (in all North American, North Palearc-
tic, and Qinghai–Tibetan–Himalayan subspecies and North 
African atlas, although in atlas, there is often a thin band 
connecting the two; van den Berg 2005), and one in which 
the black face mask is broadly connected to the black breast 
band, thereby completely surrounding the pale throat (in the 
Palearctic subspecies, penicillata, bicornis, albigula, and 
balcanica) (Sharpe 1890; Hellmayr 1929; Whistler 1932; 
Vaurie 1951; de Juana et al. 2004).

Based on a molecular phylogenetic analysis of the fam-
ily Alaudidae, the genus Eremophila was recently sug-
gested to be a sister to one of the two clades in the tradi-
tional genus Calandrella (Alström et al. 2013). The same 
study suggested, albeit with poor support, that the Horned 
Lark was paraphyletic with respect to Temminck’s Lark, 
and also found deep mitochondrial DNA (mtDNA) diver-
gences among different subspecies of the former, indicat-
ing that multiple species should be recognized. Drovetski 
et al. (2014) undertook a comprehensive phylogeographic 
analysis of Eremophila based on one mitochondrial gene 
and two nuclear introns. They identified at least seven deeply 
diverged lineages and corroborated the previous finding that 
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Temminck’s Lark is nested within the Horned Lark complex. 
They proposed that the Horned Lark should be treated like 
the five Palearctic (E. atlas, E. penicillata, E. brandti, E. 
flava E. elwesi) and one Nearctic (E. alpestris sensu stricto) 
species in an arrangement that closely mirrored Bianchi’s 
(1904) original proposal.

In this study, we analyzed the phylogeography of the 
genus Eremophila based on mtDNA from throughout the 
range of the genus, using both new samples and sequences 
from GenBank. We also estimated divergence times and 
demography, analyzed biometric data, and finally proposed a 
revised taxonomy. Compared to earlier studies, we increased 
the sampling, in particular from Central Asia and the Qing-
hai–Tibetan–Himalayan region, and have tried to improve 
the divergence time estimates and demographic history of 
the genus.

Material and methods

DNA sampling

In total, 40 new DNA samples were obtained; 20 tissue 
samples, including liver, pectoral muscles, and blood, were 
collected specifically for this study and deposited at the 
Department of Zoology, University of Gothenburg, Swe-
den (DZUG) and Zoology Museum, Ferdowsi University 
of Mashhad, Iran (ZMFUM), and 20 tissue samples were 
borrowed from the ornithological collections at the Burke 
Museum, University of Washington, Seattle, USA [UWBM] 
and Swedish Museum of Natural History, Stockholm, Swe-
den [NRM]; Table 1).

Muscle and liver samples were preserved in 20% 
dimethylsulfoxide (DMSO) or ethanol (75–95%). Blood 
samples were mixed immediately in a blood storage buffer 
(0.1 M Tris–HCL, 0.04 M EDTA.Na2, or 1.0 M NaCl, 0.5% 
SDS). We also included GenBank sequences in our analy-
ses (from Tieleman et al. 2003; Qu et al. 2010; Alström 
et  al. 2013; Mason et  al. 2014; Drovetski et  al. 2014; 
Fig. 1). Additionally, Calandrella brachydactyla (GenBank 
sequences KX379944 and KF735311) and Alaudala (for-
merly Calandrella) raytal (KF060423 and KJ455343) were 
used as outgroups.

DNA extraction and amplification

Total genomic DNA was extracted using the DNeasy Blood 
and Tissue Kit (Qiagen, Hilden, Germany) following the 
recommended protocol for tissue and blood samples. The 
mitochondrial cytochrome b gene (cyt b) was amplified 
and sequenced using the primers and protocol described by 
Olsson et al. (2005) and the mitochondrial ND2 gene was 

sequenced following Sorenson et al. (1999). All sequences 
have been deposited in GenBank (Table 1).

Phylogenetic reconstruction

The sequences were aligned and trimmed using MegAlign 
4.03 in the DNAstar package (DNAstar Inc.). Three differ-
ent datasets were created: one for each gene, including the 
GenBank sequences plus the new sequences (from 40 tis-
sue samples, 36 ND2 sequences, and 34 cyt b sequences 
were provided; some amplification processes failed), and 
one for both genes concatenated including some Gen-
Bank sequences (Table 1). We used jModelTest (Darriba 
et al. 2012) and PartitionFinder (Lanfear et al. 2012, 2017) 
to select the best-fit models of molecular evolution based 
on the Bayesian Information Criterion (BIC; Schwarz 
1978) and the corrected Akaike Information Criterion 
(AICc), respectively. The best model was GTR + G for cyt 
b and HKY + I + G for ND2, according to jModelTest and 
HKY + I (cytb_1stpos and 2ndpos), TIM (cytb_3rdpos) and 
TVM + I (ND2_1stpos), HKY + G (ND2_2ndpos), TRN + G 
(ND2_3rdpos), according to PartitionFinder. Xml files were 
generated in BEAUti 2 (Bouckaert et al. 2014). The data 
were analyzed by Bayesian inference (BI) in BEAST v.2.2.1 
(Bouckaert et al. 2014), separately and concatenated, both 
under a relaxed log-normal clock and a strict clock models. 
Default priors were used. The analysis with higher poste-
rior probability (a relaxed log-normal clock model) was 
adopted in the final analyses. In the concatenation analyses, 
the two loci were treated as separate partitions. We ran the 
Markov Chain Monte Carlo (MCMC) method for 100 mil-
lion generations. Convergence to the posterior distributions 
of the parameter estimates was evaluated by monitoring the 
effective sample size (ESS > 200) and trace plots in Tracer 
1.6 (Rambaut et al. 2014). We used TreeAnnotator v.2.2.1 
(Rambaut and Drummond 2015) in the BEAST package 
to summarize trees with mean height and discarded the 
first 10% of the trees as burn-in. The tree was displayed in 
FigTree 1.4.3 (Rambaut 2016).

Divergence times

Divergence times were estimated on the combined data-
set (cyt b + ND2) in BEAST, with a normally distributed 
clock prior on cyt b, with a mean rate of 0.0105 substitu-
tions/site/lineage/million years (my) and standard deviation 
0.001, corresponding to a rate of 2.1% per million years (my) 
(Weir and Schluter 2008) and allowed ND2 to be estimated. 
We applied the substitution models GTR + G for cyt b and 
HKY + I + G for ND2, and ran several analyses, with and 
without outgroup, and using different models (relaxed log-
normal and strict clock). The final analyses were run under 
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Table 1   List of taxa and loci for which original sequence data were produced for this study, with geographic origin, museum reference number, 
and GenBank accession number

The GenBank sequences marked with * were obtained from Alström et  al. (2013) and ** from Drovetski et  al. (2014). The samples Eral1 
and Erbi1 were provided by Pierre–André Crochet and Alban Guillaumet. (UWBM): The Burke Museum, University of Washington, Seattle, 
USA, (NRM): Swedish Museum of Natural History, Stockholm, Sweden, (DZUG): Department of Zoology, University of Gothenburg, Sweden, 
(ZMFUM): Zoology Museum, Ferdowsi University of Mashhad, Iran

No. Sample ID Taxon Museum ID Cl. Locality Country Accession number

cyt b ND2

1 U5084 E. a. alpestris UWBM 68253 A1 Newfoundland USA MN317107 MN365855
2 U5085 E. a. alpestris UWBM 68254 A1 Newfoundland USA MN317108 MN365856
3 U5086 E. a. alpestris UWBM 68255 A1 Newfoundland USA MN317109 MN365857
4 U5093 E. a. arcticola UWBM 53941 A1 Alaska USA MN317116 MN365864
5 U5094 E. a. arcticola UWBM 53943 A1 Alaska USA MN317117 MN365865
6 U5095 E. a. strigata UWBM 96010 A1 California USA MN317118 MN365866
7 U5097 E. a. strigata UWBM 97721 A1 Nevada USA MN317120 MN365868
8 U5098 E. a. strigata UWBM 97722 A1 Nevada USA MN317121 MN365869
9 U5096 E. a. utahensis UWBM 99265 A1 Utah USA MN317119 MN365867
10 U5099 E. a. lamprochroma UWBM 46848 A1 California USA MN317122 MN365870
11 U5091 E. a. flava UWBM 59589 A2 N Ural Russia MN317114 MN365862
12 U5092 E. a. flava UWBM 59593 A2 N Ural Russia MN317115 MN365863
13 U5223 E. a. flava NRM946610 A2 Yamalia Russia MN317123 MN365871
14 U5224 E. a. flava NRM946619 A2 Nenetsie Russia MN317124 MN365872
15 U5225 E. a. flava NRM946642 A2 Nenetsie Russia MN317125 MN365873
16 U2491 E. a. brandti DZUG A2 Kazakhstan NA MN365851
17 U5087 E.a. brandti UWBM 59834 A2 Choibalsan Mongolia MN317110 MN365858
18 U5088 E.a. brandti UWBM 59836 A2 Choibalsan Mongolia MN317111 MN365859
19 U5089 E.a. brandti UWBM 57949 A2 Gobi desert Mongolia MN317112 MN365860
20 U5090 E.a. brandti UWBM 57960 A2 Gobi desert Mongolia MN317113 MN365861
21 U4606 E. a. brandti DZUG A2 Dundgobi Mongolia MN317102 MN365846
22 U4609 E. a. brandti DZUG A2 Khentii Mongolia MN317103 MN365847
23 U4610 E. a. brandti DZUG A2 Mongolia MN317104 MN365848
24 U4611 E. a. brandti DZUG A2 Khentii Mongolia MN317105 MN365849
25 U4635 E. a. brandti DZUG A2 Khentii Mongolia MN317106 MN365850
26 1008 E. a. albigula ZMFUM B Semnan NE Iran MN317099 MN365842
27 2539 E. a. albigula ZMFUM B Mashhad NE Iran MN317101 MN365844
28 1832 E. a. albigula ZMFUM B Mashhad NE Iran MN317100 MN365843
29 1204061164 E. a. penicillata ZMFUM B Zanjan NW Iran MN317097 MN365841
30 1204061134 E. a. penicillata ZMFUM B Zanjan NW Iran MN317094 NA
31 1204061163 E. a. penicillata ZMFUM B Zanjan NW Iran MN317096 MN365840
32 1204061166 E. a. penicillata ZMFUM B Zanjan NW Iran MN317098 NA
33 1204061158 E. a. penicillata ZMFUM B Zanjan NW Iran MN317095 MN365839
34 U0615 E. a. atlas DZUG B Morocco NA MN365845
35 U0612 E. bilopha DZUG C Morocco NA MN365874
36 U4551 E. a. elwesi DZUG D Qinghai China NA MN365853
37 U4565 E. a. elwesi DZUG D Qinghai China NA MN365852
38 U1555 E. a. deosaiensis DZUG D Pakistan NA MN365854
39 U1557 E. a. deosaiensis DZUG D Pakistan MN317126 NA
40 U1558 E. a. deosaiensis DZUG D Pakistan MN317127 NA
GenBank – E. a. penicillata B Iran *KF060442 NA
GenBank – E. a. atlas B Morocco NA **KF735322
GenBank – E. a. atlas B Morocco NA **KF735321
GenBank – E. bilopha C Morocco NA **KF735318
GenBank – E. a. elwesi D Qinghai China NA **KF735315
GenBank – E. a. elwesi D Qinghai China NA **KF735314
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an uncorrelated log-normal relaxed clock model (Drum-
mond et al. 2006) and a birth–death incomplete sampling 
tree prior. See above for further details.

Demographic analyses

The historical demography was assessed using neutrality 
tests to determine departure from different null hypotheses. 
To test the effect of sample size on the demographic results 
we ran the analyses on four different datasets, including the 
total number of sequences available for ND2 and cyt b (from 
GenBank and the new sequences obtained for this study), 
two separate datasets of in total 30 individuals for cyt b and 
ND2, including the same number of individuals from each 
locality for both genes. The descriptive statistics of nucleo-
tide variation and population differentiation was calculated 
in DNAsp 6.0 (Rozas et al. 2017) for each lineage. Fu’s Fs 
(Fu 1997), Tajima’s D (Tajima 1989), and Ramos-Onsin and 
Rozas’ statistic R2 (Ramos-Onsins and Rozas 2002) were 
calculated in DNAsp with 1000 simulation replications 
for each population to test the significance. The time since 
expansion for each clade were calculated from the equation 
texp = τ/2u, using the mismatch calculator by Schenekar and 
Weiss (2011; tool provided by S. Weiss), where τ (Tau) is a 
unit of mutational time and u is the cumulative substitution 
rate per generation across the DNA fragment.

Patterns of historical demography were also inferred 
from the estimates of effective population size over time 

using Bayesian skyline in BEAST. Sequence data represent-
ing each specific lineage were analyzed separately. We set 
the substitution rate to 2.1% per million years (Weir and 
Schluter 2008) for cyt b. Since there is a lack of agreement 
on the substitution rate of ND2, three substitution rates 
were adopted and compared from different studies: 0.0073 
(1.46% sequence divergence; Pereira and Baker 2006), 0.01 
(2%; Smith and Klicka 2013), and 0.029 (5.8%; Lerner et al. 
2011) substitutions/site/lineage/million years, respectively. 
The null hypothesis is the constant population size coales-
cent model. Together, among-site rate heterogeneity across 
all branches and a log-normal relaxed clock were used for 
this calculation. Markov chains were run for 500 million 
generations and sampled every 100,000 generations with 
the first 25% samples discarded as burn-in. Other param-
eters were set as default values and results were visualized 
in Tracer 1.6.

Morphometric analyses

Morphometric data from 228 adult male specimens of E. 
alpestris were obtained from the Natural History Museum, 
Tring, UK (NHMUK, formerly BMNH). Information on 
subspecies identification, location, age, and sex of all sam-
ples used in morphometric analyses was taken from the cor-
responding museum labels. Specimens in the NHMUK are 
grouped by subspecies; among these groupings, the identity 
of each specimen was checked with reference to collection 

Fig. 1   Genetic sampling, based both on samples used in previous 
studies (Alström et al. 2013; Drovetski et al. 2014) and obtained spe-
cifically for the present study. Colors represent the primary clades 

defined in Fig. 2 (Red: Clade A; Olive: Clade B; Sky blue: Clade C; 
Violet: Clade D) (color figure online)
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date, locality, and the type description; specimens that 
appeared to have been misclassified were excluded. Wing 
length (flattened and stretched) and tail length, were meas-
ured to the nearest 1 mm with a ruler, and bill length (tip 
to skull) was measured to the nearest 0.1 mm with a digital 
caliper. The same measurements from 17 males of E. bilo-
pha were provided by Lars Svensson. The data were stand-
ardized and the squared cosine was calculated as a measure 
of the linear correlation between variables (Abdi and Wil-
liams 2010). Shapiro tests were used to check whether vari-
ables were normally distributed and Wilks’ lambda applied 
for contributing variables in the discriminant function. We 
examined the assumption of homogeneity of variance with 
the Bartlett test. We used ANOVA to assess differences 
in means between taxa. Pairwise significant differences 
between taxa were determined by post hoc Tukey tests.

Linear discriminant function analysis (LDA) was used to 
assess subspecies classification. LDA describes intergroup 
differences by linear combinations of all variables. LDA was 
fitted by the ‘lda’ function of the ‘MASS’ package (Venables 
and Ripley 2002) in R (R Development Core Team 2018). 
The contribution of individuals (in percentage) to the princi-
pal components was also calculated. A principal component 
analysis (PCA) of the covariance matrix of log-transformed 
measurements was used to visualize variation among taxa 
by plotting multivariate ordination of specimens on the first 
two principal component (PC) axes (PC1 and PC2).

The morphometric data were also grouped and analyzed 
based on distribution of different subspecies in the clades 
derived from molecular analyses and the results were com-
pared. Eremophila a. montana (n = 6) was not included in 
this analysis due to its unclear position in the phylogenetic 
tree (resulting from lack of molecular data), and to a suspi-
cion during specimen examination that two taxa may have 
been involved. All analyses were performed in R (R Devel-
opment Core Team 2018).

Results

Molecular analysis

In total, 1038 base pairs (bp) were obtained for ND2 and 999 
base pairs for cyt b after excluding sites with missing data 
for some samples. For cyt b there were 150 polymorphic 
sites (69 singleton variable sites and 81 parsimony informa-
tive sites), while in ND2 there were 293 polymorphic sites 
(200 singleton variable sites and 93 parsimony informative 
sites, Table S1).

Phylogenetic analysis of concatenated dataset

In the BEAST analysis of the combined cyt b and ND2 data 
(46 samples), four well-supported (posterior probability, PP 
1.00), deeply diverged primary clades corresponding to dif-
ferent geographical regions/taxa were recovered (Figs. 1, 2): 
(A) Russia (E. a. flava), Kazakhstan and Mongolia (E. a. 
brandti), and North America (E. a. alpestris, E. a. utahensis, 
E. a. lamprochroma, E. a. strigata, and E. a. arcticola); (B) 
Iran (E. a. penicillata and E. a. albigula) and Morocco (E. a. 
atlas); (C) Morocco (E. bilopha); and (D) Qinghai–Tibetan 
Plateau (E. a. elwesi) and North Pakistan (E. a. deosaiensis). 
The statistical support for the relationships among these four 
lineages was low, and accordingly E. bilopha was nested 
within E. alpestris, but there was no support for the exact 
position.

Two of these primary clades were further subdivided in 
accordance with different regions/taxa: (A1) North America 
(PP 1.00), with further geographical subdivision into four, 
less well defined, geographical areas; (A2) North Palearctic 
(PP 1.00), with North Russian and Mongolian samples in 
separate well-supported (PP 1.00) clades, and with the sin-
gle Kazakhstan sample in an unsupported position (PP 0.5); 
(B1) Iran (PP 1.00); and (B2) Morocco (PP 1.00).

Divergence time estimates

In the analysis based on the combined dataset (cyt b + ND2), 
the most recent common ancestor (MRCA) is inferred to 
have lived in the late Pliocene [3.3 million years ago (mya); 
highest posterior density (HPD) 2.2–4.7 mya]. The splits 
among the four primary lineages (A–D) were inferred 
to have occurred in the late Pliocene, with wide HPDs 
extending into the Pleistocene (Fig. 2). The splits between 
the subclades were all dated to the Middle Pleistocene 
(A1–A2: 0.7 mya; HPD 0.4–1 mya; B1–B2: 0.6 mya; HPD 
0.3–0.9 mya), well before the onset of the most recent of the 
four major Pleistocene glaciations.

Phylogenetic analyses of single loci

The BEAST tree based on ND2 including 310 samples (Fig. 
S1) is topologically similar to the tree based on the con-
catenated sequences (Fig. 2) (PP 1.0) except that clade A1 
shows well-supported structure and that the position of E. 
bilopha (clade C) as nested within E. alpestris was highly 
supported (PP 1.0). It also shows E. a. balcanica belongs to 
clade B (no cyt b sequences available for this taxon). In the 
BEAST tree based on cyt b, including 70 samples (Fig. S2), 
the sister relationship between the primary clades A and D 
and between B and C shows low support (PP 0.79 and 0.47, 
respectively).



Journal of Ornithology	

1 3

 5  4  3  2  1 0

E. a. alpestris Newfoundland U5086

E. a. lamprochroma Calif USA U5099

E. a. brandti Mongolia U5090

E. a. penicillata NW Iran 66

E. a. alpestris Newfoundland U5085

E. a. flava Russia U5092

E. a. flava Russia U5091

E. a. deosaiensis Pakistan U1557
E. a. deosaiensis Pakistan U1558

E. a. brandti Mongolia U4609

E. a. brandti Mongolia U4606

E. a. brandti Mongolia U4635

E. a. utahensis Utah USA U5096

E. a. brandti Mongolia U4610

E. a. penicillata NW Iran 64

E. a. arcticola Alaska USA U5093

E. a. strigata Nevada USA U5098

E. a. penicillata NW Iran 58

E. a. atlas Morocco U615

E. a. brandti Mongolia U5088

E. a. strigata Nevada USA U5097

E. bilopha Morocco U612

E. a. brandti Mongolia U5087

E. a. elwesi Tibet KF735314

E. a. alpestris Newfoundland U5084

E. bilopha Morocco KF735318

E. a. brandti Mongolia U5089

E. a. flava Russia U5225

E. a. albigula NE Iran 2539

E. a. elwesi KokoNor U4551
E. a. elwesi Tibet KF735315

E. a. deosaiensis Pakistan U1555

E. a. elwesi KokoNor U4565

E. a. flava Russia U5224

E. a. penicillata NW Iran 63

E. a. arcticola Alaska USA U5094
E. a. strigata Calif USA U5095

E. a. flava Russia U5223

E. a. atlas Morocco KF735322

E. a. penicillata Iran KF060442
E. a. albigula NE Iran 1008

E. a. albigula NE Iran 1832

E. a. atlas Morocco KF735321

E. a. brandti Kazakhstan U2491

E. a. brandti Mongolia U4611

E. a. penicillata NW Iran 65

1.00

1.00

1.00

0.98

1.00

1.00

1.00

1.00

1.00

1.00
0.33

0.99

0.68

E
N

W
N

WS
W

C
W

N
citcrael aP

citcrael aP
N

C
citcrael aP

nretse
W

aci rf
A

N M
tsa

E
ayala

mi
H-tebiT

aci re
m

A
htro

N

A1

A2

B1

B2

C

D1

 ‘D2’

sirtsorignol.E

D
edal

C

ahpolib.E

C
edal

C

.E
atallicinep

B
edal

C

.E
sirtsepla

Aedal
C

1.00

0.50

Million years ago

0.31

PleistocenePliocene

Fig. 2   Chronogram, estimated by Bayesian analysis of concatenated 
sequences of the mitochondrial cytochrome b and ND2 (in total 
2037 bp). The values on the branches are posterior probabilities. The 

labels A1–D2 represent clades discussed in the text. The names on 
clades A–D refer to the revised species taxonomy proposed here. Out-
groups are not shown

Table 2   Genetic diversity based on cyt b and ND2 mitochondrial sequences (30 samples) from the same individuals

Statistical parameters indicate number of samples (N), number of haplotypes (nH), haplotype diversity (Hd ± SD), and nucleotide diversity 
(π ± SD), Singleton variable sites (S), number of variable sites (V), parsimony informative sites (P), Tajima’s D, Fu’s Fs and R2 (Ramos–Onsin 
and Rozas’ statistic). P < 0.05 are in bold
A, alpestris; B, penicillata; Tau, age of expansion in units of mutational time; Texp, time since onset of population expansion (1000 years ago) 
(calculated only for populations inferred to deviate from demographic equilibrium)
*p < 0.05, **p < 0.01, ***p < 0.001

Clade N nH Hd π V S P Tajima’s D Fu’s Fs R2 Tau Texp

Cyt b
 A1 10 8 0.96 ± 0.59 0.0078 ± 0.0008 24 12 12 − 0.55 − 0.86 0.13 6.31 NA
 A2 14 5 0.93 ± 0.12 0.0026 ± 0.0007 22 16 6 − 1.19 − 3.71* 0.08*** 3.64 173.555
 B 6 5 0.93 ± 0.12 0.0026 ± 0.0007 7 1 1 − 1.01 − 1.62 0.15* 2.40 114.400

ND2
 A1 10 8 0.96 ± 0.06 0.0058 ± 0.0007 17 5 12 − 0.02 − 1.52 0.15 4.61 NA
 A2 14 10 0.87 ± 0.09 0.0070 ± 0.0014 27 18 9 − 0.81 − 0.66 0.14 2.82 NA
 B 6 5 0.93 ± 0.12 0.0063 ± 0.0024 18 18 0 − 1.59*** 0.11 0.25 1.50 NA
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Haplotype and demographic analyses

Thirty samples were available for both cyt b and ND2 from 
the same individual (Table 2). No departure from the null 
hypothesis of demographic equilibrium was indicated for 
the different populations based on this cyt b dataset, except 
for clade A2 and B. Both Fu’s Fs and R2 suggest deviation 
from equilibrium for clade A2, corroborated by the skyline 

plot. Since none of the estimators, Tajima’s D, Fu’s Fs, and 
R2 suggested departure from equilibrium for clade A1 on 
the cyt b dataset, Texp was only calculated for clade A2 and 
B (Table 2). The estimated time of onset of the inferred 
expansion for clade A2 was 174 thousand years ago (kya) 
(Middle Pleistocene), which is consistent with the skyline 
plot (Fig. 3). The skyline plots based on cyt b show a steady 
increase in population size, leveling out toward the present 
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median value of effective population size; solid areas denote the 95% 
highest posterior density. Skyline plots based on cyt b for clades A1 
and A2 were estimated under the HKY + I model and for the clade B 
under the HKY model
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for clade A1, starting at least 250 kya (Middle Pleistocene), 
but this is not corroborated by the demographic estimators 
(Table 2). The skyline plots for clade B suggest nearly con-
stant population sizes, while the expansion time estimated 
is 114 kya (Fig. 3, Table 2). The skyline plots based on the 
ND2 dataset (2% sequence divergence) estimated a very 
slight tendency of increase in population size with some 
decline at the start of the Holocene for clade A1 (Fig. 3, 
Table 2). The population sizes of clades A2 and B are 
inferred to have remained stable (Fig. 3, Table 2). Texp was 
not calculated for any of the clades in the ND2 dataset since 
only the weakest indicator, Tajima’s D indicates any devia-
tion from equilibrium (Table 2). The skyline plots based on 
the ND2 dataset with time estimates calculated based on 
1.46% or for 5.8% sequence divergence per million years are 
very similar to those based on a 2% divergence, except for 
clade B, for which a slight more or less steady population 
expansion is indicated by the skyline plot (data not shown).

By combining data from GenBank and own sequenc-
ing, a total of 70 cyt b sequences and 310 ND2 sequences 
were available (Table S1). The skyline plots based on all 
available sequences of ND2 (2% sequence divergence per 
million years) indicate a tendency of increase in popula-
tion size during the Middle Pleistocene for clade A1 (Fig. 
S3). For clade A2, the results differ from the calculations 
based on the smaller data set (Fig. 3, Table 2) shows a 
more evident population increase which is inferred to 
have started around 125 kya and leveled off around 50 
kya (Fig. S3). These results were corroborated by signifi-
cant departure from the null hypothesis of demographic 
equilibrium for Tajima’s D, Fu’s Fs, and R2 for clades 
A1 and A2 (Table S1). For clade B, a more or less sta-
ble population is inferred by the ND2 skyline plot, but 

with a slight tendency for a decline in effective population 
size increase coinciding with the start of the Last Gla-
cial Maximum (LGM; 22 kya) (Fig. S3). Contrary to this, 
the demographic estimators Tajima’s D, Fu’s Fs, and R2 
suggest deviation from population equilibrium for clade 
B (Table S1). The skyline plot indicates a stable popula-
tion size for clade C (Fig. S3), corroborated by the demo-
graphic estimators (Table S1). For clade D, the skyline 
plot for the ND2 data indicates a continuous slight decline 
in effective population size for most of the period, with a 
steeper decline after the LGM (around 15 kya) (Fig. S3). 
The demographic estimators Fu’s Fs and R2 do not con-
tradict this for the ND2 data (Table S1). However, for the 
cyt b data, based on 32 sequences (clade D), the demo-
graphic indicators suggest deviation from equilibrium and 
a population expansion around 163 kya (Table S1). The 
skyline plot is consistent with this, but leveling off from 
around 100 kya, in a similar pattern, as for clade A2 based 
on the ND2 data set (Fig. S3), but both onset and decline 
in increase happening somewhat earlier.

Univariate morphometric analyses

ANOVAs of the linear measurements revealed significant 
differences in wing length (F13,215 = 112.61; P < 0.001), 
tail length (F13,215 = 58.40; P < 0.001), tail/wing (%) 
(F13,215 = 13.56; P < 0.001), and bill length (F13,215 = 47.98; 
P < 0.001), among the taxa (Table 3 and Fig. S4).

Pairwise comparisons between E. bilopha and the 13 
subspecies of E. alpestris revealed that E. bilopha differs 
significantly from all subspecies of E. alpestris at least in 
two characters (wing and tail lengths; P ≤ 0.001; Table S2 

Table 3   Mean and standard deviations of three morphometric data for 228 studied individuals of 14 taxa

The values were given in mm

Subspecies N Wing (mean ± SD) Min Max Tail Min Max Bill Min Max

E. a. elwesi 19 117.26 ± 2.96 110 121 84.89 ± 4.69 77 93 16.20 ± 0.77 14.5 17.4
E. a. elwesi (khamensis) 3 121.67 ± 2.89 120 125 84.67 ± 5.03 80 90 17.27 ± 0.64 16.8 18
E. a. elwesi (nigrifrons) 2 115.50 ± 2.12 114 117 82.50 ± 3.54 80 85 16.85 ± 1.34 15.9 17.8
E. a. longirostris 26 125.58 ± 3.01 119 131 87.77 ± 3.46 79 93 19.96 ± 1.25 17.2 21.7
E. a. albigula 20 117.35 ± 2.41 114 123 80.80 ± 4.17 71 88 17.19 ± 0.73 15.8 18.6
E. a. atlas 14 111.86 ± 2.77 106 116 77.93 ± 3.10 73 83 16.81 ± 1.01 15.1 18.5
E. a. bicornis 16 114.00 ± 2.76 109 118 77.69 ± 2.27 73 82 17.72 ± 0.79 16.4 19.1
E. a. penicillata 13 119.77 ± 1.64 117 122 82.54 ± 3.82 75 88 17.81 ± 0.50 16.6 18.5
E. a. brandti 29 110.76 ± 3.51 105 119 78.10 ± 3.27 71 83 15.85 ± 0.87 14 17.5
E. a. flava 44 110.86 ± 1.68 107 115 71.98 ± 3.15 64 78 15.52 ± 0.78 13.7 16.8
E. a. montana 6 115.83 ± 2.93 112 120 81.67 ± 2.80 79 87 16.90 ± 0.33 16.6 17.5
E. a. argalea 16 120.56 ± 2.22 117 126 87.06 ± 2.43 83 91 17.09 ± 0.61 16.2 18.3
E. a. przewalski 4 122.75 ± 3.59 120 128 83.50 ± 3.70 78 86 15.85 ± 0.95 15 16.9
E. bilopha 16 114.00 ± 2.58 109 118 77.69 ± 2.72 73 82 17.73 ± 0.79 16.4 19.1
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and Fig. S4). Generally, E. a. longirostris has the highest 
mean value in all morphometric characters compared to the 
other taxa (Table 3). Pairwise comparison revealed no sig-
nificant differences between E. a. elwesi, E. a. nigrifrons, E. 
a. khamensis, and E. a. montana (Table S2).

Multivariate morphometric analyses

The PCA performed on mean values of linear characters 
on different subspecies shows PC1 that explains 67.3% of 
the total variance and reflects differences in tail and wing 

lengths (Table 4, Fig. 4). PC2 explains 23.5% of the total 
variance and is interpreted mainly as differences in tail 
length/wing length (%) and bill length (Table 4, Fig. 4). 
Eremophila a. longirostris is the most divergent taxon, being 
mostly separated from the other taxa in the main scatter on 
PC1. Eremophila bilopha is separated from all except E. 
a. flava on PC1, but is mostly separated from E. a. flava 
on PC2. The rest of the subspecies of E. alpestris form a 
broadly overlapping set of clusters (Fig. 4). The result from 
the linear discriminant analysis (LDA; Table 4, Fig. S5) was 
basically similar to the PCA, although E. a. longirostris and 
E. bilopha were better separated from the others on LD1. 

The PCA based on the four primary clades provided 
slightly better separation for E. bilopha on PC1, which 
explained 67.4% of the total variance (Fig. S6). However, 
there was broad overlap between all clades, especially on PC2.

Discussion

Phylogenetic inference and divergence times

The identification of four primary, deeply diverged lineages 
(A–D) is well supported by our molecular data, although 

Table 4   Co-efficients of the two linear discriminant functions (LD1–
2) and principal component analysis (PCA 1–2)

Variable LD1 LD2 PC1 PC2

Wing − 0.453 1.395 − 0.53 − 0.36
Tail 0.180 − 1.768 − 0.59 0.19
Tail/wing (%) − 0.295 2.143 − 0.39 0.77
Bill − 0.473 − 1.067 − 0.46 − 0.49
Eigenvalue – – 2.69 0.94
Percentage of 

explained variance 
(%)

82.1 9.3 67.3 23.5

Fig. 4   Scatter-plot of Principal 
Components Analysis examin-
ing differences in four morpho-
metric traits (wing length, tail 
length, tail/wing [%], and bill 
length)
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the relationships among these lineages are uncertain. The 
unresolved base of the tree likely stems from conflict 
between ND2 and cyt b, while ND2 inferred the Qing-
hai–Tibetan–North Pakistan clade (D) as sister to the others 
with strong support, cyt b supported (less strongly) an alter-
native topology. The separations of North American (A1) vs. 
North Palearctic (A2), and Iranian (B1) vs. Moroccan (B2) 
clades are strongly supported. These results are largely con-
gruent with a species tree analysis based on ND2 (partly the 
same sequences as here) and two nuclear introns (ACO1I9, 
RHOI1) by Drovetski et al. (2014). Furthermore, in the same 
analysis, Drovetski et al. (2014) found a sister relationship 
between E. a. elwesi (our clade D1) and E. bilopha (our 
clade C) and between E. a. alpestris/flava/brandti (our clade 
A) and E. a. penicillata/atlas (our clade B), although none of 
these relationships were strongly supported in their analysis 
(PPs 0.70, 0.88, respectively). Their most strongly supported 
sister relationship was between E. a. atlas and E. a. penicil-
lata (PP 0.98), which was also supported in a separate analy-
sis of the nuclear introns, and which is strongly supported in 
our analyses. The geographical structuring in North America 
suggested in our analysis of combined ND2 and cyt b basi-
cally agrees with analyses of ND2 for much larger sample 
sizes (Drovetski et al. 2014; Mason et al. 2014), however, 
the larger samples reveal considerable haplotype sharing at 
least between adjacent areas.

Alström et al. (2013) found that their single E. a. flava 
from Sweden (GenBank KF060442; Swedish Museum of 
Natural History No. NRM 20046759) is a sister to their 
single E. a. atlas. However, this E. a. flava had been acci-
dentally mislabeled and was actually E. a. penicillata from 
Iran, and was accordingly relabeled as E. a. penicillata in 
our analyses.

Our divergence time estimate for the most recent com-
mon ancestor (MRCA) of Eremophila agrees with that of 
Alström et al. (2013), based on an analysis of the Alaudi-
dae as a whole. However, the dates are overall considerably 
older than those of Drovetski et al. (2014) and Mason et al. 
(2014) (latter only focused on North America, so the only 
relevant node is the split between Asia and North America). 
For example, Drovetski et al. (2014) estimated the MRCA of 
Eremophila at 1.4 mya (95% HPD 1.1–1.8 mya), i.e. nearly 
half of our estimate and with non-overlapping confidence 
intervals (3.3 mya; 95% HPD 2.2–4.7 mya; Fig. 2). The main 
reason for the discrepancy between these analyses is that 
a higher divergence rate gives more recent time estimates. 
We used the mean molecular clock rate for cyt b based on 
calibrations of more than 70 passerine studies (Weir and 
Schluter 2008), whereas Drovetski et al. (2014) and Mason 
et al. (2014) used the mean rate of sequence evolution for 
ND2 derived from Hawaiian honeycreepers (Drepanidinae) 
(Lerner et al. 2011). The differing results suggest that one 
or both of these different divergence rates do not accurately 

calculate the true clade ages. A parallel case, with similar 
large differences in dating based on ND2 and cyt b, have 
been found for the avian genus Prunella (accentors) (Drovet-
ski et al. 2013; Liu et al. 2017). The relation between the 
divergence rates of cyt b and ND2 within the same datasets 
is not well understood and the same applies to the possible 
variation in divergence rates between different groups of 
birds. We consider our dates more in agreement with the 
fossil record than those of Drovetski et al. (2014) and Mason 
et al. (2014). The oldest known fossils of Eremophila, of 
“Eremophila aff. alpestris”, are from Mongolia/Transbai-
kal in the late Pliocene, c. 3 mya (MN 16; Zelenkov and 
Kurochkin 2012). Moreover, there are fossils of Eremophila 
prealpestris from Bulgaria from the early Pleistocene, c. 
2.5 mya (MN 17) (Boev 2002, 2012). There are fossils from 
North America from the mid-Pleistocene, 0.6–0.8 mya (Bar-
nosky 2004), i.e. considerably earlier than the split between 
the North American and North Palearctic birds estimated by 
Drovetski et al. (2014) (0.21 mya; 95% HPD 0.13–0.28 mya) 
and Mason et al. (2014) (c. 0.25 mya, no details given). 
Although these fossils might represent stem groups rather 
than the crown group, they nevertheless indicate an older 
history of the genus than the estimates by Drovetski et al. 
(2014) and Mason et al. (2014).

The two nuclear markers analyzed by Drovetski et al. 
(2014) showed strong incomplete lineage sorting and it 
seems likely that genomic data would be required to more 
robustly resolve the phylogenetic relationships among the 
different taxa in this recent radiation.

The demographic results based on cyt b suggest an 
increase in population size for clade A2 starting before or 
near the beginning of the penultimate glaciation (150–200 
kya). The full ND2 data corroborate that both northern 
clades (A1 and A2) may have experienced population 
increases since well before the last ice age and the onset of 
the expansion time (Texp) calculated from Tau is within the 
confidence interval of the results from the skyline plot. In 
other words, there are indications that both these clades may 
have thrived during the penultimate ice age, but not been 
influenced so much by the most recent one. The cyt b data 
for clade D based on 32 sequences also indicate population 
expansion about 163 kya, which might suggest that also the 
Qinghai–Tibetan–Himalayan populations may have been 
subjected to similar conditions as the northern populations 
during more or less the same time period. The inferred posi-
tive response of the Qinghai–Tibetan–Himalayan and North 
Palearctic Horned Larks to Pleistocene cooling may be the 
result of them being able to take advantage of the expansion 
of steppe-tundra habitats (Yurtsev 1981) that may have been 
more extensive and less restricted by surrounding features 
within their ranges, compared to the more southerly popu-
lations, as has also been suggested for the genus Prunella 
(Liu et al. 2017). However, the inferred leveling off of the 
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population increase for clade A2 (Fig. 3) seems to coincide 
with the increased cooling leading up the LGM. It is not 
clear that in what way this would have been detrimental to 
continued population increase, but may have been a conse-
quence of steppe displacement in Siberia and adjacent areas 
causing shrinking areas of suitable habitat (Sher 1997; Sher 
et al. 2005). Less severe impact of Pliocene and Pleistocene 
cooling at lower latitudes (Bobek 1937; Shroder and Bishop 
2010) and the buffer role of mountain ranges of the Qing-
hai–Tibet–Himalayas (Fjeldså et al. 2012; Lei et al. 2015) 
may have provided more stable conditions for other clades 
of Eremophila, counteracting changes in population sizes.

Biogeography

The topological uncertainties at the base of the tree pre-
clude detailed analysis of the early biogeographical pat-
terns. However, both our tree and the fossil data (see 
above) strongly suggest that the genus originated in the 
Palearctic. If the oldest known fossils do indeed represent 
the ancestral area, this is in agreement with that of another 
mountain specialist genus, the accentors (Prunella), which 
has been suggested to have originated in the Sino-Himala-
yan Mountains or these mountains and Central Asia–Mon-
golia, although considerably earlier than Eremophila (Liu 
et al. 2017; cf. also Drovetski et al. 2013). It seems likely 
that the four main Eremophila lineages originally diverged 
in different parts of the Palearctic, through habitat frag-
mentations during the late Pliocene (or possibly early 
Pleistocene): clade A in the comparatively low-elevation 
areas in the north/northeast (potentially surviving glacial 
periods in ice-free areas in the northeast/east, cf. e.g. Sai-
toh et al. 2010); clade B in mountainous areas in south-
west Asia and possibly southern Europe and North Africa 
(areas with well-established glacial refugia for other taxa; 
e.g. Frenzel 1973; Hewitt 2000; Tzedakis et al. 2002; Brito 
2005; Hughes and Woodward 2017); clade C in lowland 
areas in North Africa; and clade D within its present range 
on the Qinghai–Tibetan Plateau (with refugia areas at least 
along the eastern edge; cf. Qu et al. 2010). During the 
Pliocene most of the Tarim Basin turned into desert (Zhu 
et al. 2014). Formation of the Taklamakan desert about 
3.6 mya (Zheng et al. 2000, 2002) and expansion of other 
Central Asian deserts may have created a mosaic of habi-
tats, where some may have acted as geographical barriers 
to gene flow between northern and southern populations, 
as well as between populations adapted to either desert-
like or tundra-like habitats, respectively. North to south 
extension of the Pakistan deserts (Kara Kuram, Thar, 
Cholistan, Thal, and Kharan) and Iranian deserts (Kavir 
and Lut), which were formed and expanded during the late 
Pliocene and early Pleistocene (Krinsley 1970; Rajaguru 
et al. 2014) may have promoted a split between eastern 

and western populations. This pattern was nearly synchro-
nously observed in magpies Pica (Song et al. 2018) and 
grouse (subfamily Tetraoninae; Drovetski 2003). Clade A 
later colonized North America, most likely across the Ber-
ing Land Bridge during the late Pleistocene. The mono-
phyly of the North American taxa shows that at least the 
extant taxa originate from a single colonization event. It is 
possible that E. a. atlas (clade B2) and E. bilopha (clade 
C) diverged in different areas in different habitats in North 
Africa, reflecting their present-day horizontal and verti-
cal parapatry in Morocco (Cramp 1988; Thévenot et al. 
2003; Donald 2004), but it is also plausible that E. a. atlas 
colonized its ancestral habitat type in North Africa long 
after E. bilopha had already adapted to and diverged in 
the desert areas of northern Africa and/or western Asia. 
The disjunct distribution between E. a. atlas and southeast 
European/southwest Asian E. alpestris suggest that the 
former represents a relict population of a formerly more 
widespread distribution.

Although the ancestral habitat of the genus is presum-
ably short grass or semi-desert in mountainous or plateau 
regions, this complex has adapted to an exceptionally wide 
range of low vegetation and barren habitats such as tundra, 
alpine grasslands, steppe, stony, and sandy deserts and 
farmlands from sea-level to c. 5400 m (Cramp 1988; Bea-
son 1995; Alsop 2001; de Juana et al. 2004; Donald 2004). 
In North America, the colonization of lowland habitats, 
including desert and farmland, has apparently taken place, 
rather quickly. This is suggested by both the relatively 
recent appearance on this continent and by the fact that the 
earliest fossils from North America are from the Colorado 
plateau (c. 2900 m a.s.l.) (Barnosky 2004), whereas none 
of the early fossils are from lowlands (Tommy Tyrberg, 
in litt.).

Morphological divergence

Plumage divergence within this genus is substantial, which 
has led to a large number of subspecies being described, 
although whether plumage tone variation in larks is a useful 
taxonomic feature is open to question (Donald et al. 2017). 
This differentiation has apparently taken place fairly rap-
idly, presumably mainly driven by strong natural selection 
pressure in the varied habitats colonized by this species. As 
an example of how rapidly this species can adapt to new 
environments, Mason and Unitt (2018) demonstrated sig-
nificant changes in upperpart coloration in a population of 
E. alpestris that took place over just 80 years in response 
to changes in soil colour following the cultivation of desert 
soils. However, the plumage variation is not congruent with 
the genetic differentiation, except for clade B1, in which 
all taxa show a unique head/breast pattern, which could be 
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considered a synapomorphy for this clade. The morphomet-
ric divergence is limited and our analysis shows that only 
two taxa (the small E. bilopha and the long-billed E. a. lon-
girostris) stand out from the rest, at least on the basis of the 
three variables analyzed.

Taxonomic implications

Drovetski et al. (2014) suggested that the genus Eremophila 
comprises seven independent evolutionary lineages (alpes-
tris, flava, brandti, penicillata, atlas, bilopha, and elwesi), 
and proposed that these should all be treated as separate spe-
cies. However, they did not specify how these species should 
be circumscribed, i.e. to which species the unsampled taxa 
should belong. In our opinion, it is more parsimonious to 
recognize the four primary, deeply diverged lineages (A–D 
in Fig. 2), as separate species. Since not all subspecies have 
been studied genetically, a taxonomic revision at this stage 
needs to infer relationships based on other data to circum-
scribe the different species. The plumage data are available 
for this assessment, whereas the morphometrics proved to 
be inconclusive. However, it should be stressed that any 
taxonomic revision based on the available data should be 
considered tentative, as the mtDNA data published here 
and in earlier studies (Drovetski et al. 2014; Mason et al. 
2014) would ideally be corroborated by nuclear DNA, and 
as remarked above, genomic data are probably required to 
resolve the relationships in this recent radiation.

We propose that clade A should be treated as E. alpestris 
(sensu stricto). We agree with Drovetski et al. (2014) that the 
New World taxa (clade A1) are likely to represent a unique 
evolutionary unit. However, because of its recent divergence 
from its sister lineage (clade A2), we prefer to treat these as 
conspecific. Based on the analyses of Drovetski et al. (2104) 
and Mason et al. (2014), confirmed here using mainly the 
same data, the North American taxa show shallow diver-
gences and lack of concordance in geographical, phenotypic, 
and ecological characters. The New World taxa are in need 
of a taxonomic revision. Peters (1960) recognized 26 New 
World subspecies, whereas del Hoyo and Collar (2016) rec-
ognized only 13. The taxon brandti is paraphyletic in our 
analyses, although that is not strongly supported. We suggest 
that this clade should be given the English name Common 
Horned Lark.

We suggest that clade B should be treated as a single spe-
cies, E. penicillata (by priority), including the subspecies E. 
p. penicillata, E. p. balcanica, E. p. bicornis, E. p. albigula, 
and E. p. atlas. del Hoyo and Collar (2016) also recognized 
the recently described (Roselaar 1995) taxon kumerloevei, 
which should also be part of this species, but which was dis-
qualified by Kirwan (2006). Although we agree with Drovet-
ski et al. (2014) that the taxon atlas (clade B2) represents 
a separately evolving lineage, supported by its divergent 

plumage from the other taxa in clade B (de Juana et al. 2004; 
Shirihai and Svensson 2018), the comparatively recent diver-
gence from its sister lineage (clade B1) makes us favor treat-
ment of these as conspecific. All of the above subspecies 
except atlas have the black face mask broadly connected to 
the black breast band; in atlas, many males have a thin con-
nection between the black on the face and breast (van den 
Berg 2005). Being a mountain specialist, E. penicillata is 
ecologically segregated from the parapatrically distributed 
lowland E. a. brandti. However, very little is known about 
the contact zone (if any) between E. penicillata and E. a. 
brandti (see below). We propose Mountain Horned Lark as 
the common name for E. penicillata.

We support continued recognition of E. bilopha as a 
distinct species. It is deeply divergent as well as morpho-
logically and ecologically distinct from the parapatrically 
distributed E. p. atlas (Cramp 1988; de Juana et al. 2004). 
Its juvenile plumage is uniquely different from all other 
juvenile Eremophila that have been studied (de Juana et al. 
2004; Shirihai and Svensson 2018). Additionally, atlas and 
bilopha are altitudinally wholly segregated in summer, but 
atlas undergoes altitudinal migration that brings some birds 
into contact with bilopha and the two species have been seen 
together in southern Morocco.

We propose treating the taxa in clade D as a distinct spe-
cies, E. longirostris (Himalayan Horned Lark). Although 
only two taxa representing this clade have been studied 
phylogenetically, we tentatively include the subspecies lon-
girostris, deosaiensis (but see below), elwesi, khamensis, 
przewalskii, argalea, teleschowi, and nigrifrons in this spe-
cies, noting that some of these may be too subtly different 
to warrant recognition. The oldest available name is lon-
girostris, which unfortunately has not been analyzed phy-
logenetically. In spite of the morphometric distinctness of 
longirostris due to its long bill, we preliminarily include 
it in this clade, because of its close similarity in plumage 
and ecology and geographical connectivity to other subspe-
cies from the Qinghai–Tibetan Plateau. Moreover, there is 
evidence that longirostris grades into argalea, which some 
authors consider a synonym of elwesi (Whistler 1932; Vau-
rie 1951). The taxon nigrifrons was treated as a synonym 
of elwesi by Bianchi (1904) and Cheng (1987) and there 
seems to be little evidence to treat khamensis as anything 
other than a synonym of elwesi. It is uncertain whether there 
is any contact between the northernmost taxa in this group, 
deosaiensis, argalea and teleschowi, and E. a. brandti or E. 
p. albigula, and, if there is, what the outcome is.

The taxon E. alpestris deosai Meinertzhagen, 1926 was 
first described from the Deosai Plateau, Pakistan, but was 
synonymized with E. a. longirostris by Vaurie (1951) and 
Peters (1960). Khan (1999) described a new subspecies, E. 
a. deosaiensis, from the Deosai Plateau. He stated that it 
has the black mask joining the black breast band, which 
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is a characteristic of the penicillata group and not of the 
longirostris group. However, the wing length of the typi-
cal specimen of deosaiensis (128 mm; Khan 1999) places 
it within the range of the longirostris group, but outside 
the penicillata group (max 126 mm; Paul Donald, unpub-
lished). Moreover, in photographs of the type of deosaiensis, 
a distinct gap is obvious between the mask and breast band, 
again suggesting that it is part of the longirostris group. We 
preliminarily use the name deosaiensis Khan, 1999 in this 
paper despite that it is not listed in any checklist or hand-
book, while acknowledging that it might be better treated as 
a synonym of longirostris.

The form montana of the mountains of northern Central 
Asia (Tien Shan) was proposed by Bianchi (1904) on the 
basis of its longer, thinner bill than brandti. However, it was 
treated as a synonym of brandti by Kozlova (1933), Ludlow 
and Kinnear (1933), Vaurie (1954), and Peters (1960). The 
small number of specimens we have examined of this form 
appears to be appreciably larger than most brandti, which is 
primarily a lowland form; the mean wing length of typical 
brandti in the steppes is around 110 mm, whereas that of 
“brandti” in the Tien Shan (= montana) is 118 mm (Cramp 
1988). We therefore suggest that montana requires further 
study and that two taxa, one of them perhaps falling in the 
longirostris group, may occur in this area and are separated 
by altitude. Clearly, much remains to be learned about the 
complex distribution of different taxa in this genus.

Conclusion

We propose that four separately evolving lineages within the 
genus Eremophila deserve to be recognized at species level: 
(1) Himalayan Horned Lark E. longirostris (comprising E. l. 
longirostris, E. l. deosaiensis, E. l. elwesi, E. l. khamensis, 
E. l. przewalskii, E. l. argalea, E. l. teleschowi, and E. l. 
nigrifrons) from the Himalayas and Qinghai–Tibetan pla-
teau; (2) Temminck’s Lark E. bilopha (monotypic), from 
North Africa to the Middle East; (3) Mountain Horned Lark 
E. penicillata (E. p. penicillata, E. p. atlas, E. p. albigula, 
E. p. balcanica, and E. p. bicornis) from northwest Africa 
and southeast Europe/southwest Asia; and (4) Common 
Horned Lark E. alpestris sensu stricto (E. a. alpestris and 
many other American subspecies, E. a. flava, E. a. brandti) 
from the Northern Palearctic and North and northern South 
America.
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