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Abstract. Nucleotide sequences of the mitochondrial cytochrome b and ND2 genes were
used in analyses of phylogenetic relationships of 10 of the 11 currently recognized species
of wagtails (Aves: Moracilla). All analyses produced similar hypotheses of species relation-
ships. Both Moracilla citreola and M. flava are paraphyletic, and consist of two and three
distinct clades, respectively. M. lugens and M. alba are paraphyletic with respect to one
another. None of the three currently recognized superspecies are monophyletic. A series of
alternative tree topologies on which species and superspecies monophyly were enforced
were significantly worse estimates of relationships in all cases except that of /ugens and
alba. Ancestral area reconstructions suggest that Motacilla arose in the eastern Palearctic;
molecular-clock dates suggest that this occurred roughly 4.5 million years ago. Motacilla
colonized Africa around 4.5 million years ago, and accomplished a second ancestral colo-
nization of that continent about 2.9 million years ago. A number of recent dispersals from
Eurasia to North Africa and North America (via both Alaska and Greenland) have occurred,
and no fewer than 26 dispersals have occurred throughout the evolution of the modern
distribution of this genus. This result, similar to results of other recently studied avian
lineages, strongly suggests that dispersal has been an important factor in the development
of modern-day avian distributions.

Key words: colonization, dispersal, intercontinental biogeography, mitochondrial DNA,
molecular clock, Motacilla, vicariance.

Sistemitica y Biogeografia Histérica de Motacilla: Revisién de Dispersién Versus Vicarianza

Resumen. Se usaron secuencias de nucleétidos de los genes mitocondriales citocromo b
y ND2 en anilisis de relaciones filogenéticas en 10 de las 11 especies de aves actualmente
reconocidas del género Motacilla. Todos los andlisis produjeron hipétesis similares sobre
las relaciones entre las especies. Tanto M. citreola como M. flava son parafiléticas, con dos
y tres clados distintivos, respectivamente. M. lugens y M. alba son parafiléticas en relacién
a una con la otra. Ninguna de las tres super-especies actualmente reconocidas es monofi-
lética. Una serie de drboles topol6gicos alternativos, en los cuales se forzé la monofilia de
las especies y super-especies, brindaron estimaciones de las relaciones significativamente
peores para todos los casos, con excepcién de aquella para lugens y alba. Reconstrucciones
ancestrales de drea sugieren que Motacilla surgi6 en el este Paledrtico; las fechas del reloj
molecular sugieren que esto ocurrié hace aproximadamente 4.5 millones de afios. Motacilla
colonizé Africa alrededor de 4.5 millones de afios atrds, y protagonizé una segunda colo-
nizacién ancestral de este continente cerca de 2.9 millones de afios atrds. Una serie de
dispersiones recientes han ocurrido desde Eurasia hacia Africa del Norte y América del
Norte (via Alaska y Groenlandia), y no menos de 26 dispersiones han ocurrido a lo largo
de la evolucion de la distribucién moderna de este género. Este resultado, similar al de otros
estudios recientes de linajes de aves, sugiere con firmeza que la dispersién ha sido un factor
importante en el desarrollo de las distribuciones modernas de aves.

INTRODUCTION

The avian genus Motacilla comprises 11 spe-
cies, whose combined distribution includes the
continents of Africa, Eurasia, and North Amer-
ica, as well as several major islands (Sibley and
Monroe 1990). As such, Motacilla is one of a
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relatively small number of songbird genera
whose component species are distributed on
three or more continents. By having such a dis-
tribution, Moracilla provides an interesting op-
portunity to explore questions concerning the
relative roles of dispersal and vicariance in the
establishment of the genus’ modern-day inter-
continental distribution.

The obvious key to assessing the roles of dis-
persal and vicariance is molecular-clock dating
of lineage divergences. While these clocks can
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be problematic (Martin et al. 1992), their ability
to provide rough estimates of the time of lineage
splits allows us to seek similarly timed geolog-
ical and climatic events; this may be especially
true when dealing with more recent lineages and
geological events. Similarly timed lineage splits
and geological events would implicate a vicari-
ant speciation mechanism, whereas a much
younger lineage split relative to a plausible geo-
logical event would imply that a dispersal had
occurred. Such clock calibrations have become
increasingly important in testing explicit vicari-
ant and dispersal models (Bermingham et al.
1992, Bowen and Grant 1997, Waters et al.
2000), and in assessing the relative roles of these
often competing mechanisms (Voelker 1999a).

The distribution of Moracilla also allows us
to ask whether geographic species assemblages
within the genus are the result of multiple in-
vasions or in situ speciation. The key to assess-
ing the manner in which species assemblages
form is simple: one needs only a well-supported
phylogenetic hypothesis, from which area clad-
ograms can be constructed. To date, species as-
semblages in several songbird lineages have
been shown to be derived from multiple inva-
sions (Richman 1996, Slikas et al. 1996, Voelker
1999a). These results have important implica-
tions for the determination of ancestral areas, es-
pecially when ancestral areas are simply deemed
to be that area with the largest number of species
(i.e., the ““center of origin’). These results also
render a-cautionary note for studies attempting
to determine whether the concordance of mod-
ern-day species distributions and areas indeed
reflect vicariant patterns, or whether these pat-
terns are instead a reflection of distributions
modified via past dispersal events.

Finally, the answers to the above two ques-
tions can be combined to allew us to determine
whether the results are broadly comparable to
studies of other avian lineages with similar dis-
tributions (Richman 1996, Voelker 1999a; Voel-
ker, in press). By assessing these questions on a
cosmopolitan scale, there is almost certainly a
better likelihood of correctly identifying dispers-
al or vicariance mechanisms than there might be
at smaller scales (e.g., intracontinental). How-
ever, studies largely focused on a cosmopolitan
scale have shown the above key elements to be
applicable at smaller biogeographic scales as
well (Voelker 1999a); thus these elements are

indeed worth including in any biogeographic
study.

To date, there are no phylogenetic hypotheses
of the relationships among Motacilla species
available, from which dates can be gleaned and
biogeographic interpretations made. Although
Keith et al. (1992) have postulated relationships
based on plumage differences, these relation-
ships have been only broadly expressed through
the recognition of superspecies or general group-
ings, and do not hypothesize sister relationships
among Motacilla species. Therefore, the current
state of our knowledge of Motacilla relation-
ships is the recognition of three superspecies.
The first of these, the yellow wagtail group, con-
sists of four species: flava, citreola, capensis,
and flaviventris. Both flava and citreola breed
primarily in Eurasia, while capensis is found in
southern Africa, and flaviventris is endemic to
Madagascar. The stream wagtail superspecies
consists of clara and cinerea; the former being
found in southern Africa, the latter primarily in
Eurasia. Lastly, the pied wagtail superspecies
consists of alba, lugens, aguimp, madaraspaten-
sis, and grandis. Both alba and lugens breed in
Eurasia, while aguimp is found in southern Af-
rica, madaraspatensis on the Indian subconti-
nent, and grandis in Japan (Sibley and Monroe
1990, Keith et al. 1992).

To resolve the relationships among Motacilla
species, I used 1966 base pairs of mitochondrial
DNA sequence data from individuals represent-
ing 10 of 11 currently recognized species. I used
these data to generate phylogenetic hypotheses
of relationships, which in turn provided a frame-
work in which to explore the historical bioge-
ography of the genus.

METHODS

TAXA, SEQUENCING, AND PHYLOGENETIC
ANALYSIS

I analyzed 960 base pairs (bp) of cytochrome b,
and 1006 bp of ND2 from 33 individuals of Mo-
tacilla, and two outgroup species (Table 1) The
33 Motacilla taxa represent 10 of the 11 species
recognized by Sibley and Monroe (1990). At
least two samples were included for all Mota-
cilla species except for madaraspatensis. Higher
numbers of samples for flava and alba were in-
cluded as an effort to corroborate findings from
ongoing phylogeographic studies of those spe-
cies (Zink et al., unpubl. data), in the larger
framework of the entire genus. The six alba
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TABLE 1.
specimens examined.

Species, museum voucher specimen numbers, and collecting localities for Motacilla and Anthus

Museum
Species voucher® . Collection locality
Motacilla
alba UWBM 49718 Russia: Murmanskaya Oblast’
UWBM 59795 Mongolia: Hentiy Aymag
UWBM 44255 Russia: Avtonomnaya Respublika Yakutia
UWBM 44591 Russia: Kamchatka
UWEM 47169 Russia: Khabarovskiy Kray
UWBM 46304 Russia: Gorno-Altay Republic
lugens UWBM 44605 Russia: Kamchatka
UWBM 47267 Russia: Sakhalinskaya Oblast’
madaraspatensis AMNH23223 Nepal: Betrabati
aguimp MBM 5840 South Africa: North Cape Province
UWBM 53198 South Africa: KwaZulu/Natal Province
capensis MBM 5842 South Africa: North Cape Province
UWBM 53145 South Africa: KwaZulu/Natal Province
faviventris FMNH 352832 Madagascar
FMNH 352834 Madagascar
citreola UWBM 49351 Russia: Kurskaya Oblast’
UWBM 46336 Russia: Avtonomnaya Respublika Buryatia
flava UWBM 49434 Russia: Kurskaya Oblast’
UWBM 46234 Kazakhstan: Almaty Oblysy
UWBM 43953 Russia: Chukotskiy Avtonomnyy Okrug
UWBM 46360 Kazakhstan: Almaty Oblysy
UWBM 46381 Kazakhstan: Almaty Oblysy
UWBM 44273 Russia: Avtonomnaya Respublika Yakutia
UWBM 47176 Russia: Khabarovskiy Kray
UWBM 56836 Russia: Astrakhanskaya Oblast’
UWBM 51665 Russia: Magadanskaya Oblast’
UWBM 47504 Russia: Sakhalinskaya Oblast’
UWBM 47505 Russia: Sakhalinskaya Oblast’
cinera UWBM 46556 Kazakhstan: Alma-Ata Oblys
UWBM 44455 Russia: Magadanskaya Oblast’
clara FMNH 355292 Uganda: Kasese District
UWBM 52913 South Africa: KwaZulu/Natal Province
UWBM 53178 South Africa: KwaZulu/Natal Province
Anthus
cinnamomeus UWBM 52816 South Africa: East Cape Province
brachyurus UWBM 52901 South Africa: KwaZulu/Natal Province

# MBM, Marjorie Barrick Museum, University of Nevada Las Vegas; UWBM, University of Washington Burke
Museum; FMNH, Field Museum of Natural History; AMNH, American Museum of Natural History.

samples represent five cellecting localities
across Russia, and one from Mongolia; the 11
flava samples represent seven collecting locali-
ties across Russia, and one from Kazakhstan.
The outgroup taxa represent two species of the
genus Anrhus, a close relative of Motacilla with-
in the family Motacillidae (Voelker and Edwards
1998).

Nineteen tissue samples were prepared via
Qiagen extraction (total genomic DNA), accord-
ing to manufacturer’s protocol (Qiagen Inc., Va-
lencia, California); most samples of flava and
alba were isolated at the University of Minne-

sota (R. Zink lab, Bell Museum of Natural His-
tory, St. Paul). Fifteen frozen tissue samples
were prepared via cesium chloride gradient
(Dowling et al. 1990), which minimizes the
chance of amplifying nuclear mitochondrial se-
quences. Primers and PCR conditions followed
those outlined in Voelker and Edwards (1998)
and Voelker (1999b). All sequences were gen-
erated on an ABI 377 automated sequencer (PE-
Biosystems, Forest City, California). Sequences
are deposited in GenBank under the following
accession numbers: AF526435-AF526469 (cy-
tochrome b) and AF526470-AF526504 (ND2).
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Future use of these samples should cite correct
museum voucher specimen numbers provided
herein, and in GenBank.

All phylogenetic analyses were performed us-
ing PAUP* (Swofford 1999). T used MODEL-
TEST (version 3.06; Posada and Crandall 1998)
to evaluate models of DNA sequence evolution
for input into maximum-likelihood (ML) analy-
ses; GTR + I + I' was identified as the best-fit
model to my data. However, I used four different
maximum-likelihood (ML) analyses to generate
trees, in order to explore the robustness of the
data, and tree topologies, to different weighting
schemes. First, I generated a neighbor-joining
tree, with the HKY85 model of evolution (Ha-
segawa et al. 1985), to determine overall values
of kappa and alpha. These values were then used
in a ML analysis. Second, I conducted a ML
analysis that estimated values of kappa and al-
pha while searching for the optimal tree topol-
ogy. Third, I used a GTR + I + I model, in
which model values were estimated. Fourth, I
conducted a ML analysis that estimated site-spe-
cific rate values (Buckley et al. 2001) for each
codon partition (three cytochrome b, three
ND2), under the HKY85 model. All analyses
were heuristic searches, using TBR and as-is ad-
dition of taxa, except the GTR model, for which
I used a neighbor-joining tree as a starting point.
All analyses were run until at least 1000 rear-
rangements (250 for the GTR model) had been
performed without a change in likelihood score.
I also conducted a heuristic parsimony search,
in which I assigned codon-specific transition/
transversion ratios that were estimated on a
neighbor-joining tree. Cladistic signal was de-
termined for each clade by bootstrapping (500
replicates and 10 random additions). Trees from
all analyses were rooted to the two Anthus taxa.

I used the parametric bootstrap method (Gold-
man et al. 2000, Sullivan et ak-2000) to compare
likelihood estimates from 100 replicate searches
to likelihood scores derived from alternate tree
topologies that reflect competing hypotheses as
to the relationships among Motacilla species; 1
also used these tests to explore species pa-
raphyly detected in analyses (see Results). The
100 replicate searches were performed on data
sets generated in Seq-Gen (version 1.2.5; Ram-
baut and Grassly 1997), using observed base fre-
quencies and GTR + I + T parameters. Because
the parametric bootstrap computations are time
intensive, I used a pruned data set which includ-

ed no more than two individuals from each Mo-
tacilla species, and both outgroup taxa. I also
conducted a new heuristic GTR + I + I search
on the reduced dataset for the parametric boot-
strap comparisons. I used MacClade (Maddison
and Maddison 1992) to create alternative tree
topologies.

ANCESTRAL AREAS AND MOLECULAR
CLOCK

To determine the ancestral area and assess the
historical biogeography of Motacilla, 1 convert-
ed a ML phylogeny to an area cladogram. There
are only three broad-scale areas possible as a
Motacilla ancestral area: Africa, Madagascar,
and Eurasia, and I used these areas in initial
analyses. Although North America is included
in several species distributions, the distribution
of each on North America is restricted to a Very
small fraction of each species’ entire range;
therefore North America can reasonably be ex-
cluded as an ancestral area.

To attempt to more accurately define an an-
cestral area, and to assess the number of dis-
persals necessary to explain modern Motacilla
distributions, I refined the breeding distribution
of each species to more accurately reflect within-
continent distributions, and included several oth-
er regions (see below). As I have discussed pre-
viously (Voelker 1999a), there appear to be few
barriers to movement for many avian species
within Eurasia. Thus, to make this study gener-
ally comparable to other studies, I used the five
Eurasian areas that I delimited for the genus Ant-
hus (see Fig. 1A in Voelker 1999a): (1) western
Palearctic; (2) eastern Palearctic, (3) Mongolia-
southeast Asia, (4) the Himalayas, (5) south-
western Asia. Within sub-Saharan Africa, I used
the six areas delimited by Crowe and Crowe
(1982), with slight modification (see Fig. 1C in
Voelker 1999a). Finally, to account for all Mo-
tacilla distributions, I also include North Amer-
ica, Africa north of the Sahara, and the Canary
and Madeira Island groups (Canary Islands here-
after).

Given the results of phylogenetic analyses
(see Results), areas for the three flava and two
citreola taxa were somewhat subjective, and
necessarily delineated according to samples in-
cluded here, and in the more inclusive analysis
of these species being conducted elsewhere
(Zink et al., unpubl. data).
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Maximum-likelihood tree of Motacilla relationships, based on the GTR + I + [' model of evo-

lution. Numbers at internodes indicate frequencies of occurrence (>50%) for groups in 500 maximum-parsimony
bootstrap replicates. Also depicted are broad geographic regions (based on collecting localities) for each subset
of those species previously thought to be monophyletic, but which are shown here to be paraphyletic.
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Using breeding distributions, I employed dis-
persal-vicariance analysis (DIVA: Ronquist
1996, 1997) to reconstruct ancestral distributions
on the phylogeny (which was pruned to hold just
one individual per species or group), andto de-
termine the number of dispersal events. When
the ancestral distribution was determined by
DIVA to be composed of all, or nearly all, pos-
sible areas used to define the distribution of Mo-
tacilla, I used the maximum areas option to limit
the range of ancestral distributions to no more
than two areas. This approach determines what
the most likely ancestral distribution would be
if that distribution were restricted to smaller ar-
eas (Ronquist 1997), as historically it must sure-
ly have been. In addition to DIVA, T used the
ancestral areas method of Bremer (1992). This
method is cladistic, relies only on the topologi-
cal information of the area cladogram, and
makes no assumptions as to speciation mecha-
nism. Both methodologies are based upon par-
simony criteria.

To test whether lineages within Motacilla are
evolving in a clocklike fashion, I applied the
two-cluster test (Takezaki et al. 1995), with Ta-
Jjima-Nei distance, to the GTR + I + I' maxi-
mum-likelihood topology. This test assesses
whether the two daughter lineages above each
node in a given phylogenetic hypothesis are di-
verging in a clocklike fashion. Here again, I
used a pruned tree, including no more than two
individuals per species, in order to reduce the
difficulty involved in constructing and inputting
the ML tree into the test. From species with mul-
tiple representatives, individuals from both a
basal and a terminal divergence were included:
single exemplars were used only if a species
cluster showed virtually no divergence (e.g.,
within some flava taxa). If a molecular clock
could be inferred at a node linking two daughter
lineages, I used the 2% sequence divergence per
million years value inferred from several studies
of disparate avian lineages (Shields and Wilson
1987, Tarr and Fleischer 1993, Fleischer et al.
1998).

RESULTS

PHYLOGENETIC ANALYSES

I aligned 1966 bp without insertions or dele-
tions. Because (1) the entire cytochrome b and
ND?2 fragments considered here were isolated as
a single unit for amplification, (2) there was no

difficulty translating sequences into amino acids,
and (3) there was a lack of alignment problems
and stop codons, the genes amplified were most
likely of mitochondrial origin. There were 239
variable sites (165 parsimony informative) in the
cytochrome b data, and 322 (231 parsimony in-
formative) in the ND2 data. Further details of
sequence evolution are available upon request.

All methods of ML analysis resulted in the
same tree (Fig. 1), with respect to species rela-
tionships. ML trees varied only in the relative
position of individuals within the alba and flava
groups. The initial analysis using assigned, over-
all values of kappa and alpha resulted in a log-
likelihood score of —8196, whereas estimation
of overall kappa and alpha values during search-
es gave a log-likelihood score of —=7997, GTR
+ I + T resulted in a log-likelihood score of
—7987, and site-specific values by codon posi-
tion resulted in a log-likelihood score of —7764.

Parsimony analysis resulted in a single best
tree, generally similar to the ML trees, with
moderate or better bootstrap support at most
species divergences (Fig. 1). Note that even
were the moderately supported nodes excluded,
the paraphyly detected in several currently rec-
ognized taxa (discussed below) would still be
highly supported at other nodes.

Four species (flava, citreola, alba, and lugens)
were paraphyletic. The flava samples included
here fall into three distinct clades. One of these
clades contains individuals from the western Pa-
learctic and central Asia, a second contains in-
dividuals from southeastern Asia and is most
closely related to a western Palearctic citreola,
and the third clade contains individuals from the
eastern Palearctic, and is most closely related to
an eastern Palearctic citreola (Fig. 1). Paramet-
ric bootstrap tests of two trees on which all flava
taxa were constrained to be closest relatives re-
sulted in significantly worse estimates of the
data, when compared to the best ML tree (Fig.
2). One of these alternative trees placed all flava
together at the western Palearctic flava position
on the best tree (Fig. 1; denoted as “basal” in
Fig. 2), the other placed all flava together as sis-
ter to citreola (Fig. 1; denoted as “‘tip” in Fig.
2). A parametric bootstrap test also found sig-
nificantly worse a tree forcing citreola to be
monophyletic (Fig. 2).

Exemplars of lugens and alba were not each
other’s closest relatives, with each lugens being
more closely related to different alba lineages
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FIGURE 2. Parametric bootstrap tests of alternative
topologies. One hundred replicate data sets were sim-
ulated for each alternative topology, and searches were
conducted under maximuam-likelihood criteria. Plots
show the distribution of log-likelihood differences ob-
tained for the 100 replicate data sets (Length,..), as
compared to each respective alternative topology
(Length,,.). Scores in the top right of each box indicate
the log-likelihood difference between each alternative
topology and the best estimate of relationships (i.e.,
Fig. 1, pruned as outlined in Methods), and the asso-
ciated P-value, based on the actual data set. In each
instance, alternative topologies can be rejected as sig-
nificantly worse estimates of the data.
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(Fig. 1). All ML analyses supported paraphyly
of these two species, but I did not perform a
parametric bootstrap test of this question, as the
branch lengths among individuals is extremely
short, leaving the possibility of monophyly un-
likely to be rejected.

Results suggested that madaraspatensis is
closely related to alba (Fig. 1). The African spe-
cies were clearly not part of a single radiation;
constraining a tree to place aguimp with the oth-
er African taxa (capensis and clara) produced a
significantly worse estimate of relationships
when compared to the ML tree (Fig. 2). Con-
straining a tree to reflect traditional superspecies
relationships also proved a significantly worse
estimate of the data (Fig. 2).

MOLECULAR CLOCK AND DATING NODES

Within Motacilla, 9 of 11 nodes at which species
or group divergences occur are evolving in a
manner consistent with a molecular clock (Fig.
3). Only the clara/capensis and madaraspaten-
sis/alba/lugens lineages are not diverging in a
clocklike fashion (Fig. 3).

Dating of nodes (other than intraspecific
nodes; Fig. 3) suggests that Motacilla arose
about 4.5 million years ago, and that five diver-
gences occurred in the late Pliocene, and four
divergences occurred since the start of the Pleis-
tocene, about 1.7 million years ago (Fig. 3). Al-
though the date for the flaviventris clade is
slightly older than the date for the origin of Mo-
tacilla as a whole (Fig. 3), the associated stan-
dard errors overlap considerably, which suggests
a rapid radiation.

ANCESTRAL AREAS AND
INTERCONTINENTAL MOVEMENTS

Results of dispersal-vicariance analysis suggest-
ed that either the eastern Palearctic or south-
western Asia, in combination with either Mad-
agascar, South Africa, or the Southern Savannah
Zone of Africa, constitutes the most plausible
ancestral area for Moracilla (Fig. 4).

Bremer’s (1992) ancestral area method pro-
vided a more restricted view of a Motacilla an-
cestral area, by suggesting two things. First, that
Motacilla probably arose in Eurasia (Table 2A);
and second, that when multiple areas within Eur-
asia are considered, the most probable area of
origin for Motacilla is the eastern Palearctic (Ta-
ble 2B).
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FIGURE 3. Maximum-likelihood topology showing nodes above which daughter lineages are (thick bars) or

are not (narrow bars) consistent with a molecular clock.

or where denoted (with K), thousands of years; numbers i

Numbers at nodes represent time in millions of years,
n parentheses are standard error estimates, in thousands

of years. Both time and consistency with a molecular clock were determined with the two-cluster test.

DIVA inferred 26 dispersal events to account
for the modern-day distribution of Motacilla
species. This number of diSpersals is based on
the assumption that any or all 14 defined distri-
butional areas can form the ancestral area; under
this assumption, all 14 are defined as the ances-
tral area. Restricting the number of possible an-
cestral areas to two (the minimum allowed in
DIVA), under the assumption that ancestral ar-
eas surely did not consist of entire modern dis-
tributions, results in 35 dispersals being neces-
sary to explain the modern distributions of Mo-
tacilla species.

There have been several Eurasia to Africa in-
terchanges during the pre-recent history of Mo-

tacilla (Fig. 5). Motacilla arrived on Africa very
soon after its origin in the eastern Palearctic
roughly 4.5 million years ago, and colonized
Madagascar shortly thereafter (Fig. 5). A second
colonization of Africa occurred 2.9 million years
ago (Fig. 5). Seven additional intercontinental
and continent to island colonizations have oc-
curred recently (Fig. 5).

DISCUSSION

TAXONOMIC IMPLICATIONS

All methods of analysis resulted in the same tree
of Motacilla species relationships, with pa-
raphyly in flava, citreola, lugens, and alba. The
paraphyly in flava is not surprising, given that
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FIGURE 4. Ancestral area reconstruction using dispersal-

G = North America
H = Canary Islands
| = Africa, north of the Sahara

K = Southwest Arid Zone

L = Southern Savannah Zone
M = Forest Zone

N = Northeast Arid Zone

vicariance analysis, for all Moracilla taxa included

in this study, with the maximum number of possible ancestral areas limited to two. Letters K-N refer to regions

within sub-Saharan Africa (see Methods).

TABLE 2. Ancestral area reconstructions based on
Bremer’s (1992) method. Ancestral area scores repre-
sent probabilities that an area is part of the ancestral
area for the group. In (A) only the three most probable
major landmasses were used to identify a general an-
cestral area for Moracilla. Based on this result, in (B),
Eurasian areas were included to refine the likely Mo-
tacilla ancestral area within Eurasia.

Gains/ Ancestral

Area Gains Losses losses area
(A)
Africa 2 3 0.67 0.67
Madagascar 1 2 1035 0.5
Eurasia 2 2 1 1
(B)
Africa 2 3 0.66 0.53
Madagascar 1 2 050 040
Western Palearctic 4 5 0.80 0.64
Eastern Palearctic 5 4 1.25 1
Southwest Asia 4 4 1 0.80
Himalayas 4 4 1 0.80
Mongolia-Southeast
Asia 5 5 1 0.80

current taxonomy recognizes 14 distinct races;
three races of citreola are also recognized
(Cramp 1988). Results of this study show that
flava, as currently recognized, comprises three
clades, which are not sisters, and that citreola
comprises two. These results corroborate results
found elsewhere (Zink et al., unpubl. data), and
suggest that the species limits of these two spe-
cies are in need of further research.

Separation of lugens from alba was based on
evidence of limited hybridization in two regions
of Russia (as cited in AOU 1998). Although T
present no well-supported evidence to reject the
notion that each is indeed a distinct species, all
tree topologies found lugens and alba to be pa-
raphyletic with respect to one another. Given the
detected paraphyly, I suggest that lugens may
not be a valid species, and should instead be
considered conspecific with alba, or part of the
alba superspecies complex, as it has been in the
past (Dement’ev and Gladkov 1954, Sibley and
Monroe 1990), until more complete analyses of
their relationships can be performed.
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FIGURE 5.

Major intercontinental and continent to island colonizations by Motacilla. The postulated ancestral

area for Motacilla is the eastern Palearctic (large circle). The approximate time of each colonization is given
either in millions of years (pre-recent dispersal), or is defined as recent, where an extant species has dispersed

onto another landmass.

Madaraspatensis is alternatively considered
part of the alba superspecies (Sibley and Mon-
roe 1990), or as a distinct species (Ali and Rip-
ley 1973). The results of this study imply that
madaraspatensis may warrant species status.
Bootstrap support for the node containing ma-
daraspatensis and alba as sisters is poor, lendin g
support to the idea that madaraspatensis may
not be part of the alba complex, and may be
more closely related to another lineage. Further-
more, the age of the madaraspatensisi/alba di-
vergence can be estimated via percent sequence
divergence to be roughly 1.5 million years, im-
plying the two are distinet lineages. Another line
of evidence supporting species status is molt
pattern (molt is under genetic control, Berthold
and Querner 1982): madaraspatensis molts just
once per year (Ali and Ripley 1973), whereas
alba molts twice per year (Cramp 1988).

In no instance did all of the species thought
to be part of any one of the three described su-
perspecies (yellow, stream, and pied wagtails)
cluster as closest relatives, and these superspe-
cies relationships were clearly rejected by para-
metric bootstrap tests. This obviously renders
superspecies designations in this genus invalid.

ANCESTRAL AREAS

DIVA suggested that Eurasian areas, with A fri-
can areas or Madagascar are part of a Moracilla
ancestral area. It seems unlikely that Eurasia and
Madagascar (which has been isolated from other
landmasses for at least 90 million years) could
be part of the same ancestral area, especially
when considering that an ancestral population
must have moved through either South Africa or
the Southern Savannah Zone (assuming no sub-
sequent extinction, and barring overwater dis-
persal from Asia). It is therefore reasonable to
exclude Eurasian + Madagascar combinations
as ancestral areas, leaving only Eurasian +
southern African areas as possibilities.
Bremer’s (1992) ancestral area method iden-
tified the eastern Palearctic as having a high
probability of being the Motacilla ancestral area,
and this area was also identified by DIVA.
Based on the combination of these two meth-
odologies, then, I exclude Africa as being part
of the Moracilla ancestral area, and conclude
that Motacilla arose in the eastern Palearctic:
this result holds when wintering, rather than
breeding, distributions are used (not shown).
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The conclusion of an eastern Palearctic origin
seems reasonable when considering the relation-
ships of Motacilla to other motacillid genera,
and their ancestral areas. The monotypic genus
Dendronanthus is endemic to eastern Asia,
which has also been inferred as the ancestral
area of the globally distributed genus Anthus
(Voelker 1999a). These three genera form the
basal radiations within the Motacillidae (Voelker
and Edwards 1998).

PRE-RECENT INTERCONTINENTAL
MOVEMENTS

Motacilla colonized Africa very soon after its
origin in the eastern Palearctic roughly 4.5 mil-
lion years ago; other widespread genera have
shown a similar pattern of establishing an inter-
continental presence very soon after their in-
ferred time of origin (Voelker 1999a; Voelker, in
press). A second colonization from Eurasia oc-
curred around 2.9 million years ago. Although
Motacilla occupies forested habitats, most spe-
cies are associated with more open habitats near
water; the above dates suggest that the Eurasia
to Africa movements may have been during or
near periods when open habitats dominated
northeastern Africa. From 9 to 5 million years
ago, climate and habitat changes generated an
increase in open, grassy habitats across both
eastern Africa and Pakistan (Vrba 1985, 1993).
Following a re-expansion of tropical forests be-
tween 5-3 million years ago (isolating the first
ancestral movement into Africa), a second major
shift to grasslands began in northeast Africa
about 3 million years ago (allowing the second
movement into Africa). Evidence of this second
shift is reflected by the increase of micromam-
mal fossils (Wesselman 1985), pollen changes
(Bonnefille 1983), distributions of open-habitat
francolins (Francolinus; Crowe et al. 1992), and
Eurasia to Africa invasions-inferred to have oc-
curred during the same time periods by Anthus
species, which also occupy open habitats in Af-
rica (Voelker 1999a).

Neither the Mediterranean Sea, which has
been flooded for over 5 million years, or the Red
Sea, which flooded between 4-3.5 million years
ago (Hsii et al. 1977) and was implicated as a
possible barrier to ancestral intercontinental
movements in Anthus (Voelker 1999a), appear
to have played a role as a barrier to the second
Motacilla invasion of Africa. East African or
southwest Asian mountains have not played a
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role in speciation, as none (including recent vol-
canic mountains) form a continuous barrier (Vis-
ser 1984, Alavi 1994, Burgess et al. 1996,
Young 1996).

Very shortly after colonizing Africa 4.5 mil-
lion years ago, Moracilla also colonized Mada-
gascar. This colonization is clearly the result of
dispersal, as Madagascar has been isolated from
Africa for roughly 130 million years (Brown and
Gibson 1983).

RECENT INTERCONTINENTAL MOVEMENTS

Seven intercontinental and continent-to-island
colonizations have occurred recently. These re-
cent colonizations have been achieved by alba
(Africa, and North America via both Alaska and
Greenland), eastern Palearctic flava (North
America), cinerea (Africa and Canary Islands),
and western flava (Africa). In all instances, I as-
sumed that these recent colonizations were ini-
tiated from Eurasia, given that the amount of
area occupied by these species outside of Eura-
sia is comparatively tiny. It is not impossible
however, that movement occurred into Eurasia
from another area, the most likely being north-
ern Africa. For example, if Eurasian species, like
North American species, were affected by gla-
cial activity (e.g., Frenzel 1968), then the toe-
hold of the above species in northern Africa may
instead reflect the oldest extant lineages within
each species, and the area from which the re-
colonization of Eurasia occurred. This concept
could be tested were North African breeding
samples available for comparison to those from
Eurasia. However, given that regions around
northern shores of the Mediterranean, as well as
much of central Asia, were not glaciated (Fren-
zel 1968), it seems unlikely that northern Africa
could have served as the sole refugium for these
Motacilla species.

Further evidence suggests that the toehold of
these species in northern Africa is a recent oc-
currence. Much of northern Africa has been af-
fected by repeated cooling—drying cycles, which
have greatly affected climate and vegetation
(Kutzbach and Liu 1997). The most recent of
these cycles was a return to dry (desert) condi-
tions about 6000 years ago. Because the three
species with distributions in north Africa do not
breed in, or south of, the Sahara, it is unlikely
that they were in a position to take advantage of
grassland corridors opened across the desert by
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the climatic cooling prior to the latest return to
dry conditions.

Because Greenland was covered by glaciers
during the Quaternary (Brown and Gibson
1983), the presence of alba there niust reflect
recent dispersal, and thus Greenland can readily
be excluded as a source area for Eurasian colo-
nization. North America can likewise be exclud-
ed from this scenario, because, although portions
of western Alaska were ice free during the last
glaciation (Porter et al. 1983), widespread avail-
able Motracilla habitat in Alaska and Canada has
not since been occupied, as one would expect
from long occupation on the continent.

All of the preceding scenarios imply fairly re-
cent arrivals (via dispersal) in North America
and Africa. These scenarios are not, however,
intended to imply that modern distributions re-
flect the first accomplishment of these coloniz-
ing feats. Indeed, given the cyclical nature of
glacial activity in North America, and climatic
shifts across northern Africa, it is entirely likely
that the above species may have undergone re-
peated cycles of dispersal, establishment, and
extinction (or at the very least severe ran ge con-
traction), before now.

ROLES OF DISPERSAL AND VICARIANCE

Dispersal has obviously played a considerable
role in shaping the multicontinent distribution of
Motacilla. Neither Beringia nor the North Atlan-
tic have proven resistant to dispersal by Mora-
cilla species. Neither have these water barriers
proven impermeable to the myriad Eurasian avi-
an species recorded each year on the Aleutians,
to North American species recorded in Europe,
nor to the species from several genera that have
permanently colonized Greenland from Eurasia
(AOU 1998). Dispersal across the Mediterra-
nean with subsequent colonization also appears
to be nonproblematic, given that three Motacilla
species have accomplished it, as have a number
of species in other genera (see Cramp 1988).
This is not particularly surprising, given that the
distance across the Straits of Gibraltar is less
than 20 km. Dispersal is clearly implicated in
the establishment by cinerea of a population in
the Canary Islands, which appear never to have
had a mainland connection (Schmincke 1976),
and the presence of flaviventris on Madagascar.

Vicariance, in the form of repeated climatic
shifts and associated vegetation changes, most
likely drove speciation between African and

Eurasian forms. And, while vicariance may also
be driving intracontinental speciation, the wide-
spread overlap of species within each continent
makes it difficult to define specific events or bar-
riers.

One possible driving force behind Motacilla
speciation within Eurasia could be glacial activ-
ity. Elsewhere (Voelker 1999a; Voelker, in
press), I have hypothesized that glacial activity
and associated environmental changes may ex-
plain speciation in a number of avian sister spe-
cies whose ranges abut or overlap in the Ural
Mountain-Yenisey River region of the north-
central Palearctic. At least 44 glacial-to-intergla-
cial shifts in this region are recorded from the
past 2.5 million years in the Loess Plateau of
China (Kukla and An 1989, An et al. 1991), and,
were clock dating fine enough, we could in the-
ory determine whether glaciers did play a role
in generating species diversity. Note that several
sister species within Moracilla show an eastern-
versus western-Palearctic or Asian distribution
pattern (Fig. 3, 4) that would be generally con-
sistent with this concept. Indeed, three of these
lineage splits occur at 800, 540, and 500 thou-
sand years ago, during a glacial period between
two of the three most strongly recorded inter-
glacial periods at 1.2 and 0.5 million years ago.

Motacilla shows evidence of a buildup of spe-
cies communities based on multiple interconti-
nental invasions by more distantly related con-
geners, rather than by in situ speciation of all
community members within a given region. Two
invasions of Africa, followed by vicariant cli-
matic events, resulted in the establishment of the
three-species Motacilla community in southern
Africa. With respect to the relatively recently es-
tablished species community in northern Africa,
multiple invasions via dispersal can be conclu-
sively implicated as having played an exclusive
role. Without clock dates and reference to the
timing of geological events, it would be less
credible to argue that the North African assem-
blage was the product of multiple dispersal
events, rather than the result of a single vicariant
event. The pattern of community buildup
through repeated invasions, rather than through
within-region speciation, echoes the results of
other studies (e.g., Richman 1996, Voelker
1999a), and has a negative impact on the notion
of “centers of origin”, which rely on relative
species densities to determine ancestral areas.
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There has been a tendency over the past few
decades to reject dispersal, in favor of vicari-
ance, as a primary mechanism in the develop-
ment of concordant distribution patterns (e.g.,
Ball 1975, Cracraft 1991), despite the fact that
both are well-established natural processes (Mo-
rrone and Crisci 1995). However, as Hedges et
al. (1994) have pointed out, concordant dispers-
als can explain area congruence just as easily as
vicariance, especially when the areas considered
are adjacent. Evidence presented here of the
multiple dispersals into northern Africa and
North America from adjacent areas by Motacilla
species (and by other avian species) supports
this contention. Indeed, when one considers the
four basic models of biotic interaction between
areas, dispersal can be implicated as the driving
force in three (Hunn and Upchurch 2001). These
models include dispersal from area Y to area Z,
dispersal from area Z to area Y, and dispersal
from a third area, X, to both Y and Z. Only the
fourth model, where areas Y and Z become iso-
lated from each other after a combined Y + Z
area isolation from area X, involves vicariance
(Hunn and Upchurch 2001). Because we can
show dispersals within lineages to be recent
through dating, through habitat occupancy ar-
guments, and through the lack of potential vi-
cariant events, this raises the tantalizing possi-
bility that dispersal may have played a far larger
role in the historical development of modern
species distributions than we currently allow.
The most critical of these approaches is certainly
our ability, however imperfect, to date lineage
divergences, and to tie these divergences to
events in geological history (i.e., a “‘chronobio-
geographical” approach; Hunn and Upchurch
2001). Where over the past few decades dis-
persal could be ignored as an unscientific means
by which to explain distributions (Rosen 1978,
Nelson and Platnick” 1981), the timing of geo-
logical events and the application of molecular
clocks may now render the effects of time less
efficient at wiping out the signature of dispersal
events.
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