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Abstract—To establish phylogenetic relationships within the corvine birds at the interspecific and intergeneric
levels, the sequence of the mitochondrial DNA cytochrome b gene was analyzed. The NJ, UPGMA, and MP
trees showed similar clustering. Relationships between the jungle crow, on the one hand, and the rook and Aus-
tralian raven, on the other hand, were closer than those between the jungle crow and the hooded and carrion
crows. The mitochondrial genome of the Australian raven displayed the closest similarity to the ancestral
genome of the genus Corvus. Populations inhabiting the eastern part of the carrion crow C. corone orientalfs

area were statistically significantly subdivided into $wo lineages. These data also confirmed the hypothesis on
the location of the carrion crow’s ancestral lineage in the southeastern part of the area. In general, the transition
and transversion substitution levels, their relationships, and distribution over codon positions were similar to
that already reported for birds. Synonymous transitions in the third codon position were the prevailing substi-
tution type. Using standard calibration scales, the time of divergence between species and genera within the
corvine family was estimated to be 3.1—4 and 3.8-8.8 MY respectively. The divergence time between the exam-

ined corvine birds and birds of paradise was from 8 to 10 M¥Ya..

INTRODUCTION

The family Corvidae belongs to the most prosperous
group of birds. The members of this family vary in size,
appearance, and coloration. They are distributed
throughout the world and inhabit all landscapes. This
family contains 113 species grouped in 25 genera [1,
2], including the young genus Corvus, which contains
38 species. DNA hybridization data showed that the
family originated from Australia and colonized Eurasia
20-30 MY ago [3]. Evaluation of the cytochrome b gene
sequence divergence confirmed that Corvidae and
Paradisaeidae (birds of paradise) separated about
20 MYa[4]. To date, information on cytochrome b gene
sequences for about 25 corvine species is available,
permitting extended comparisons. Some authors use
this marker, occasionally together with morphological
characters [4,6], to estimate intergeneric relationships
[5]. However, phylogenetic relationships within the
Corvidae family remain obscure and the status of some
forms is still questionable [7].

“In studies of molecular phylogeny and taxonomy,
mitochondrial DNA markers are widely used. Their
application has stimulated many evolutionary studies
and provided solutions to problems unsolved by other
methods [8]. Development of the polymerase chain
reaction technique, along with the construction of uni-
versal primers, promoted sequencing of individual
genes, including the mitochondrial gene encoding the

cytochrome b protein. The high evolution rate of this
gene makes it a promising marker for population stud-
ies; at the same time, its sequence is rather conservative
[9]. Molecular phylogenetic studies of birds, character-
ized by low rates of molecular evolution, usually utilize
the cytochrome b gene as the mtDNA marker. The
sequence data obtained in different laboratories can be
easily compared; gene banks contain over 3000 such
sequences for vertebrates. It has been shown that mito-
chondrial haplotype-based trees are most probably con-
gruent with the species trees. This is partly due to the
small effective avian population size with respect to the
mitochondrial genome [10]. Generally, analysis of ¢ y-
tochrome b gene haplotypes is considered to be a pow-
erful tool for construction of avian phylogenies at tax-
onomic levels from subspecies to subfamilies [11].

In the present study, the divergence of crows and
some other corvine birds at interspecific and interge-
neric levels was examined. For this purpose, the
sequence of the 1047-bp mtDNA cytochrome b gene
fragment was determined. Based on it, we constructed
matrices of genetic distances, phenograms, and phylo-
genetic trees and evaluated the divergence time for the
taxa. The patterns of nucleotide substitutions at differ-
ent levels of the taxonomic hierarchy were compared,
making it possible to shed light on molecular bases of
the divergence.
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MATERIALS AND METHODS

Samples. Experiments were carried out using liver
samples from hooded, carrion, and jungle crows. For
C. corone, four samples, each representing one of the
lineages described in the preceding study [12], were
examined. In addition to the samples prepared for this
study, the data on the cytochrome b gene sequences for
eight corvine species from the International Gene Bank
were examined (cytochrome b sequences over 1000 bp
in length are available only for these corvine species).
The outgroup was represented by the corresponding
Gene Bank sequences of two species of birds of para-
dise, which are considered a sister group of corvine
birds [4]. The samples used are listed in Table 1.

DNA extraction and amplification were carried out
as described in [12].

Sequencing. The product of the second PCR reac-
tion was purified by use of the QIA quick DNA purifi-
cation kit (Qiagene). In some cases, the product of the
first PCR reaction was used. Prior to sequencing, the
concentration of the PCR product was determined. The
Dye terminator cycle sequencing kit (Perkin-Elmer,
United States) was used, and sequencing was per-
formed with the use of an automated ABI PRSM DNA
sequencer, model 377.

Phylogenetic analysis. To eliminate recognition
errors, nucleotide sequences converted into letter files
were first analyzed with the use of the DNASIS 2.0
computer program (Copyright Hitachi, 1996). For tree
construction, the CLUST AL W 1.6 (Macintosh) pro-
gram [13] was utilized, and the trees were built by
means of the neighbor-joining (NJ) method [14].
Branch significance was tested by means of bootstrap
analysis [15]. The bootstrap index values were calcu-
lated at 1000 iterations. Transversions and transitions
in each codon position were scored separately. For con-
struction of trees using the maximum parsimony (MP)
method and the unweighted pair-group method with
arithmetic averages (UPGMA) [16], the MEGA 1.02
software package [17] was used.

RESULTS

The nucleotide sequence of the 1047-bp mtDNA
cytochrome b gene fragment was determined. This
sequence comprises the major part of avian cytochrome
b gene, which is 1143 bp in size. The matrices of pair-
wise comparisons obtained represented the total
amount of nucleotide substitutions, the ratios between
the differing and common bases (P distances), as well
as some other genetic distances along with the numbers
of transitions and transversions in each of three codon
positions and the ratios between them. Some of these
parameters are presented in Tables 2 and 3. No dele-
tions or insertions were found. Synonymic transitions
in the third codon position were the predominant sub-
stitution type.
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Molecular phylogeny of the Corvidae species as inferred
from the sequence of the mtDNA cytochrome b gene 1047-bp
fragment. The bootstrap levels in percent (1000 iterations)
are shown below the branches of the neighbor-joining (NJ)
tree. The branches confirmed by maximum parsimony anal-
ysis (MP) are designated by the arrows. The branch length
is proportional to the number of substitutions per site.

Based on the primary data, three types of phyloge-
netic trees, NJ, UPGMA and MP, were constructed.
Since all tree types displayed identical topology, only
the NIJ tree is demonstrated in the figure. The mono-
phyletic character of the Corvus genus was highly sta-
tistically significant. (Unfortunately, long cytochrome
b gene sequences, other than for the four examined rep-
resentatives of this genus, have not yet been deter-
mined). One of the two clusters within this genus
includes the hooded and carrion crows, while the other
cluster is represented by the jungle crow, the Australian
raven, and the rook. It is noteworthy that the closest
relationships within the crow cluster were demon-
strated between the hooded crow samples from Mos-
cow and carrion crow samples from Paris. The differ-
ence between these and carrion crow samples from
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Table 1. List of the samples studied

KRYUKOV, ODATI

Species

Our samples

sample collection site
Corvus c. corone carrion crow 3346 Paris
C. c. orientalis carrion crow 601 southern Primorye
C. c. orientalis carrion crow 732 northern Sakhalin
C. c. cornix hooded crow 715 Moscow
C. macrorhynchos mandshuricus ~ jungle crow 817 southern Primorye

Samples from the Gene Bank

et number authors
Corvus frugilegus rook Y16885 Harlid A.
C. coronoides Australian raven AF197837 Cracraft J., Feinstein J.
Cyanocorax chrysops plush built jay U77334 Espinosa M.A., Cracraft J.
Calocitta formosa magpie jay U77336 the same
Cyanocyta cristata blue jay X74258 Cracraft J.
Aphelocoma coerulescens scrub jay U77335 Espinosa M.A., Cracraft J.
Cyanolyca viridicyana white throated jay U77333 the same
Gymnorhinus cyanocephala Pinon jay U77332 "
Perisoreus canadensis Canada jay U77331 "
Macgregoria pulchra Macgregor bird of paradise AF197861 Cracraft J., Feinstein J.
scrub bird of paradise AF197841 the same

Cnemophilus macgregorii

northern Sakhalin was statistically significant. The car-

rion crow sample from Primorye was situated near the
branch base. Thus, the clusterization within the Corvus
genus appeared to be identical to that inferred from the
data on the short gene sequences [12].

The members of other genera of the Corvidae fam-
ily do not cluster in a similarly consistent fashion: only
the Cyanocorax and Calocitta genera were grouped in
one cluster. The Canada jay Perisoreus canadensis and
the blue-green jay Cyanolyca viridicyana were posi-
tioned near the common root of jays and crows. Two spe-
cies of the birds of paradise, serving as a sister group,
were situated rather far from the corvine assemblage.

DISCUSSION

In our previous study, sequence analysis of the 336-
bp gene fragment, which has proven to be sufficient for
determination of haplotype distribution, was carried
out [12]. On the basis of examination of longer
sequences, we were able to conduct comparisons
between the species and genera and to more accurately
estimate the divergence times for certain lineages.

On the tree we constructed, the monophyletic char-
acter of the corvine assemblage in comparison with the
sister group of the birds of paradise, and also that of the
Corvus genus, were confirmed by the high bootstrap
levels (over 97%, see figure). Intergeneric differentia-
tion was expressed to a different extent. A group of jay
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genera endemic to the New World (Cyanocorax, Caloc-
itta, Cyanocyta, Aphelocoma, Cyanolyca, and Gym-
norhinus), known to have penetrated there from Asia
through Beringia [6], is characterized by various color-
ation and sizes of its representatives. Nevertheless,
these genera are considered to be close relatives and are
usually placed on one branch [1]. Recent molecular
phylogeny of these birds, partly confirmed by cranial
analysis, has been described in detail [6]. The
Cyanolyca genus from this group, along with the Can-
ada jay Perisoreus canadensis belonging to another jay
genera group, were shown to be closest to the common
ancestor. The relationships between the Calocitta and
Cyanocorax genera were the closest. The Gymnorhinus
genus, considered earlier as a sister taxon for the jays of
the New World, and for this reason placed on another
branch of morphological tree [1], appeared to belong to
the same jay group. Scarce molecular genetic data on
the corvine genera hampers a comprehensive discus-
sion of their phylogeny.

The phenotype of the Australian raven Corvus coro-
noides is considered as intermediate between the raven
and crows. Among five representatives of the Corvus
genus examined, this species appeared to lie closest to
the genus node on the phylogenetic tree constructed in
the present study, as well as on the tree based on shorter
sequences [12]. These data are congruent with the
hypothesis on the Australian origin of the corvine
assemblage [3].
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Table 3. Intergeneric, interspecific, and intraspecific divergence levels of the 1047-bp cytochrome b gene fragment the cor-

vine assemblage (Corvidae)

tﬁ'i'(;“gsggs Ts | Tv | TsTv | K2p | K-2p(Tv) |K-2p(Tv3)| K-2p(Ts3)
Intergeneric range 121-163 [70-103|24-72| 1.1-3.6 |0.12-0.18]|0.02-0.07 |0.02-0.06 | 0.05-0.09
(n=28) mean 136.9 87.9 | 49.0 1.9 0.15 0.049 0.041 0.073
Interspecific range 82-94 60-76 | 10-24| 2.8-7.6 10.08-0.1 |0.01-0.02 |0.01-0.02 | 0.05-0.07
Corvus (n=4) mean 87.9 708 | 17.1 4.6 0.09 0.017 0.014 0.063
Intraspecific range 5-30 4-27 | 03 9-13.5(0.01-0.03 0-0.003 0-0.002(0.003-0.026
C. corone s. 1. (n=4) | mean 18.2 16.7 1.8 9.5 0.02 0.0 0.002 0.016

Note: The data presented include the total number of substitutions; the number of transitions (Ts); the number of transversions (Tv); the
ratio between them (Ts/Tv); sequence divergence, calculated with the use of Kimura's two-parameter distance matrices (Kimura, 1980)
taking into account all substitutions (K—2p),of transversions (K-2p(Tv)), transversions in the third codon positions (K-2p(Tv3)), and

transitions in the third codon positions (K-2p(Ts3)).

Our data were compared with the short gene
sequence for the American crow C. brachyrhynchos,
which recently appeared in the Gene Bank. The latter
species is considered to be a close relative of the carrion
crow. Furthermore, many ornithologists describe both
species as conspecific [1]. According to our data, the
American crow was closer to the raven than to the car-
rion crow. These results, however, should be considered
as preliminary, because homologous sequences only
99 bp in size were compared.

All of the trees constructed showed the subdivision
within the hooded and carrion crow cluster. One part of
the cluster includes the carrion and hooded crows
inhabiting the territory from France to Moscow; the
second cluster part is represented by the carrion crow
lineage from northern Sakhalin, while the third part is
comprised by the carrion crow lineage from the south-
eastern edge of the continental range. On the NJ trees
constructed on the basis of the short sequences, the lat-
ter population group lay close to the branch base [12].
For this reason, it was suggested to be the initial group
for the entire cluster. Phylogenetic analysis carried out
using the maximum parsimony method confirmed this
assumption (see figure).

Substitutions at the third codon position are known
to be the most informative for phylogenetic analysis
[9, 18-21]. Thus, 78% of informative sites in corvine
birds are at this position [5]. The data in Table 3
showed that maximum information for the genetic dis-
tances was obtained from the third codon positions.

The prevalence of the transitions among the substi-
tution types confirmed the trend revealed in the analysis
of the early stages of animal molecular phylogeny [22].
In consecutive pairwise comparisons from species to
orders, the number of transitions first increases more
rapidly, then this increase slows down and the transition
number reaches a plateau, while the number of trans-
versions continues to grow [11, 23]. Because of this,
the number of transversions is informative for the eval-
uation of the genetic distances between remote taxa,
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whereas transitions are more suitable for analyzing
young branches [4, 24]. According to our data, the ratio
between transitions and transversions increases from
1.1-3.6 for intergeneric comparisons to 9-13.5 for
intraspecific comparisons (Table 3). In the corvine
birds studied, the proportion of transitions varied from
0.3-2.6% for intraspecific comparisons, through 5.7-
7.2% for interspecific comparisons, to 6.7-9.8% for
intergeneric comparisons (Table 3). These values are in
agreement with the scarce and rather tentative evidence
on birds available so far [11]. Most of the recorded tran-
sitions were synonymic, and, similarly to other birds
and mammals, these mutations were represented by the
C to T substitutions [25-29].

The intraspecific transversion level within the Cor-
vus genus did not exceed 0.2%. The interspecific trans-
version level varied from 0.9 to 2.3%, while, in interge-
neric comparisons, it reached a value of 6.9% (Table 3).
These results agreed with the data on birds published
elsewhere. For instance, the proportion of intraggeneric
transversions among the Grus cranes varied from 0.3 to
1% [11]. In the Brachyramphus murrelets, the transver-
sion level varied from 0.4 to 1.1% [30]. In two lyrebird
species (Menura), the maximum number of transver-
sions, constituting 4.7% at the total substitution level of
12.8%, was observed [31].

The information on mitochondrial genome differ-
ences is traditionally used for estimation of the diver-
gence time in different taxa. It should be noted, how-
ever, that these estimates are valid only within a single
phylogenetic lineage and only when certain conditions
are fulfilled. The most important of the latter is the con-
stant rate of mutation accumulation. Transversions are
considered to be more suitable for estimation of the
divergence time, since a linear dependence between the
transversion number and the divergence time of the two
taxa has been postulated [19, 22]. This correlation in
mammals was confirmed by fossil dating [19]. Similar-
ities in the transversion and transition patterns revealed
between mammals and Corvinae birds [4] permit trans-
No. 9
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version-based estimation of the divergence time in
these birds. However, upon the slight divergence levels
in the young branches, either the total number of sub-
stitutions or the number of transitions is to be scored.

For the avian cytochrome b gene, the following cal-
ibrations taking the fossil dating into account were sug-
gested: an average divergence of 2% over 1 MY on scor-
ing of the total substitution number for geese [32] and
of 0.7 to 1.7% for cranes characterized by a longer life
span and longer maturation [20]. In our work we used
the standard calibration accepted for birds of 2% of
among-lineage differences over 1 MY [33]. Transitions
in all codon positions calculated with the use of the two-
parameter Kimura method were analyzed (Table 2).

Under this assumption, the time of divergence of the
jungle crow from the other species of the genus was 3.1
to 4.0 MYago. The value of this parameter for the rook
was 3.1 to 3.6 MY ago, while for the Australian raven it
was 3.5 to 4.0 MY ago. These data are congruent with
the average species divergence time of 3.9 MY ago,
inferred from the cyr b gene data in 88 avian genera
[34]. If this is so, then the divergence between the car-
rion and hooded crows, as well as that between two car-
rion crow haplotypes, dates back to about 0.2 to
1.3 MY. These findings agree with the notion on a con-
siderable distance between the jungle crow and rook on
the one hand and the carrion and hooded crows on the
other hand, based on morphological, behavioral, and
ecological characters. However, the distance between
the hooded crow and the carrion crow populations
neighboring it in the east and west corresponds to a
divergence time of only 0.2-0.5 MY. The difference
levels observed point to the possible conspecificity of
the hooded and carrion crows, includingP®*partsof the
discontinuous range of the latter species. Surprisingly,
our data showed that the carrion crow lineage from the
southern part of the Far East continental region
diverged from the others even earlier, about 1.2 to
1.3 MY ago. The presumptive pathway of the develop-
ment of the crow’s areas was discussed in [12]. The dat-
ing obtained suggested that the separation of carrion
crow lineages occurred in the early Pleistocene. These
data agree with modern ideas on the early divergence of
many avian groups [35]. The divergence time of the
other Corvidae genera examined dates back to 3.8-
5.7 My, i.e., to the Pliocene. Since these evaluations
were based on scoring of transitions only, both for
intra- and interspecific lineages, underestimation of the
divergence time at the intergeneric level, caused by the
saturation effect, can occur [11, 23]. The intergeneric
divergence time for the corvine birds estimated by scor-
ing of all substitutions, including transversions, will be
equal to 5.8 to 8.8 MY. The divergence between the cor-
vine assemblage and the birds of paradise dates back to
8—10 M. Construction of a more detailed phylogenetic
scheme of the family requires further investigations uti-
lizing the data on the cytochrome b gene and other
molecular markers.

RUSSIAN JOURNAL OF GENETICS

Vol. 36 No. 9

1059

ACKNOWLEDGMENTS

This part of the study was carried out during
A.P. Kryukov’s stay at the Institute of Low Tempera-
tures, University of Hokkaido. The cirrion Crow sam-
ple was kindly provided by E. Pasque; Paris. We thank
H. Suzuki and A. A. Nazarenko for fruitful discussions.

This work was supported by the Russian Foundation
for Basic Research (grant no. 97-04-49793).

REFERENCES

1. Goodwin, D., Crows of the World, Univ. of Washington
Press, 1986, 2nd ed.

2. Madge, S. and Burn, H., Crows and Jays: A Guide to the
Crows, Jays, and Magpies of the World, London: Helm,
1994.

3. Sibley, C.G. and Ahlquist, J.E., The Phylogeny and Clas-
sification of the Australo-Papuan Passerine Birds, Emu,
1985, vol. 85, pp. 1-14.

4. Helm-Bychowski, K. and Cracraft, J., Recovering Phy-
logenetic Signal from DNA Sequences: Relationships
within the Corvine Assemblage (Class Aves) as Inferred
from Complete Sequences of the Mitochondrial DNA
Cytochrome B Gene, Mol. Biol. Evol., 1993, vol. 10,
no. 6, pp. 1196-1214.

5. Cibois, A. and Pasguet, E., Molecular Analysis of the
Phylogeny of 11 Genera of the Corvidae, Ibis, 1999,
vol. 141, no. 2, pp. 297-306.

6. Espinosa, A. and Cracraft, J., Intergeneric Relationships
of the New World Jays Inferred from Cytochrome B
Gene Sequence, Condor, 1997, vol. 99, pp. 490-502.

7. Jollie, M., Phylogeny of the Species of Corvus, Biolo-
gist, 1978, vol. 60, no. 3, pp. 73-108.

8. Avise, J.C., Molecular Markers, Natural History, and
Evolution, New York: Chapman and Hall, 1994.

9. Meyer, A., Shortcomings of the Cytochrome B Gene as
a Molecular Marker, Trends Ecol. Evol., 1994, vol. 9,
pp- 278-280.

10. Moore, W.S., Inferring Phylogenies from mtDNA Varia-
tion: Mitochondrial Trees versus Nuclear Gene Trees,
Evolution, 1995, vol. 49, pp. 718-726.

11. Moore, W.S. and DeFilippis, V.R., The Window of Tax-
onomic Resolution for Phylogenies Based on Mitochon-
drial Cytochrome B, Avian Molecular Evolution and
Systematics, Mindell, D.R., Ed., New York: Academic,
1997, pp. 83-113.

12. Kryukov, A.P. and Suzuki, H ., Phylogeography of Car-
rion, Hooded, and Jungle Crow (Aves, Corvidae)
Inferred from Partial Sequencing of the Mitochondrial
Cytochrome B Gene, Genetika (Moscow), 2000, vol. 36,
no. 8, pp. 1111-1118.

13. Thompson, J.D., Higgins, D.G., and Gibson, T.J,
CLUSTAL W: Improving the Sensitivity of Progressive
Multiple Sequence Alignment through Sequence Weight-
ing, Positions-Specific Gap Penalties, and Weight Matrix
Choice, Nucleic Acids Res., 1994, vol. 22, pp. 4673-4680.

14. Saitou, N. and Nei, M., The Neighbor-Joining Method:
A New Method for Reconstructing Phylogenetic Trees,
Mol. Biol. Evol., 1987, vol. 4, pp. 406-425.

2000



1060

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Felsenstein, J., Confidence Limits on Phylogenies: An
Approach Using Bootstrap, Evolution, 1985, vol. 39,
pp. 783-791.

Sokal, R.R. and Michener, C.D., A Statistic Method for
Evaluating Systematic Relationships, Univ. Kans. Sci.
Bull., 1953, vol. 28, pp. 1409-1438.

Kumar, S.K., Tamura, K., and Nei, M., MEGA—Molec-
ular Evolutionary Genetic Analysis, Version 1.01, Penn-
sylvania State Univ., 1993.

Edwards, S.V., Arctander, P., and Wilson, A.C., Mito-
chondrial Resolution of a Deep Branch in the Genealog-
ical Tree for Perching Birds, Proc. R. Soc. London, B,
1991, vol. 243, pp. 99-107.

Irwin, D.M., Kocher, T.D., and Wilson, A.C., Evolution
of the Cytochrome B Gene of Mammals, J. Mol. Evol.,
1991, vol. 32, pp. 128-144,

Krajevski, C. and King, D.G., Molecular Divergence and
Phylogeny: Rates and Patterns of Cytochrome B Evolu-
tion in Cranes, Mol. Biol. Evol., 1996, vol. 13, no. 1,
pp. 21-30.

Nunn, G.B. and Cracraft, J., Phylogenetic Relationships
among the Major Lineages of the Birds-of-Paradise
(Paradisaeidae) Using Mitochondrial DNA  Gene
Sequences, Mol. Phyl. Evol., 1996, vol. 5, no. 3, pp. 445-
459.

Brown, W.M., Prager, EM., Wang, A., and Wilson, A.C,,
Mitochondrial DNA Sequences of Primates: Tempo and
Mode of Evolution, J. Mol. Evol., 1982, vol. 18, pp. 225-
239.

Griffits, C.S., Correlation of Functional Domains and
Rates of Nucleotide Substitutions in Cytochrome B,
Mol. Phyl. Evol., 1997, vol. 7, pp. 352-365.

Swofford, D.L. and Olsen, G.J., Phylogeny Reconstruc-
tion, Molecular Systematics, Hillis, D. and Moritz, C.,
Eds., Sunderland, MA: Sinauer, 1990, pp. 411-501.

RUSSIAN JOURNAL OF GENETICS

25.

26.

27,

28.

29.

30.

31.

33.

34.

35.

KRYUKOV, ODATI

Shields, G.F., Analysis of Mitochondrial DNA of Pacific
Black Brant (Branta bernicla nigricans), Auk, 1990,
vol. 107, no. 3, pp. 620-623.

Helbig, A.J., Martens, J., Seibold, 1, et al., Phylogeny
and Species Limits in the Palaearctic Chiffchaff Phyl-
loscopus collibita Complex: Mitochondrial Genetic Dif-
ferentiation and Bioacoustic Evidence, Ibis, 1996, vol. 138,
pp. 650-666.

Zink, RM. and Dittmann, D.L., Evolution of Brown
Towhees: Mitochondrial DNA Evidence, Condor, 1991,
vol. 93, pp. 98-105.

Cicero, C. and Johnson, N.K., Speciation in Sapsuckers
(Sphyrapicus): T11. Mitochondrial DNA Sequence Diver-
gence at the Cytochrome B Locus, Auk, 1995, vol. 112,
no. 3, pp. 547-563.

Brown, W.M., George, M., Jr., and Wilson, A.C., Rapid
Evolution of Animal Mitochondrial DNA, Proc. Natl.
Acad. Sci. USA, 1979, vol. 76, pp. 1967-1971.

Friesen, V.L., Piatt, J.F., and Baker, A.J., Molecular Evi-
dence for a New Species of Alcid, the Long-Billed Mur-
relet, J. Omithol., 1994, vol. 135, p. 30.

Espinosa, A. and Cracraft, J., Molecular Phylogeny of
the Lyrebird, J. Ornithol., 1994, vol. 135, p. 29.

. Shields, G.F. and Wilson, A.C., Calibration of Mitochon-

drial DNA Evolution in Geese, J. Mol. Evol., 1987,
vol. 24, no. 3, pp. 212-217.

Klicka, J. and Zink, R.M., The Importance of Recent Ice
Ages in Speciation: A Failed Paradigm, Science, 1997,
vol. 277, pp. 1666-1669.

Johns, G.C. and Avise, J.C., A Comparative Summary of
Genetic Distances in the Vertebrates from the Mitochon-
drial Cytochrome B Gene, Mol. Biol. Evol., 1998, vol. 15,
pp. 1481-1490. .

Avise, J.C. and Walker, D., Pleistocene Phylogeographic
Effects on Avian Populations and the Speciation Process,
Proc. R. Soc. London, B, 1998, vol. 265, no. 1395,
pp. 457-463.

Vol. 36 No. 9 2000



