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ABSTRACT.—We used 19 restriction endonucleases to analyze patterns of cleavage site vari-
ation in the mitochondrial DNA (mtDNA) of the five recognized species of Zonotrichia. Each
species possesses a unique mtDNA profile. Relative to most congeneric avian comparisons,
these species are closely related, with an average percent nucleotide divergence of 4.1%. The
Golden-crowned Sparrow (Z. atricapilla) and White-crowned Sparrow (Z. leucophrys) differ by
a single restriction site (out of 122), which yields an estimate of 0.11% sequence divergence.
These species are sister species in all phylogenetic analyses (Wagner and Dollo parsimony,
bootstrapping, distance analyses), and White-throated Sparrow (Z. albicollis) is the sister to
these, followed by Harris” Sparrow (Z. querula) and Rufous-collared Sparrow (Z. capensis). The
phylogeny based on mtDNA restriction sites differs from that based on allozymes (Zink 1982)
in that Harris” and White-throated sparrows are reversed in this sequence. In general, how-
ever, the allozyme and mtDNA phylogenies are highly concordant. Similarities in song
between White-throated and Golden-crowned sparrows can be interpreted as ancestral re-
tentions. The song of the White-crowned Sparrow is derived relative to other north temperate
congeners, and song dialects appear to have evolved independently in White-crowned and
Rufous-collared sparrows. Based on the mtDNA data, patterns of hybridization are inconsis-
tent with phylogenetic relationships, and we suggest that hybridization should not be used

in taxonomic decisions. Received 4 September 1990, accepted 26 December 1990.

A PHYLOGENY not only provides a trace of a
lineage’s evolutionary diversification, but it also
serves as a framework for the interpretation of
the evolution of characters and suites of char-
acters. Molecular methods have been widely
heralded because they provide a set of charac-
ters that have a simple, known genetic basis,
and are genetically independent. Furthermore,
it is likely that molecular characters are selec-
tively neutral (e.g. Barrowclough et al. 1985),
and thus their evolution can be predicted by
explicit evolutionary models (Nei 1987) and can
serve as an approximate molecular clock. Al-
though molecular characters have disadvantag-
es for phylogeny inference (Hillis 1987), they
are used with increasing frequency as a sort of
“null” phylogenetic hypothesis, both for esti-
mation of evolutionary history and interpre-
tation of character evolution. Whether molec-
ular analyses actually produce superior estimates
of phylogeny remains to be documented, and
tests will likely involve comparison of inde-
pendently derived phylogenies (including oth-
er molecular estimates) of common sets of or-
ganisms.

In avian systematics, protein electrophoresis
has been used to produce a number of phylo-
genetic estimates. In many interspecific com-
parisons of avian protein evolution (e.g. Avise
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et al. 1980, Johnson and Zink 1983), there was
little variation partitioned among species. This
does not inspire confidence in any pattern
(withoutindependent corroboration from other
data sets). Other studies of allozyme variation
that used “phylogenetic” and phenetic meth-
ods often produced results that surprised many
taxonomists, including the biochemical system-
atists themselves (e.g. Johnson et al. 1988, Ditt-
mann et al. 1989). However, few protein-based
phylogenetic estimates for birds were tested for
robustness or confidence with data-resampling
techniques such as bootstrapping (Felsenstein
1985b). Therefore, the confidence in these pro-
tein-based branching diagrams as phylogenies
is unknown.

One method of assessing confidence is to
compare phylogenetic estimates derived from
independent data sets. Zink and Avise (1990)
compared allozyme and mitochondrial DNA
(mtDNA) evolution in the genus Ammodramus
and found a high degree of congruence. Zink
and Dittmann (1991) found a generally high
correspondence between allozymes and mt-
DNA in towhees (Pipilo). In these examples, the
phylogenetic signal appeared in both of the ge-
netically independent data sets. However, in
Ammodramus and Pipilo, unlike many avian
studies, there was considerable allozymic dif-
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ferentiation, which rather strongly supported a
particular phylogeny. Congruence of mtDNA
and allozyme results implies confidence in phy-
logenetic conclusions, whereas confidence in a
single data set is difficult to assess (Felsenstein
1985b).

The genus Zonotrichia contains five species,
several of which have been studied extensively
by behaviorists and ecologists. For example, vo-
cal dialects in the White-crowned Sparrow (Z.
leucophrys) have been studied thoroughly
(Kroodsma et al. 1985). Vocalizations and dia-
lects have also been studied in the Rufous-col-
lared Sparrow (Z. capensis; Handford and Not-
tebohm 1976). Interpretation of the evolution
of vocal as well as morphological and ecological
conditions in Zonotrichia requires an indepen-
dently derived phylogeny (Felsenstein 1985a,
Mickevich and Weller 1990).

Zink (1982) used allozymes and morphomet-
rics to assess the systematic status of species in
Zonotrichia, and he concluded White-crowned
and Golden-crowned (Z. atricapilla) sparrows
were sister taxa, followed by Harris” Sparrow
(Z. querula), the White-throated Sparrow (Z. al-
bicollis), and the Rufous-collared Sparrow. This
arrangement conflicted with previous opinions
(Paynter 1964, Short and Simon 1965). For ex-
ample, Mayr and Short (1970) stated that Gold-
en-crowned and White-throated sparrows were
sister species, and together with White-crowned
Sparrows formed a species group. By default,
Harris” and Rufous-collared sparrows would be
outliers to this group. Evidence cited for the
close relationship between White-throated and
Golden-crowned sparrows was an essentially
allopatric distribution; these species also exhibit
similarities in male primary song. Mayr and
Short (1970) suggested that hybridization be-
tween the White-throated Sparrow and Dark-
eyed Junco (Junco hyemalis) revealed a close re-
lationship between these taxa.

For birds, mtDNA has been shown to provide
more characters for systematic analysis than al-
lozymes (Avise and Zink 1988, Zink 1991). This
corresponds with the relatively fast rate of
mtDNA evolution observed in birds (Shields
and Helm-Bychowski 1988) and other verte-
brates (Avise 1986, Moritz et al. 1987). We used
restriction endonuclease analysis of purified
mtDNA to provide information for the infer-
ence of phylogenetic relationships among spe-
cies of Zonotrichia. In so doing, we test the allo-
zyme-based tree of Zink (1982) and the
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taxonomic conclusions of others, provide data
on evolution of this organellar piece of DNA,
and comment on the evolution of behavioral
and distributional characteristics in the genus.

METHODS

The following samples were used: Harris’ Sparrow
(n = 2), White-throated Sparrow (5), White-crowned
Sparrow (6), Golden-crowned Sparrow (6), Rufous-
collared Sparrow (3—two from Bolivia [“BO”] and
one from Costa Rica [“CO”]), and a single specimen
of Dark-eyed Junco as an outgroup for rooting trees.
Collecting localities are available from the authors
upon request. We collected and preserved tissues, and
analyzed mtDNA according to established protocols
(Lansman et al. 1981, Avise and Zink 1988, Zink 1991).
We isolated intact mitochondria from frozen tissue
via differential centrifugation, lysed mitochondrial
membranes and removed them, and purified intact
mtDNA in cesium chloride density equilibrium gra-
dients via ultracentrifugation. After dialysis, mtDNA
samples were stored at —20°C, and digestions were
carried out according to manufacturers’ specifica-
tions. Mitochondrial DNA fragments produced by re-
striction endonucleases were end-labeled with *S,
separated in horizontal 0.8-1.5% agarose gels, and
visualized by autoradiography. A molecular size stan-
dard was used to determine the sizes of fragments.
The fragment profile for each endonuclease was as-
signed a letter, and each specimen is represented by
the appropriate letter for all endonucleases surveyed.
The letter code constitutes an individual’s haplotype
designation (a haplotype or clone is equivalent in
genetic transmission to an allele, and the entire
mtDNA molecule is inherited as a single gene locus).
In addition, by comparing fragment profiles among
individuals in reference to the molecular size stan-
dard, we were able to infer the distribution of re-
striction sites. The presence/absence of each site was
scored for each individual. We used the computer
programs HENNIG86 (option “ie”’) and PHYLIP (op-
tion “MIX”) to infer a phylogeny based on site data
according to the principle of maximum parsimony.
Also in PHYLIP, we used the bootstrap programs
BOOT and DOLBOOT, which use maximum (Wagner)
and Dollo parsimony, respectively, to assess confi-
dence in the data. Bootstrapping involves resampling
data with replacement, in our study 100 times (rep-
licates), and inferring a cladogram for each replicate
data set. The end result is a majority-rule consensus
tree with percentages that indicate the frequency of
particular groups of taxa in the 100 trees. Dollo par-
simony favors gains over losses, which is likely to be
appropriate for restriction-site data where it is easier
to lose than to gain a site (Moritz et al. 1987). In both
bootstrap analyses, we coded the sites by endonu-
clease, and the bootstrap resampling (of restriction
site presence/absence) was therefore random with
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TABLE 1.
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Haplotypes for sparrow mtDNA profiles. Letters signify different digestion profiles, but position

of letters in alphabet do not equate one-to-one to restriction site differences. The common patterns for each
species are shown. Underlining indicates polymorphisms (and fragments) unique to the species (and the
fragment profile was only one step removed from the letter listed for the species). The sequence of restriction
enzymes is: Aval, Avall, BamHI, Banll, Bcll, Bgll, BgIII, EcoRl, HindlIll, Kpnl, Ncil, Ncol, Pstl, Pvull, Sstll, Stul,
Xbal, Ndel, and Sall. For Z. capensis, “BO’ refers to Bolivia and “CO” to Costa Rica.

Species Haplotype
Z. querula A A A A A A A A A A A A A A A A A A A
Z. atricapilla A B B B B B A B A A A A A B B B B B A
Z. leucophrys A B B B B C A B A A A A A B B B B B A
Z. albicollis A B B C C B A CB A B A B C B C C A A
Z. capensis BO B ¢C C bDDAACABEB CE B DA A B
Z, capensis CO ¢ D ¢C D DB A CABF CDE B F A A C
J. hyemalis D E DEE DB D CC G A E F B G D C A

respect to endonuclease, which reduces potential bias
caused by some endonucleases with more sites.

We also used the site data to compute the percent-
age nucleotide difference between common haplo-
types for each species using the formula p = —In(F)/
N, where F is the proportion of shared restriction
sites between two haplotypes (Nei and Li 1979). We
input the resulting values into the FITCH and KITSCH
programs, which are “distance” analyses, in PHYLIP
to infer branching networks. We compared these with
the discrete-character analyses. FITCH partitions dis-
tances with a least-squares approach and permits
“rates” of evolution to differ. KITSCH constrains
branch lengths of sister taxa to be equal, which ap-
proximates a uniform rate of evolutionary change.

RESULTS

The 19 endonucleases revealed considerable
differentiation (Table 1) among all taxa except
Z. leucophrys and Z. atricapilla, which differ by
only a single restriction site (BgII). The 122 sites
(Appendix) analyzed represent approximately
3.5% of the mtDNA genome. In Zonotrichia the
mtDNA genome averaged 16,700 bases, ap-
proximately average for passerine birds (Shields
and Helm-Bychowski 1988). The percentage

TABLE 2. Nucleotide differentiation between taxa.

nucleotide differentiation (Table 2) averaged
4.1% * 0.019 (SD), with the range 0.11% (Z.
leucophrys vs. Z. atricapilla) to 6.75% (]. hyemalis
vs. Z. capensis from Costa Rica). There was little
variation within species (Table 1).

All methods used to infer phylogenetic trees
gave the same branching structure (Fig. 1). The
bootstrap analyses reveal considerable confi-
dence in this particular branching order. The
maximum parsimony tree from both HENNIG86
and PHYLIP was 86 steps and the consistency
index was 0.91. The Dollo parsimony tree re-
quired 20 reversions (which are maximized in
this procedure). The Fitch tree (Fig. 1) reveals
some evidence of rate differences, especially re-
garding Z. albicollis, but of insufficient magni-
tude to influence branching order.

DISCUSSION

Variation and dates of divergence.—As various
molecular methods are used in systematic stud-
ies, it is of interest to compare results. We used
Mantel’s (1967) test to compare the Nei (1978)
allozyme distances (in Zink, 1982) and mtDNA.
differences (Table 2). Mantel’s test, which tests

Taxon

Taxon 1 2 3 4 5 6
1. Z. querula 0.0000
2. Z. atricapilla 0.0231 0.0000
3. Z. leucophrys 0.0241 0.0011 0.0000
4. Z. albicollis 0.0277 0.0177 0.0188 0.0000
5. Z. capensis BO 0.0374 0.0430 0.0441 0.0461 0.0000
6. Z. capensis CO 0.0430 0.0457 0.0468 0.0490 0.0100 0.0000
7. J. hyemalis 0.0593 0.0628 0.0639 0.0627 0.0612 0.0675
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the hypothesis that two distance matrices are
independent, revealed that the two matrices are
significantly congruent (¢ = 2.29, df = infinite,
P < 0.05).

The mtDNA divergence among Zonotrichia
species is typical of that observed for other avi-
an congeners (Kessler and Avise 1985, Avise
and Zink 1988, Shields and Helm-Bychowski
1988), although the average is somewhat low.
The mtDNA data reveal that speciation events
among north temperate Zonotrichia were rela-
tively recent. Using a calibration of 2% se-
quence divergence per million years (Shields
and Wilson 1987), leucophrys and atricapilla split
very recently, albicollis arose 750,000 yr before
present, and querula originated 1.2 MYBP. The
dates of average interspecific divergences based
on allozyme distances (Zink 1982) are roughly
equivalent to the mtDNA estimates, as found
for mtDNA and allozyme studies of other spar-
rows (Zink and Avise 1990).

Variation within Z. capensis needs to be as-
sessed before predicting its divergence date, be-
cause of the mtDNA distance between the Bo-
liviaand Costa Ricasamples (Table 2). Allozyme
data suggest that capensis (formerly in a mono-
typic genus, Brachyspiza) is very different from
north temperate congeners, but not especially
distinct in level of mtDNA differentiation (it is,
however, distinct for 12 of 20 restriction-frag-
ment profiles). The value of 0.11% sequence di-
vergence between leucophrys and atricapilla ap-
pears to be the lowest mtDNA distance recorded
between avian species (Avise and Zink 1988).
Because of the similarity of leucophrys and atri-
capilla, variation within the polytypic leucophrys
should be examined. It is possible that mtDNA
comparisons could identify a particular group
of leucophrys from which atricapilla arose; our
specimens were of the form gambelii.

Phylogeny.—For species of Zonotrichia the
overall estimates of phylogeny based on allo-
zymes (Zink 1982) and mtDNA (Fig. 1) are high-
ly congruent, more so than one would expect
by chance (Simberloff 1987). The allozyme tree
(Zink 1982) differs from the mtDNA tree in that
the positions of Z. querula and Z. albicollis are
reversed. The tree topology from Zink’s (1982)
study in the HENNIG86 program required 90
steps to explain the mtDNA data, versus 86 steps
for the most parsimonious mtDNA tree. The
significance of this difference is unclear. Given
the consistency of our analyses of mtDNA, we
suggest that the tree most likely to be correct
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J. hyemalis
Z. capensis (BO, CO)
Z. querula

Z. albicollis

Z. leucophrys

Z. atricapilla

Fig. 1. Phylogenetic tree obtained by all methods
of analysis. Branch lengths are in units of percent
nucleotide differentiation derived from the FITCH
analysis (%SD = 1.82, sum of squares = 0.0132). For
the KITSCH analysis, the %SD = 6.24 and the sum of
squares = 0.156. The numbers of times out of 100 each
node occurred in a bootstrap analysis using Wagner
parsimony were as follows (from top to bottom): 100,
97, 100, and 94, respectively. For the bootstrap anal-
ysis using Dollo parsimony, the corresponding nodes
occurred 100, 90, 92, 99, and 99.

is that in Figure 1. The mtDNA molecule, in-
herited as a single gene, provides only one gene
genealogy, however, and could be discordant
with the organismal phylogeny (Avise 1986). In
Zink’s (1982) allozyme study there were 39 pre-
sumably independent gene loci analyzed. Dis-
cordance between mtDNA and allozyme results
could be explained by “random noise” in the
single mtDNA gene lineage. Such a proposition
is testable only by recourse to additional data
sets, especially those that expose variation in
nuclear genes.

The allozyme and mtDNA results reveal close
similarity of Z. atricapilla and Z. leucophrys. These
two species are generally similar morphologi-
cally, especially in immature plumages. The near
absence of hybrids between these species (Payne
1979) suggests that cross-species transfer of
mtDNA cannot account for the extreme mtDNA
similarity (Moritz et al. 1987). We consider the
evidence overwhelming for the sister-species
relationship between these taxa, contrary to
opinions expressed by other authors (Short and
Simon 1965, Mayr and Short 1970, Paynter 1964).
Thus, the evolution of plumage, especially
crown pattern, and morphometric (Zink 1982)
differences in either leucophrys or atricapilla (or
both), has proceeded rapidly, given the mtDNA
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similarity, and has provided an example of mo-
saic evolution.

Our data are consistent with the hypothesis
that capensis is a sister taxon to the north tem-
perate Zonotrichia (which our data consistently
unite), although other taxa should be examined
to test the monophyly of Zonotrichia (Paynter
1964, Zink 1982). Paynter (1964) suggested that
capensis was phylogenetically intermediate be-
tween Melospiza and Zonotrichia, and members
of these genera apparently have hybridized
(Dickerman 1961). Kessler and Avise (1985) es-
timated that Z. albicollis differed from the three
species of Melospiza by an average p-value of
6.7%. In our study, Z. capensis differed from Z.
albicollis by an average p-value of 4.8%. If mtDNA
divergence occurs at an approximately uniform
rate, Melospiza cannot be closer than capensis to
north temperate Zonotrichia. Furthermore, in-
spection of restriction fragment profiles of M.
melodia (Zink 1991) reveals no close relation-
ship between M. melodia and Z. capensis. We
suggest that Zonotrichia including capensis likely
constitutes a monophyletic group. If this is true,
Z. capensis is the oldest living member of Zono-
trichia, which implies that the genus originated
in the Neotropics. Furthermore, our small sam-
ple of capensis suggests considerable intraspe-
cific variation, which may be typical of tropical
birds (Capparella 1988), or simply a correlate of
the fact that capensis is one of the most polytypic
species in the New World.

Tracing traits on the phylogeny.—The phylog-
eny of Zonotrichia provides a context for inter-
pretation of aspects of the organismal pheno-
type. The primary songs of albicollis and atricapilla
are similar, but the song of Z. querula is also
generally similar (Zink pers. obs.). Therefore,
we propose that the simple whistled songs of
the genus are primitive within at least the north
temperate members of the genus and are not
evidence of a sister-taxon relationship between
albicollis and atricapilla. The song(s) of leucophrys
is(are) therefore derived and “autapomor-
phous.”

The phylogeny (Fig. 1) also allows the infer-
ence that song dialects in leucophrys and capensis
most likely evolved independently. That is, if
the song dialects evolved in the ancestor of
modern Zonotrichia were subsequently lost and
regained in leucophrys, a minimum of three evo-
lutionary events was required. If song dialects
were gained independently in capensis and leu-
cophrys, only two events were required. Because
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leucophrys and atricapilla diverged recently, song
dialects in leucophrys must have evolved rap-
idly. Study of ecological reasons for the evo-
lution of song dialects in leucophrys is justified
now that common ancestry is ruled out. For
example, both leucophrys and capensis have large,
often fragmented ranges. Dialect boundaries,
however, do not necessarily correlate with geo-
graphic and genetic breaks in leucophrys
(Kroodsma et al. 1985), and albicollis has a rel-
atively large range apparently without dialect
formation.

Previous considerations of relationships
among members of Zonotrichia involved breed-
ing distributions. In particular, the wide-rang-
ing species, such as leucophrys, might be con-
sidered as relatively primitive to the allopatric
atricapilla and albicollis, which were viewed as
sister taxa. However, the phylogeny reveals that
either leucophrys was always widely distributed,
and atricapilla recently isolated, or that leuco-
phrys very recently expanded its range. Thus,
although allopatric differentiation is likely the
common mode of avian speciation, sister taxa
of Zonotrichia are not currently allopatric.

In avian taxonomy, hybridization has been
used as evidence for making taxonomic ar-
rangements. In Zonotrichia, there are apparently
only three intrageneric hybrids known: leuco-
phrys X atricapilla (Miller 1940), leucophrys x
querula, and atricapilla X albicollis (Payne 1979).
Hybridization between Z. albicollis and ]. hye-
malis has been interpreted to mean that the gen-
era should be merged (Short and Simon 1965,
Paynter 1964), although this suggestion was not
formally adopted (AOU 1983). If one considers
that hybridization is an ancestral condition (Ro-
sen 1979, Cracraft 1983), then these hybrids are
irrelevant to classifications. Patterns of hybrid-
ization have no consistent relationship to phy-
logenetic relationships (the proper foundation
of classifications) and therefore cannot aid in
constructing a classification. Hybrid Zonotrichia
do reveal that hybridization is not limited to
sister taxa, and clearly one cannot recover the
phylogeny from instances or pattern of hybrid-
ization. In fact, evidence on hybridization in
Zonotrichia is most consistent with Banks and
Johnson’s (1961) viewpoint that intergeneric
hybridization is more likely than intrageneric.
The hybrids between Zonotrichia and Junco sim-
ilarly cannot be used as evidence that the taxa
are congeneric. These hybrids support only the
rather nebulous concept that the taxa are “re-
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lated,” but they do not permit reconstruction
of even the basal phylogenetic limits of the
group of species to which Zonotrichia and Junco
might be aligned. That is, the absence of hy-
brids does not mean that two species are nec-
essarily phylogenetically closer or more distant
than two species that do hybridize. We suggest
that hybridization has no important role in con-
structing phylogenies and deriving subsequent
classifications for these sparrows.
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Presence or absence of 122 restriction sites for species Zonotrichia and Junco.

Zonotrichia querula

11100011111110001111001111111110000111100011101010110001111100111111110001001111100111111011110011011111000100111111110001

Z. atricapilla

111000111111000011000011111111000001111100111000101110061111100111111110001001111110111111011111011011011110111111010001000

Z. leucophrys

111000111311000011000011111111000001111100111100101110011111001111111106001001111110111111011111011011011110111111010001000

Z. albicollis

11100011111100001100001011111101000011101011100010111101111110111111111001001111100111110011110011011011010111111100000000

Z. capensis—Bolivia

01110011100100001000001111111000110110000011101010111101111100110111100101101111100011111001110110111011000110110111110000

Z. capensis—Costa Rica

11100111100101101000001111111000110110000011100010111101111100110111100101111111100011011001110110111011000110110111110000

J. hyemalis

11101011100100011000110011111000001111000111101111110011100101010101110011001111000001100101110011011011001110011110010110




