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High Incidence of ‘‘Leapfrog’’ Pattern of Geographic Variation

in Andean Birds: Implications for the Speciation Process

Abstract. Many species of birds in the humid forests of the Andes show a pattern
of geographic variation in color that is virtually unknown in other regions of the
world. This pattern, here termed “‘leapfrog,”’ is one in which two populations very
similar in appearance are geographically separated from each other by very
different, intervening populations of the same species. Approximately 21 percent of
all Andean bird species and superspecies with three or more differentiated popula-
tions show the leapfrog pattern, and several of these show multiple cases of
leapfrogging color patterns. Lack of concordance in the geographic distribution of
taxa showing the leapfrog pattern suggests that there is a strongly random
component in phenotypic differentiation with respect to direction, geography, and

timing.

Patterns of geographic variation in
birds have been documented and ana-
lyzed for a half-century or more, and the
interpretation of these patterns has pro-
vided much of the basis for speciation
theory (/). The clinal nature of most
patterns of color variation has been in-
terpreted as evidence for the importance
of gene flow, environmentally induced
selection, or both, in determining popu-
lation structure (/). Syntheses of overall
patterns of geographic variation pro-
duced ‘‘Gloger’s rule’’—the tendency
for populations from more humid areas
to be more heavily pigmented than con-
specific populations from less humid ar-
eas—and what could be called ‘“Mayr’s
rule’’—the association between increas-
ingly marked geographic isolation and
increasingly marked phenotypic differ-
entiation.

I now report a pattern of geographic
variation in color in Andean birds, the
generality of which has heretofore not
been recognized. This counterclinal pat-

tern, here labeled the ‘‘leapfrog’ pat-
tern, is one in which, within a single
biotope, two phenotypically very similar
populations are geographically separated
from each other by very different inter-
vening populations of the same species
(see cover). Geographic variation of this
type has been reported for a few bird
species (2), and two cases from the An-
des have been studied extensively (3);
however, such cases have received little
theoretical attention.

To quantify the frequency of occur-
rence of the leapfrog pattern in Andean
birds, I analyzed geographic variation in
color patterns of all bird species in humid
forest and forest edge in the Andes from
northern Colombia and Venezuela to
northwestern Argentina, the southern
limit of humid montane forest. This re-
gion was selected because of the relative
homogeneity in habitats at any given
elevation over a broad latitudinal range
(4). The sample consisted of 386 species
and an additional 30 superspecies assem-

bled from a subset of the species sample.

Geographic variation in color pattern
was analyzed within the framework of
current subspecies limits. Although the
subspecies concept has been attacked
repeatedly on conceptual and practical
grounds (5), subspecies were used as the
unit of analysis simply because no alter-
native existed; a quantitative, compre-
hensive assessment of color variation in
all 386 species would be a life-long task.
The study skin collection of the Museum
of Zoology, Louisiana State University,
was the primary source of data for the
analysis. These data were supplemented
by compendiums of subspecies descrip-
tions (6) and recent taxonomic revisions.
A species or superspecies was consid-
ered to show the leapfrog pattern if two
geographically nonadjacent taxa were
more similar in plumage pattern and col-
or to one another than either was to the
intervening taxon.

A conservative bias in the analysis
was that only major, conspicuous fea-
tures of coloration and pattern were ana-
lyzed; potential leapfrog patterns in sub-
tle, less obvious plumage characters
were ignored. Another conservative bias
was that many described subspecies
from the Andes cannot be readily distin-
guished from adjacent populations with
taxonomically acceptable (75 percent),
much less statistically acceptable (95
percent) (7), certainty; inclusion of inva-
lid subspecies artificially inflates the
number of species in which a leapfrog
pattern can be detected.

By definition, the leapfrog pattern can
be detected only in species with three or
more subspecies. Of the 386 species ex-
amined, 127 were monotypic, 45 had
only one, and 85 had only two subspe-
cies within the geographic limits of the
study. Thus, 129 species (33.4 percent)
remained for inclusion in the analysis. Of
these, 25 (about 19 percent) (8) showed
the leapfrog pattern. An additional nine
species showed the leapfrog pattern
when subspecies from outside the main
Andes were included; for example, from
the tepuis of southeastern Venezuela,
coastal ranges of Venezuela, and the
highlands of Middle America. As for
superspecies, only six of the 30 exam-
ined contained the necessary minimum
of three component allospecies. Of
these, three superspecies (50 percent)
displayed a leapfrog pattern of color
variation (9). Thus, combining species
and superspecies, of 135 taxa in which
the leapfrog pattern is possible (that is,
those with three or more component
taxa), 28 (about 21 percent) displayed
leapfrog color variation (Table 1). Fur-
thermore, there are multiple cases of the
leapfrog pattern within three species and



one superspecies (10). Leapfrog patterns
occur with disproportionately higher fre-
quency in taxa with higher numbers of
component taxa; more than 50 percent of
the species or superspecies with six or
more component taxa show the leapfrog
pattern (Table 1).

These results raise two questions: (i)
Why does the leapfrog pattern appear
with such high frequency in the Andes in
comparison with other areas of the world
(11)? and (ii) How is leapfrog variation
produced?

The answer to the first question seems
straightforward. Any pattern of geo-
graphic variation should be amplified in
the Andes for the following reasons. (i)
The tremendous topographic relief of the
Andes, with its extremely high cordille-
ras transected by very deep river can-
yons, is matched by no other mountain
range over such a broad latitudinal
range. (i) The linearity of the Andes and
the resulting long and narrow, north-
south distribution of taxa greatly reduces
the potential area of contact between
parapatric forms; thus the area across
which gene flow could occur is greatly
reduced in comparison to the less linear
distributions of taxa in other areas. (iii)
The richness of the avifauna relative to
other montane regions increases the
number of taxa in which any potential
pattern may be detected.

How is the leapfrog pattern produced?
Hypotheses that involve long-distance
dispersal from source areas, such as Dia-
mond’s (/2) ‘‘checkerboard’’ pattern in
montane New Guinea, would be ex-
tremely unlikely to apply to the seden-
tary Andean birds that exhibit the leap-
frog pattern; long-distance migration or

Table 1. Frequency of leapfrog patterns with
respect to number of component taxa (sub-
species in the case of species level examples,
allospecies in the case of superspecies exam-
ples).

Com- Examples in

ponent Ex- which leapfrog
taxa amples pattern occurs
(No.)

(No.) No. p
3 53 6 11.3
4 35 3 8.5
3 15 2 13.3
6 17 9 52.9
7 10 4 40.0
8 2 1 50.0
9 2 2 100.0
14 1 1 100.0
Total 135 28 20.7

movement is not known for any bird
species of the humid slope of the Andes
and is suspected for only one species
(13). Thus, it is improbable that more
distant populations would colonize an
area more readily than populations adja-
cent to the same area. Other hypothe-
ses—such as (i) convergent evolution in
the phenotypically similar but geographi-
cally separated taxa (/4); (ii) more rapid,
divergent evolution in the central, inter-
vening taxa in evolutionary ‘‘hot spots’’;
(iii) centrifugal speciation (4); or (iv) an-
cient corridors connecting the currently
separated but phenotypically similar
taxa—would all predict a moderate to
high degree of concordance in the geo-
graphic distributions of the central taxa.
This is not the case; the ranges of the
central taxa are scattered throughout the
Andes with many falling either entirely
north or entirely south of the equator
(Fig. 1).

Fig. 1. Latitudinal ranges of

central, intervening taxa in the
leapfrog pattern are plotted
adjacent to a schematic repre-
sentation of the Andes (above
1500 m). Included are four cas-

es in which more than one
l leapfrog pattern occurs within
a species or subspecies.
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This rather chaotic geographic distri-
bution of central and peripheral taxa (15)
suggests that many phenotypic ‘changes
may appear at random with respect to
geography and are not induced by the
environment in any predictable way.
Once a taxon is fragmented into geo-
graphically isolated populations, pheno-
typic change may occur at different times
and rates in any of the isolates; some of
the time, by chance alone, the central
taxon will differentiate first, producing
the leapfrog pattern. This is essentially
the same hypothesis formulated long ago
by Chapman (/6). If this hypothesis is
correct, much of the phenotypic differ-
entiation involved in the speciation pro-
cess may be due to stochastic factors,
absence of gene flow, and transilience
(17), rather than to more predictable,
environmentally induced factors. Rigor-
ous tests of these hypotheses will be
reported (/8).

There is no reason to suspect that
leapfrog patterns are restricted to color;
perhaps other characters, such as vocal
dialects, allele frequencies, and morpho-
metrics, also show leapfrog variation.
Examination of other Andean biota, es-
pecially butterflies, frogs, and plants
with strongly patterned flowers, may
also reveal this pattern.

J. V. REMSEN, JRr.
Museum of Zoology,
Louisiana State University,
Baton Rouge 70893-3216
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Arctic Biostratigraphic Heterochroneity

Hickey et al. (I) described the magnet-
ic stratigraphy (not magnetic anomaly
profile) and biostratigraphy of Upper
Cretaceous and Lower Cenozoic sedi-
ments of the Eureka Sound Formation
(2, 3) of arctic Canada and claimed that
there is substantial heterochroneity of
biostratigraphic units. Their conclu-
sions, if correct, have great ramifications
with respect to the correlation and evolu-
tion of the North American biota and to
the underlying bases for biostratigraphy
in general. Although the conclusions rest
almost entirely on the magnetostratigra-
phy of the sediments in question, the
data as presented cannot be assessed;
indeed, the paleomagnetic work (4) is
essentially unpublished except in ab-
stract (5). Nevertheless, the summary of
numeric data (/, reference 14) leads us to
believe that the magnetic stratigraphy is
suspect and that the correlation of sup-
posed magnetozones to the geomagnetic
polarity time scale is very insecure.

A necessary criterion for assigning
normal or reversed polarity to a sample
direction is whether the calculated virtu-
al geomagnetic pole (VGP) for the north-
seeking magnetization falls, respective-
ly, at high northern or high southern
paleolatitudes with respect to the mean
paleomagnetic pole; the polarity should
be regarded as indeterminate if the VGP
falls at intermediate latitudes—for exam-
ple, within 45° of the paleoequator. Such
intermediate positions can be records of
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excursions or polarity transitions of the
geomagnetic field but more frequently
are indicative of poor data, the result of
sample misorientation or mismeasure-
ment, unresolved complex magnetiza-
tions, or other experimental errors and
inadequacies in the magnetic record.
The poor internal consistency of the
paleomagnetic data used by Hickey et al.
compromises any precise interpretation
of the stratigraphic polarity sequence.
The parameter K (estimate of Fisher’s
precision parameter) is a measure of
dispersion in the directional data; when
K approaches zero the directions are
uniformly distributed on a sphere and are
random, whereas for large values of K
the directions are confined to a small
portion of the sphere near to the mean
direction (6). The cited value for K is 2.4
for the 158 sample VGP’s used to con-
struct the magnetic polarity stratigraphy.
It is useful to calculate from K the radii
of the circles whose centers are the mean
and which contain specified percentages
of the sample VGP’s (7). For the given
value of K and a Fisherian distribution,
50 percent of the sample VGP’s are
expected to lie within about 44°, and 63
percent (the circular standard deviation,
analogous to the standard deviation of
the normal distribution) lie within about
52° of the estimated overall mean paleo-
magnetic pole position. In other words,
the sense of polarity of more than a third
to almost half the samples should be

considered indeterminate because their
VGP positions are expected to fall in low
paleolatitudes and farther than 45° from
the paleomagnetic pole. This leaves no
more than 100 and as few as 80 samples
to determine the polarity sequence of
about 3500 m of section.

The large dispersion in the paleomag-
netic data strongly suggests the presence
of pervasive spurious or secondary mag-
netizations and a low fidelity record of
the geomagnetic field. Relevant evidence
from laboratory or field tests was not
presented to suggest otherwise. Al-
though we cannot ascertain the strati-
graphic distribution of the 80 to 100
samples that might provide interpretable
polarity information, if they were uni-
formly distributed through the composite
section spanning about 40 million years
(Campanian to Early Eocene), then an
average temporal resolution of no better
than 0.4 millioni years is possible. Con-
sidering that polarity chrons and sub-
chrons in the Late Cretaceous and Early
Tertiary have durationis of similar order
(8-11) and that about 30 percent of the
sections are unexposed, we believe that
the polarity sequence of the Eureka
Sound Formation sections must be con-
sidered poorly constrained. Since corre-
lation to the geomagnetic polarity time
scale depends critically on recognizing a
characteristic pattern of normal and re-
verse polarity intervals, the inclusion of
magnetozones on the basis of ambiguous
or missing data will change the magnetic
stratigraphy in significant ways.

The poor paleomagnetic data, the am-
biguities in independent lithostratigraph-
ic correlation between sections, and the
lack of evidence concerning possible un-
conformities and time gaps within the
Eureka Sound Formation (notably be-
tween informal members III and IV
which contain the terrestrial vertebrates)
are impediments to a meaningful discus-
sion of alternative magnetochronologic
correlations. It should suffice to mention
that in general the correlation of a nor-
mal polarity magnetozone with chron
C24N because it is “‘stuttered’’ (/) is not
diagnostic on its own, since for example
the younger chron C23N is also ‘‘stut-
tered’’ (8—12). Chron C33N was identi-
fied supposedly on the basis of the strati-
graphic thickness of the normal polarity
magnetozone, ‘‘corroborated’’ by fos-
sils, but in fact the basis was mainly
biostratigraphic, bringing the argument
full circle.

Paleobotanical and other evidence in-
dicates that polar climate in the Late
Cretaceous and Early Tertiary, although
seasonal, was more moderate than that
of today. Therefore one might expect
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