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ABSTRACT.—We quantified wing shape in migrant and wintering Dark-eyed Juncos (Junco
hyemalis) from southwestern Pennsylvania to assess the relationship between wing shape
and differential migration (with respect to distance) among age/sex classes. There were
significant differences in wing length and primary distances (distances from the wing tip to
the tip of each of the nine primaries) among age/sex classes. Adult juncos had longer wings,
larger proximal and distal primary distances, and a wing tip shifted proximally relative to
immatures. Males had longer wings and larger proximal primary distances than females, but
the sexes did not differ in distal primary distances or wing-tip placement. Wing-shape dif-
ferences between males and females persisted even after accounting for differences in body
mass between the sexes. With few exceptions, wing shape was not correlated with body mass
within age/sex classes. The traits usually associated with a pointed wing (the wing shape
generally considered adaptive for longer migrations) were really two independent dimen-
sions of wing-shape wariation in juncos that did not covary among age/sex classes. Overall,
our results are inconsistent with the hypothesis that wing “pointedness” covaries positively

with distance migrated in juncos. Received 14 April 1989, accepted 21 February 1990.

WING shape affects energy expenditure dur-
ing a variety of flight-related activities (Pen-
nycuick 1969, Feinsinger and Chaplin 1975,
Norberg 1979, Rayner 1988). Migration, in par-
ticular, is an energetically demanding behavior
(Berthold 1975, Blem 1980) that should exert
strong selection for wing shapes that perform
efficiently during migratory flights. Not sur-
prisingly, an adaptive relationship between
wing shape and migration is presumed in the
generalization that migrants have longer, more
pointed wings than nonmigrants (Chapman
1940; Kipp 1942, 1958; Dorst 1962; Stegmann
1962; Gaston 1974). This generalization is based
both on broad interspecific comparisons (Mei-
nertzhagen 1951, Griscom 1957, Dorst 1962,
Gaston 1974) and intraspecific comparisons be-
tween migratory and nonmigratory popula-
tions (Palmer 1900, Chapman 1940).

If there is a strong adaptive relationship be-
tween wing shape and distance migrated, then
the effects of natural selection also should be
detectable across a gradient of migratory effort.
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Comparisons among species that migrate vary-
ing distances, however, are inconclusive. Re-
searchers have (Averill 1920, Kipp 1942, Gas-
ton 1974) and have not (Keast 1980) found the
expected correlation between wing length or
wing pointedness and distance migrated. Com-
parisons among populations within species
eliminate some of the confounding variables
associated with interspecific comparisons (such
as interspecific differences in foraging behavior
and habitat selection; Gaston 1974); positive
correlations between wing pointedness and dis-
tance migrated have been found more consis-
tently in these cases (Geothlypis trichas, Palmer
1900; Phylloscopus spp., Gaston 1974; Sylvia atri-

capilla, Lo Valvo et al. 1988).
Differential migration (with respect to dis-

tance) among age/sex classes is another kind of
intraspecific gradient that may correlate with
wing shape. One of the best examples of this
phenomenon is provided by the Dark-eyed Jun-
co (Junco hyemalis) (Ketterson and Nolan 1976,
1979, 1983, 1985). Differential migration results
in a pattern of latitudinal segregation among
age/sex classes, the evolution of which has been
the subject of considerable speculation. Spec-
ulation has focused on environmental (Ketter-
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son and Nolan 1976), behavioral (Gauthreaux
1978, 1982; Ketterson 1979; Myers 1981), and
morphological/physiological (Ketterson and
Nolan 1976, 1978, 1983; Dolbeer 1982; Stuebe
and Ketterson 1982) correlates of differential
migration. However, the relationship between
wing shape and distance migrated among age/
sex classes that exhibit differential migration
remains unassessed. The possibility of differ-
ential migration effecting a divergence in wing
shape among age/sex classes is plausible given
recent documentation of wing-shape differ-
ences between ages and sexes (Tiainen and
Hanski 1985, Busse 1986, Hedenstrom and Pet-

tersson 1986).
In order to assess a possible relationship be-

tween differential migration and wing shape,
we analyzed wing-shape differences among age/
sex classes of the Dark-eyed Junco. The objec-
tives of this analysis were to determine if wing
shape differed significantly among the four dis-
tinguishable age/sex classes of Dark-eyed Jun-
cos; if so, to identify the components of wing
shape primarily responsible for these differ-
ences; lastly we wanted to see if differences
were consistent with the effects of selection for
increased migratory performance in the farther-
migrating age and sex classes. In addition, we
estimated the proportion of the variation in wing
shape that is due to differences among and
within age/sex classes, and explored the rela-
tionship between wing shape and body mass in
juncos.

METHODS

Study area and sample.— All juncos used in this study
were captured during the daily banding operations
(see Leberman and Wood 1983 for details) at the Pow-
dermill Nature Reserve of The Carnegie Museum of
Natural History, Westmoreland County, Pennsylva-
nia (40°10'N, 79°16’'W). Powdermill (elevation 400 m)
is located between the westernmost ridges of the Al-
legheny Mountains in southwestern Pennsylvania.
The banding area is dominated by a variety of early
successional habitats. At this site, Dark-eyed Juncos
are abundant migrants and common winter residents
(Leberman 1976). At Powdermill, >21,000 individu-
als were banded between 1961 and 1986.

Between October 1983 and December 1986, we mea-
sured the wing shape of 540 juncos. Most individuals
were captured during October through December (n
= 476) or March through April (n = 51). Because the
juncos were caught during migration or as winter
residents, their geographic origin is uncertain. How-
ever, all individuals in the sample were assignable to
the nominate subspecies J. h. hyemalis. Juncos from a
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local breeding population that is distinguishable as
J. h. carolinensis (Mulvihill unpubl. data; cf. Miller
1941) were excluded. Essentially, J. h. carolinensis is a
nonmigratory race (Rabenold and Rabenold 1985, No-
lan et al. 1986) that breeds at high elevations (>600
m) near Powdermill.

Measurement of variables. —We measured the unflat-
tened wing length and wing formula for each indi-
vidual. Wing formula, as used in this study, is a measure
of the distances (projected along the wing chord) from
the wing tip (tip of the longest primary of the folded
wing) to the tip of each of the other primaries (num-
bered descendantly; see Chandler and Mulvihill 1988
for details). Individually, these nine measurements
are referred to as primary distances (P1-P9). The wing
formula quantifies the position of the primaries rel-
ative to the wing tip and thus characterizes the overall
shape of the wing (i.e. wing-tip placement, point-
edness, allometric relationships). All measurements
were to the nearest 0.5 mm. Individuals with worn,
missing, or disarranged primaries were omitted from
our analyses.

Juncos were sexed on the basis of size and plumage
characters (summarized in Ketterson and Nolan 1976).
Age was determined by the degree of skull pneu-
matization and the presence or absence of retained
juvenal greater primary coverts (Yunick 1981, Mul-
vihill unpubl. data). Juncos were categorized as im-
matures (HY/SY in banding terminology) or adults
(AHY/ASY). Because juncos have an incomplete first
prebasic molt and only a partial prealternate molt
(Dwight 1900), all immature birds had juvenal pri-
maries. Prebasic molts subsequent to the first are com-
plete in juncos (Dwight 1900), so all adults had non-
juvenal primaries. Body mass (to the nearest 0.1 g)
and fat score (ranked from 0 to 3; Leberman 1967)
were recorded (by the same person) for each individ-
ual. Fat-free (i.e. residual) body mass was estimated
by a regression of the natural logarithm of body mass
on fat score. Residual body mass was used in subse-
quent analyses. Residual body mass represents the vari-
ation in mass that is independent of differences in fat
scores among individuals (Sokal and Rohlf 1981).

Statistical analyses.—The variables wing length, P1-
P5, P8, and P9 were normally distributed within and
showed homoscedasticity among (F-max test) age/sex
classes of juncos. Differences between ages and sexes
for these variables were assessed by two-way analysis
of variance. Primaries six, seven, or both usually form
the wing tip in juncos. They are the longest primaries
and have a primary distance of zero. Therefore, we
assessed differences in wing-tip placements between
ages and sexes with G-tests for three-way (age X sex
X wing-tip placement) frequency tables (Sokal and
Rohlf 1981).

Wing length, P1-P5, P8, and P9 were used to char-
acterize wing shape in a variety of multivariate anal-
yses. Although these variables are traditionally used
to calculate simple numerical indices of wing shape
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Wing length and primary distances (mm) for age/sex classes of Dark-eyed Juncos captured at

Powdermill Nature Reserve, 1983-1986. Values are ¥ = SE.

Age/sex class

Variable Adult males Adult females  Immature males Immature females Age* Sex®
Wing length 78.38 + 0.11 73.69 = 0.12 77.00 = 0.15 72.60 = 0.14 rre Al
P1 16.60 + 0.07 15.10 + 0.10 15.86 + 0.10 14.58 + 0.09 A b
P2 14.67 = 0.07 13.28 + 0.08 13.95 = 0.09 12.87 = 0.08 bl o
P3 12.27 + 0.07 11.20 * 0.08 11.42 £ 0.10 10.54 + 0.08 b i
P4 7.84 £ 0.07 7.30 £ 0.07 7.10 £ 0.09 6.78 £ 0.08 e b
P5 2.32 £ 0.05 2.09 £ 0.05 2.01 £ 0.05 2.03 £ 0.05 ik *
P8 1.22 = 0.04 1.24 = 0.05 0.88 + 0.05 0.90 £ 0.04 e NS
P9 7.21 £ 0.07 7.19 + 0.09 6.39 + 0.09 6.41 £ 0.07 o NS
n 198 137 85 120

* Two-way ANOVA: NS = P > 0.05, * = P < 0.05, *** = P < 0.001.

(e.g. Holynski 1965, Busse 1967, Lovei 1983, Tiainen RESULTS

and Hanski 1985, Hedenstré6m and Pettersson 1986),
such indices are difficult to compare and provide a
less objective assessment of wing shape than multi-
variate methods (Chandler and Mulvihill 1988, Ray-
ner 1988). We evaluated overall differences in wing
shape between ages and sexes with two-way multi-
variate analysis of variance (MANOVA). To identify
which dimensions of wing shape were primarily re-
sponsible for differences among the age/sex classes,
we conducted a canonical discriminant analysis (DFA).
Canonical discriminant analysis identified the linear
combinations of original wing-shape variables that
discriminated maximally among the four age/sex
classes.

We calculated the proportion of variation in wing
shape that was due to differences among and within
age/sex classes (Straney 1978). To do this, we first
reduced the number of wing-shape variables by using
principal components analysis (PCA). Principal com-
ponents analysis identified linear combinations of the
original variables that allowed a more concise de-
scription of wing-shape variation. We then estimated
the variance in PC scores due to wing-shape differ-
ences among and within age/sex classes (VARCOMP
procedure; SAS Institute Inc. 1988). The estimated
variance component was expressed as a proportion of
the total variation (Sokal and Rohlf 1981). Straney
(1978) provides a more complete description of esti-
mating variance components.

We calculated a generalized variance measure (de-
terminant of the variance-covariance matrix) for each
age/sex class to compare the overall variability in
wing shape among age/sex classes of juncos.

The relationship between wing shape and body
mass was evaluated by calculating Pearson’s corre-
lations (both across and within age/sex classes) be-
tween residual body mass and wing shape (as de-
scribed by PCA). The effect of residual body mass on
the ability of DFA to discriminate wing-shape differ-
ences among age/sex classes was assessed by analysis
of covariance (ANCOVA). All statistical analyses were
conducted with SAS (SAS Institute Inc. 1988).

Univariate analyses.— Age/sex classes of jun-
cos differed significantly in wing length and
primary distances. Adults” wings and primary
distances were significantly longer—both prox-
imal (P1-P5) and distal (P§-P9) to the wing tip—
than immatures’ (Table 1). Males’ wings and
proximal primary distances were significantly
longer than females’ (Table 1). With the excep-
tion of P5 (F = 5.89, df = 1, 537, P = 0.015),
there were no significant interactions between
age and sex.

The location of the wing tip (i.e. the longest
primaries) differed significantly between ages
(G = 48.18, df = 3, P < 0.001), but not sexes (G
= 0.81, df = 3, NS). Among immatures, primary
7 was the most common wing-tip location.
Adults were more likely to include primary 6
in the wing tip (Fig. 1).

Multivariate analyses. —MANOVA indicated
that there were significant overall differences
in wing shape between ages (Wilks’ lambda =
0.651, P < 0.001) and sexes (Wilks’ lambda =
0.299, P < 0.001) of juncos.

Canonical discriminant analysis described two
significant canonical axes (Table 2). These linear
combinations of the original variables account-
ed for >99% of the between-group (i.e. among
age/sex class) variation in wing shape (Table
2). The first axis (CAN1) was correlated highly
with wing length and primary distances prox-
imal to the wing tip. The second axis (CAN2)
was correlated primarily with distal primary
distances (P8-P9). Plotting the location of the
four age/sex classes in the space defined by the
discriminant axes (Fig. 2) provided a character-
ization of wing-shape differences among jun-
cos. CAN1 discriminated primarily between
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Fig. 1. Percent frequency of alternative wing-tip
placements (position of the longest primary) in adult
and immature Dark-eyed Juncos.

sexes, reflecting longer wings and greater prox-
imal primary distances (P1-P5) in males. CAN2
discriminated primarily between ages, reflect-
ing longer distal primary distances in adults.
Nevertheless, ages and sexes differed signifi-
cantly along both canonical axes (ANOVA, P <
0.05).

The first two PC components (Table 3) to-
gether accounted for 73.6% of the total variation
in wing shape and expressed similar intervari-
able relationships to those described by DFA.
PC1 (similar to CAN1) was an axis of increasing
wing length and proximal primary distances.
PC2 was highly correlated to distal primary dis-
tances (as was CAN2) but differed from CAN2
in its relationship to other variables. PC3 ac-
counted for 10.3% of the variation in wing shape
and represented something of an inverse rela-
tionship between wing length and P4-P5.

We estimated the variance in PC scores due
to wing-shape differences among and within
age/sex classes (Table 4). For each PC compo-
nent, a large proportion of the variation was
due to wing-shape differences within age/sex
classes (42-87% of the variation in a given com-
ponent; Table 4). Despite significant differences
among age/sex classes, wing shape appeared to
be variable among individuals of a given age
and sex. The variation described by PC1 had a
large among-group component, but PC2 and
PC3 were dominated by within-group varia-
tion.

The natural logarithm of the generalized
variance measure indicated slightly greater
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TaBLE 2. Canonical discriminant analysis of wing-
shape differences among age/sex classes of the Dark-
eyed Junco (n = 540).

Total canonical structure

Variable CAN1 CAN2
Wing length 0.995 0.035
Pl 0.719 0.191
P2 0.713 0.186
P3 0.651 0.406
P4 0.403 0.459
P5 0.208 0.228
P8 0.117 0.583
P9 0.180 0.731
Canonical correlation 0.861 0.501
Approximate F 48.97 12.39
P <0.001 <0.001

overall variation in adult males (—48.11) and
adult females (—50.96) than in immature males
(—53.78) and immature females (—52.94).

Relationship between wing shape and body mass.—
Residual body mass differed significantly be-
tween sexes (F = 293.09,df = 1, 537, P < 0.001),
but not ages (F = 0.04, NS). Male juncos were
significantly heavier than females. There were
also significant correlations between wing shape
(as described by PC scores) and residual body
mass across age/sex classes (Table 5). However,
with the exceptions of PCI in adult and im-
mature females and PC2 in immature males,
there were no significant correlations between
residual body mass and wing shape within age/
sex classes. A regression of the canonical axis
scores of the four age/sex classes on residual
body mass produced homogeneous slopes
(CANI1: F =211, df = 3,528, P = 0.098; CAN2:
F=0.52, P =0.667). The common-slope regres-
sion lines for the four age/sex classes differed
significantly in elevation (CAN1: F = 284.93, df
= 3,531, P < 0.001; CAN2: F = 57.88, P < 0.001).
Thus, the discriminant axes still provided sig-
nificant discrimination among age/sex classes
(with no change in the relative position of group
means along these axes) even after accounting
for differences in residual body mass (AN-
COVA).

DisCUSSION

Wing shape and differential migration.—Based on
wing-shape comparisons among and within a
variety of species, longer migration appears to
favor relatively longer wings, a distal shift in



494

MULVIHILL AND CHANDLER

[Auk, Vol. 107

CAN2
AD 9 1.0
O -
10 10 CAN1
IMM @
IMM d
-1.0 Q

Fig.2. Wing-shape differences among age/sex classes of Dark-eyed Juncos as described by 95% confidence
ellipses for the two canonical axes. Wing-shape diagrams represent the relative position of the primaries for

individuals at the extreme of each canonical axis.

the wing tip, increased primary distances prox-
imal to the wing tip, and a reduction of primary
distances distal to the wing tip (Palmer 1900;
Chapman 1940; Kipp 1942, 1958; Dorst 1962;
Stegmann 1962; Gaston 1974). These traits pro-
duce a wing shape that is thought to provide
faster, more energy-efficient flight (Savile 1957,
Norberg 1981, Hedenstrom and Pettersson
1986). The wing-shape differences among age/
sex classes of Dark-eyed Juncos are not consis-
tent with these generalizations.

Although female juncos migrate, on average,
approximately 1,000 km farther each year than
their male counterparts (Ketterson and No-
lan 1976, 1983), they do not possess the wing
shape usually associated with longer migra-
tions. Compared with males, females have
shorter wings and proximal primary distances,
their wing tips are not shifted distally, and they
do not have shorter distal primary distances
(Table 1). These differences persist even after
accounting for body-size differences. Differ-
ential migration between junco age classes is
less pronounced than between the sexes (Ket-
terson and Nolan 1983, 1985), but adults (par-
ticularly females) appear to migrate farther than
immatures. Adults’ wings are longer and more

pointed in some respects (longer proximal pri-
mary distances) but not in others (wing-tip
placement and distal primary distances).

If wing shape is fine-tuned (i.e. linearly re-
lated; Fig. 3B) to distance migrated in Dark-eyed
Juncos, the migratory differential among age/
sex classes should have been sufficient to detect
such a relationship (cf. Gaston 1974). It is pos-
sible that a more complicated “threshold” re-
lationship exists between wing shape and dis-

TABLE 3. Principal components analysis of wing
shape in Dark-eyed Juncos (n = 540).

Factor loadings

Variable PC1 PC2 PC3
Wing length 0.739 0.180 —0.491
P1 0910 -—0.012 -—0.218
P2 0917 —0.008 —0.160
P3 0.947 —0.052 —0.016
P4 0.841 -0.170 0.333
P5 0.661 —0.316 0.567
P8 0.109 0.853 0.177
P9 0.238 0.816 0.207
Eigenvalue 4.41 1.56 0.82
% Variance explained 54.07 19.48 10.27
Cumulative variance  54.07 73.55 83.82
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TaBLE 4. Proportion of variation in wing shape (as
described by PC scores) attributable to variation
among and within age/sex classes.

PC1 PC2 PC3
Among age/sex classes 0.579 0.127 0.344
Within age/sex classes 0.421 0873 0.655

tance migrated in juncos. The wing shape of
migrants may differ dramatically from nonmi-
grants (Fig. 3A) or wing-shape differences may
be apparent only in juncos that migrate very
long distances (Fig. 3C). In either case, there
would be little correlation between wing
“pointedness” and distance migrated among
short-distance and medium-distance migrants.
Juncos of known geographic origin and rep-
resenting a wider gradient of migratory effort
are needed to evaluate completely the possible
alternative relationships between wing shape
and distance migrated in this species. We are
currently studying wing shape in a nonmigra-
tory population of juncos.

Because longer migration can be accom-
plished by an increase in either distance per
flight or the number of migratory flights, wing
shape may be related to migration in unex-
pected ways. Ketterson and Nolan (1982) sug-
gest that a greater number of stopovers at un-
familiar sites, not distance migrated per se,
results in an increased risk of mortality (e.g. via
predation) to juncos that migrate longer dis-
tances. If so, selection might act on wing shape
primarily through differential mortality during
stopovers. Females winter farther south than
males and may spend a greater proportion of
their time at unfamiliar stopover sites. Shorter,
rounder wings give the highly maneuverable
flight (Savile 1957, Alatalo et al. 1984) that may
be advantageous to females under these circum-
stances.

Immature juncos migrate shorter distances on
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Fig. 3. Possible intraspecific relationships be-
tween wing “pointedness” and distance migrated.

average than adults, but, in general, young birds
are thought to spend more time exploring un-
familiar migration corridors than adults (Baker
1978). Longer stopovers, together with inex-
perience (Sullivan 1988, 1989) and behavioral
subordination to adults (Ketterson 1979), may
make young juncos more susceptible to preda-
tion than adults. The maneuverability provided
by short wings may be especially important in
immatures, both during migratory stopovers and
at other times (Alatalo et al. 1984). Alternative-
ly, young birds may simply be constrained from
growing wings that are as long as adults of the
same sex by the necessary partitioning of re-
sources among concurrently growing remiges
(e.g. Slagsvold 1982). If so, then the wing-shape
differences independent of wing length
(“pointed” wing traits such as distally shifted
wing tip and shorter distal primary distances)
might be viewed as adaptive compensation for
shorter, otherwise less-pointed wings.
Presumably, factors other than migration
contribute substantially to wing-shape differ-

TaBLE 5. Pearson’s correlations between wing shape (as described by PC scores) and residual body mass
across and within age/sex classes of Dark-eyed Juncos (* = P < 0.05, ** = P < 0.01, *** = P < 0.001).

PC1 PC2 PC3
Across-groups 0.372%** 0.087* —0.377***
Within-groups
Adult males —0.024 —0.016 —0.060
Adult females 0.203* 0.057 —0.007
Immature males —-0.127 0.292** —-0.201
Immature females 0.209* 0.058 —-0.170
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ences among the age/sex classes of juncos. For
example, the intersexual differences in wing
shape described by CAN1 (increasing wing
length and proximal primary distances; Fig. 2)
could be the result of selection for larger body
size in males. Longer wings in male juncos,
achieved by disproportionate lengthening of the
distal relative to the proximal primaries, would
be a possible outcome of such selection because
of allometric scaling between wing length and
body mass (Pennycuick 1975, Norberg 1981,
Rayner 1988). We found that higher scores for
males on CANI1 persist, even after compensat-
ing for intersexual differences in residual body
mass. In addition to a possible relationship to
body mass, wing-shape differences between the
sexes may be shaped by the need for early ar-
rival on the breeding grounds by males (Ket-
terson and Nolan 1976, Myers 1981, Heden-
strom and Pettersson 1986), by social-dominance
interactions (Ketterson and Nolan 1976, Ket-
terson 1979), or by sex-specific behavioral dif-
ferences other than distance migrated (e.g. nest
defense; Breitwisch 1988).

In the absence of a detailed understanding of
how specific wing-shape changes affect the
aerodynamic performance of a small passerine
wing, our suggestions remain tentative. How-
ever, the fact that age/sex classes of juncos differ
in wing shape highlights the importance of dis-
tinguishing these groups in studies of wing-
shape variation (Tiainen and Hanski 1985,
Chandler and Mulvihill 1990).

Wing-shape variability. —Despite significant
differences among age/sex classes, components
of wing shape in juncos were variable among
individuals of given age and sex (Table 4). The
high within-group variation may indicate that
the migrant juncos we sampled arose from a
wide geographicarea. There is evidence, at least
for male juncos, that some of the variation in
wing shape among birds in our sample is due
to the presence of juncos from different geo-
graphic areas (Chandler and Mulvihill 1990).
This evidence was largely for variation in PC1
(Table 3). The patterns of migration by juncos
through southwestern Pennsylvania (Chandler
and Mulvihill 1990) provide little (PC2) or no
(PC3) evidence for geographic variation in oth-
er components of wing shape.

Until we have information about wing shape
from several populations across the breeding
range, it will remain unclear why wing shape
varies substantially within age/sex classes. At
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one extreme, this may be selectively mediated
variation that is adaptive for juncos from any
given geographic area. Alternatively, wing
shape may be subject to wide variation due to
the variable seasonal and environmental con-
ditions experienced by individuals at relatively
little selective cost. This would imply a range
of evolutionarily acceptable wing shapes in
Dark-eyed Juncos (Norberg 1981, Rayner 1988).

Generalized variance estimates indicate that
adults are more variable in wing shape than are
immatures. This probably is due to the fact that
all juncos beyond their first year were included
in our adult sample. If there is any tendency
for wing shape to continue to change with age
(as is sometimes true for wing length; Francis
and Wood 1989), then adults will be more vari-
able.

Intervariable relationships.—In addition to de-
scribing wing-shape variation between and
within age/sex classes, canonical discriminant
analysis and principal components analysis re-
vealed similar patterns of covariation among
the wing-shape variables. Wing length covaries
positively with the length of the proximal pri-
maries. Perhaps wing-length changes are the
result of a lengthening of distal (6-9) relative
to proximal (1-5) primaries. As the distal pri-
maries lengthen disproportionately, wing
length increases and the proximal primaries are
left progressively farther from the wing tip.
Variation in distal primary distances, including
position of the wing tip, were relatively inde-
pendent of the changes in wing length and
proximal primary distances. Thus, a set of traits
usually associated with longer migration is real-
ly two independent dimensions of shape that
do not covary among age/sex classes of juncos.
Attempts to measure a characteristic such as
“pointedness’ along a single dimension, when
it is really the result of two or more indepen-
dent dimensions of shape, will be misleading
and result in a loss of information about pat-
terns of wing-shape variation (Chandler and
Mulvihill 1988).

Wing shape and body mass.—Components of
wing shape are correlated significantly with re-
sidual body mass across age/sex classes of jun-
cos (Table 5). However, within an age/sex class,
significant correlations between wing shape and
body mass are rare (Table 5). The most notable
exception was that wing length and proximal
primary distances (PC1) covaried positively with
residual body mass in female juncos. Wing



July 1990]

length (a correlate of PC1) is usually assumed
to be related to lean body mass within age/sex
classes of juncos (Ketterson and Nolan 1983,
Nolan and Ketterson 1983). Apparently this is
true only within female age classes that migrate
through Powdermill. Not surprisingly, given
the general lack of within-class correlation be-
tween wing shape and mass, wing-shape dif-
ferences among age/sex classes persist even af-
ter compensating for residual body mass.

The lack of significant differences in resid-
ual body mass between ages suggests that the
wing-shape differences between ages will be
aerodynamically important (cf. Nolan and Ket-
terson 1983). The differences in wing length,
wing-tip placement, and distal primary dis-
tances between adult and immature juncos
should translate into different flight perfor-
mance, given the similarity in body mass be-
tween these groups. However, the specific aero-
dynamic consequences of these significant, but
small, wing-shape differences are unknown for
a small passerine wing.

Overall, our results are inconsistent with the
hypothesis that wing “pointedness” covaries
positively with distance migrated among age/
sex classes of the Dark-eyed Junco. This, to-
gether with the possibility that a counterintui-
tive (negative) relationship may exist, should
serve as a caution in framing generalizations
about the wing-shape traits that are favored by
longer migrations. We agree with Norberg
(1981) and Rayner (1988) that in studies of wing-
shape variation, the relative importance of many
flight-dependent activities needs to be consid-
ered, as do potential constraints on wing-shape
adaptation (Winkler and Leisler 1985, Rayner
1988). Finally, there is a need for laboratory
studies (e.g. via experimental manipulation of
wing shape) of how specific changes in wing
shape affect the aerodynamic properties of a
small passerine wing.
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