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Abstract. Two distinct and sympatric forms of Red Crossbill (Loxiu curvirostru) from 
breeding populations in Virginia and North Carolina were resolved using multivariate anal- 
ysis of vocalizations and morphology. Five characters were used to describe individually 
distinctive flight calls of 135 adults which were also measured for a set of nine bill and body 
size characters. Call notes were bimodal for two characters, and a principal components 
plot separated birds into two clusters based on call note shape. Univariate distributions of 
morphological data showed some weak bimodalities and higher coefficients of variation 
than other passerine bird populations. Distributions along multivariate first principal com- 
ponent axes from morphological data (sexes in separate analyses) were bimodal, dividing 
fully grown adults into two distinct bill and body size classes. The vocal and morphological 
multivariate clusterings of individuals were entirely congruent, but no univariate character 
in either data set could completely separate the two forms. The matrix correlations between 
vocal and morphological interindividual distances were 0.44 1 for males and 0.423 for 
females and were highly significant using Mantel tests. However, within each hypothetical 
cryptic species, vocal and morphological characteristics were uncorrelated, showing a lack 
of pattern in the sample beyond the division into two nonreducible clusters. Other vocal 
differences between the two forms are described, and observations of ecological differences 
are summarized. The type specimens representing the two names which have been applied 
to Appalachian crossbills, L. c. pusillu (Gloger 1834) and L. c. minor (Brehm 1845), were 
compared to birds of known vocalizations. The type of pusillu matched the larger Appa- 
lachian form, but the type of minor was smaller than all adult males in the sample. The 
taxonomic problem of L. curvirostru is discussed, and an argument is made in favor of the 
species level for the two Appalachian vocal and morphological forms. 

Key words: Morphometrics; cryptic species; bioacoustics; vocalizations; Red Crossbill; 
Loxia curvirostra; Carduelinae; multivariate analysis; sexual dimorphism. 

INTRODUCTION plained. Collections of breeding Red Crossbills 

The Red Crossbill (Loxia curvirostru) in North 
from some regions have included birds of di- 

America is known for its extreme variability in 
vergent morphologies (Jollie 1953, Kemper 1959, 

coloration and bill and body size. Strong philo- 
Monson and Phillips 1981, Dickerman 1987, 

patry and low dispersal would allow local differ- 
Payne 1987) questioning the division of the 

entiation of subspecies or populations, but Red 
complex into geographic subspecies. The Euro- 

Crossbills are nomadic with year-round breeding 
pean sibling species of red crossbill, L. scotica 

(McCabe and McCabe 1933, Bailey et al. 1953, 
and L. curvirostru, are extremely similar in mor- 

Bent 1968) suggesting the potential for high gene 
phology (Knox 1975, 1976) but differ in vocal- 

flow. The paradox of pronounced morphological 
izations (Nethersole-Thompson 1975). 

variation with strong dispersal has not been ex- 
This paper searches for cryptic species limits 

in a highly morphologically variable sample of 
crossbills from breeding populations in Virginia 

I Received 29 February 1988. Final acceptance 16 and North Carolina. Cryptic species of birds have 

May 1988. been resolved in other instances in which morph- 
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and morphological data sets were then directly 

specific vocalizations have been identified (see 
reviews by Selander [ 19711 and Payne [1986]). 

compared in a search for biological pattern. 

Morphologically similar species of birds, such as 
in Myiarchus (Lanyon 1978) Vidua (Payne 1973) 
and Empidonax (Stein 1958, 1963; Johnson 

METHODS 

1963) have invariably been shown to have dif- 
ferent vocalizations. The objectives of this study 

STUDY AREA AND FIELD METHODS 

were to obtain individually distinctive flight call 
sonograms from a sample of Red Crossbills from 
breeding areas in Virginia and North Carolina, 
and also capture and measure bill and body size 
characters for the same set of individuals. Vocal 

(17 adults, 36 juveniles) was captured at High- 
lands and a total of seven (one adult, six juve- 

MORPHOLOGICAL ANALYSIS 

niles) was captured on Roan Mountain. The re- 

The following morphological measurements were 

maining 156 (118 adults and 38 juveniles) were 
captured near Blacksburg. All were pooled into 

taken for each individual: body mass (MA, to 

a single data set. Evidence for breeding by cross- 
bills in this region included many observations 

the nearest 0.1 or 0.5 g); tarsus length (TR, pos- 

of adults feeding newly fledged young, adults 

terior surface of bent tibiotarsal/tarsometatarsal 

travelling as male-female pairs, females with in- 
cubation pitches, singing males, specimens with 
enlarged gonads, and the discovery of a nest (on 
Price Mountain) that fledged two young. 

I observed, tape recorded, and captured cross- 
bills in the southern Appalachian mountains from 
7 January 1983 to 3 July 1984. Most of the field- 
work was done near Blacksburg, Virginia (Brush 
Mountain, 790 m elevation; Poverty Hollow, 600 
m elevation; and Price Mountain, 750 m ele- 
vation). Additional fieldwork was done in High- 
lands, North Carolina (1,150 m elevation), 26- 
3 1 October and 19-21 November 1983, and on 
Roan Mountain, North Carolina (1,900 m ele- 
vation), 20-21 June 1984. Crossbills are highly 
specialized feeders on seeds within cones of many 
conifer species. The forests near Blacksburg were 
of mixed conifers and hardwoods, with Virginia 
pine (Pinus virginiana), pitch pine (P. rigida), 
table mountain pine (P. pungens), white pine (P. 
strobus), and hemlock (Tsuga spp.) predominat- 
ing among the conifers. At Highlands, white pine 
had a locally heavy cone crop in the late summer 
of 1983 which supported the breeding of cross- 
bills. The Roan Mountain site was in the red 
spruce (Picea rubens) and Fraser fir (Abiesfraseri) 
assemblage, but cone crops were poor during my 
fieldwork there. 

Crossbills were captured in mist nets using live 
crossbills as decoys and branches with pine cones 
as attractants. I remained vigilant at net sites and I 
recorded vocalizations in encounters between 
decoys and wild crossbills. Birds were sexed by 
plumage characters (according to Phillips 1977) 
and divided into two age classes: (1) juvenile (n 
= 80) possessing at least some streaked juvenal 
plumage, and (2) adult (n = 136) no streaked 
plumage. I assumed that all individuals classified 
as adults were fully grown. A total of 53 crossbills 

joint to distal edge of lowest scute on right leg); 
wing length (WG, chord, with the wing held 3- 
4 cm from the body); upper mandible length (LU, 
anterior edge of nostril to tip); bill depth (BD, 
compressed at a line perpendicular to anterior 
edge of nostril); upper mandible depth (DU, with 
bill open, at anterior edge of nostril); upper man- 
dible width (WU, between tomia, at anterior edge 
of nostril); lower mandible width (WL, at points 
where rami intersect the skin); and lower man- 
dible length (LL, juncture of rami to tip). All 
lengths were taken with dial calipers to the near- 
est 0.1 mm. 

VOCAL ANALYSIS 

Like other members of the Carduelinae, Red 
Crossbills have species-specific flight calls (Mun- 
dinger 1970, Newton 1973), which are given both 
in flight and while perched. In several species of 
breeding carduelines, flight calls are individually 
distinctive and are used in individual and mate 
recognition (Mundinger 1970, 1979; Marler and 
Mundinger 1975; Samson 1978). Because of their 
importance within the pair bond, flight calls may 
provide useful information in studies of near- 
species systematics, where reproductive behav- 
ior defines the species level (Mayr 1970). In this 
paper, I treated sonagraphic representations of 
flight calls as two-dimensional objects that could 
be measured in the same way as any other phe- 
notypic feature to provide quantitative data for 
use in numerical taxonomic analyses (Goldstein 
1978, Sparling and Williams 1978, Payne and 
Budde 1979, Johnson 1980, Miller 1986). 

I kept captured birds individually in small wire 
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cages and tape recorded them. Caged crossbills 
placed outdoors often gave bouts of flight calls 
at rates of up to five calls per second. Recordings 
were made on a Uher Report IC recorder at 9.5 
cm using either a Dan Gibson parabola and mi- 
crophone or a Uher cardioid microphone mount- 
ed in a Sony PBR-330 parabola. I usually stood 
about 5-l 5 m from calling birds while recording. 
Sonograms were prepared with a Kay Elemetrics 
Sona-Graph model 7029A at the 160-16,000 Hz 
analysis range with the wide band filter. Periodic 
checks were made of the rotor speed and fre- 
quency calibrations ofthe spectrograph, but vari- 
ations were minute. One clearly recorded flight 
call was selected to characterize each individual. 
From three to over 100 additional flight call 
sonograms were available for each individual to 
evaluate within-individual variation, but most 
of the variation within individuals appeared to 
be the result of “ghosting” of fine structural fea- 
tures due to depression ofrecording signal. Sono- 
grams of several individuals recorded both be- 
fore and after capture showed that captivity did 
not influence the structure of flight calls. Some 
juveniles gave only begging calls and others were 
less consistent than adults in the structure of flight 
calls; therefore, I used only adults in analyses 
described below, based on a set of five contin- 
uous ratio-scale variables (defined in Fig. 1). 
Measurements were made by first drawing thin 
pencil lines on the sonograms to delimit each 
character and then measuring with a clear plastic 
ruler and protractor. Measurement error would 
account for additional within-individual varia- 
tion, but this variation would be slight compared 
to the extensive variation among individuals. 

A total of 127 crossbills were given U.S. Fish 
and Wildlife Service bands and released; the re- 
mainder were kept for further behavioral obser- 
vations or prepared as specimens and deposited 
either in the Bailey-Law collection of Virginia 
Polytechnic Institute or the Museum of Verte- 
brate Zoology, University of California. 

STATISTICAL METHODS 

The search for cryptic species began with uni- 
variate histogram analysis and calculation of the 
coefficient of variation (CV) for each character. 
The CV is widely known as an indicator of ho- 
mogeneity of population samples, especially in 
birds (Mayr et al. 1953). 

The second approach consisted of numerical 
taxonomic methods (Sneath and Sokal 1973). 

8 ml msec 

FIGURE 1. Series of flight calls and illustration of 
the five vocal characters as follows: frequency range 
(FR, to nearest 0.1 kHz); initial component length (ICL, 
to nearest 1 mm); downward component duration 
(DCD, to nearest 0.1 mm and converted to millisec- 
onds by multiplying by 3.99); fundamental frequency 
(FF, at estimated strongest frequency, to nearest 0.1 
kHz); and main angle (AN, line drawn through central 
axis of downward component, to nearest 1”). 

Variables in each data set were first standardized 
to zero mean and unit variance to account for 
differences in magnitude and measurement units 
of characters. To search for possible clusters of 
individuals based on either call note structure or 
bill and body morphology, it was first essential 
to graphically portray the range of variation for 
each data set such that individuals would be sep- 
arated by the measured distances among them. 
Two separate measures of distance (one vocal, 
one morphological) were then calculated as the 
multivariate Euclidean distance in standardized 
characters between each pair of individuals. 
Eighty adult males and 55 adult females with 
complete data sets were used, providing 3,160 
pairwise comparisons for males and 1,485 for 
females. These distances were described graph- 
ically by two-dimensional principal components 
(PC) plots, and the qualities of the plots were 
assessed by the cophenetic correlation coefficient 
(rJ between the original Euclidean distances 
(measured) and the observed Euclidean distances 
in the two-dimensional plots. Since the variables 
were first standardized, PCs derived from cor- 
relation and covariance matrices were identical, 
and the results were also equivalent to PCs de- 
rived from correlation matrices of raw, unstan- 
dardized variables. PC analysis using the com- 
bined data set of 14 acoustic and morphological 
variables was also performed. 

All PC plots were drawn so that the variances 
in scores in each dimension were proportional 
to the eigenvalues (and percentages of explained 
variance), making distances between points in 
the plots (i.e., the observed distances) equivalent 
to Euclidean distances using the PC1 and PC2 
factor coordinates. This method avoids the dis- 
tortion that is created when PC plots are drawn 
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FIGURE 2. Frequency distributions for the five char- 
acters of flight call structural variation. FR, ICL, and 
FF are plotted in ranks as measured, DCD values were 
placed into categories of 2 msec, and AN values were 
placed into 5” categories. 

“square,” which often expands the observed dis- 
tances between points along PC2 relative to PC1 . 

Congruence between vocal and morphological 
data was assessed in two ways. First, clusterings 
in the separate vocal and morphological PC plots 
were compared visually. Second, the matrix cor- 
relation (TJ between vocal and morphological 
distances was calculated because this descriptor 
estimates how well a distance value in one data 
set predicts the distance value in the other data 
set for any pair of individuals. Matrix correla- 
tions were tested for significance using Mantel’s 
t statistic (Mantel 1967, Schnell et al. 1985). 

Although the presence of cryptic species was 
not assumed initially, the hypothetical cryptic 
species resolved in the study were analyzed in a 
second phase using the methods described above 
to test for further reducibility. After reduction, 
the phenotypic differences between groups were 
evaluated by analysis of variance (ANOVA) be- 
tween means and qualitative assessment of the 
range of overlap for each character. Discriminant 
function analysis (DFA) was performed to assess 
separability of the hypothetical cryptic species 
using morphological variables. 

Calculations were performed using SAS (SAS 
institute 1982), SPSS (Nie et al. 1975), NTSYS 
(Rohlf et al. 1980) and the GEOVAR computer 
program of D. M. Mallis and R. R. Sokal. 

TAXONOMIC ANALYSIS 

The names that have historically been applied 
to Appalachian crossbills are L. c. minor (Brehm 

TABLE 1. Correlations among vocal characters in the 
entire sample of Appalachian adults (n = 135). 

Variable DCD ICL FF FR 

ICL -0.71*** 
FF -0.38*** 0.28** 
FR -0.20* 0.31*** 
AN -0.23** 0.04 

‘P < 0.05, **p < 0.01, ***p < 0.001. 

o-14 - 
0.60 0.05 

1845) and L. c. pusillu (Gloger 1834). The type 
specimens representing these names were mea- 
sured and compared directly to Appalachian 
specimens. To account for differences between 
dried study skins and measurements of live birds, 
correction factors were calculated by measuring 
a set of 47 crossbills first as live birds and then 
1 year later as dried study skins. The differences 
between means for the characters were added to 
the measurements of the old types. 

RESULTS 

UNIVARIATE ANALYSIS OF 
VOCAL CHARACTERS 

Estimates of population variability in absolute 
frequency and temporal characters (comparable 
to FF and DCD in this study) have been made 
for vocalizations in other avian populations 
(summarized by Miller 1986). FF had a CV of 
6.07 and DCD had a CV of 23.73, placing the 
sample of Appalachian crossbills near the middle 
of the range of these other species. ICL (CV = 
111.56) and AN (CV = 38.93) were extremely 
variable, and FR (CV = 12.16) was moderately 
variable. Because FF had relatively less variation 
than the other four characters, it can be stated 
that most of the call note variability was in 
“shape” and not the positions of the calls in the 
vertical (frequency) dimension. 

Histograms show that DCD and ICL were 
strongly bimodal (Fig. 2). ICL was also discon- 
tinuous, with 68 of the 135 adults having flight 
calls completely lacking initial components, and 
the remaining 67 individuals having at least small 
initial components. The characters ICL and DCD 
were highly negatively correlated (Table 1) and 
gave nearly identical placement of individuals 
into modes. All individuals with ICLs greater 
than zero had DCDs less than 39.8 msec, and 
the birds with longer DCDs typically had ICLs 
of zero. The exceptions to a perfect agreement 
between ICL and DCD were four individuals 
with short DCDs and ICLs of zero. 
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TABLE 2. Correlations (factor loadings) between 
acoustic variables and the first two principal compo- 
nents, with percentages of variance explained by each 
axis. 

Variable 

FR 

DCD 
ICL 

ZI 
% variance 

PCI PC2 

0.464 -0.260 
-0.893 -0.085 

0.867 -0.178 
0.571 -0.063 
0.249 0.941 

43.0 19.9 

PATTERN OF CALL NOTE SIMILARITY 

A plot of the first two principal components was 
a good summary of the original Euclidean dis- 
tances among individuals (Fig. 3). Two major 
clouds of points resulted from strong bimodality 
along PCl, and this division reflects the strong 
negative correlation between the characters DCD 
and ICL which provided the basis for the high 
loadings of these characters on PC1 (Table 2). 
The calls (and thus, birds) were divisible at the 
PC1 value of about -0.070 into a cloud of 71 
birds on the right of the plot (Type 1) and 64 
birds on the left (Type 2). 

UNIVARIATE ANALYSIS OF 
MORPHOLOGICAL CHARACTERS 

Table 3 indicates the pronounced morphological 
variation within each sex. Wing and bill lengths 
are among the most commonly published mea- 
surements in surveys of avian population vari- 
ation, and the Appalachian sample was highly 
variable in comparison to other passerine bird 
populations (Fig. 4). 

Histograms of the morphological data are pre- 
sented in Figure 5. There were no outlying in- 
dividuals consistently different from the remain- 
der of the sample, and no discontinuities, 
revealing no obvious divisions between hypo- 
thetical cryptic species. Skewness was negative 
in six and positive in 12 of the 18 distributions, 
which is not significantly different from chance 
expectations if all had been drawn from normal 
populations (Sign Test [Snedecor and Cochran 
19651, x2 = 2.0, ns). For both males and females, 
each of the morphological variables except MA 
showed negative kurtosis (platykurtosis), which 
is greater than expected if all were drawn ran- 
domly from normal distributions (x2 = 10.89, P 
< 0.00 1). Additionally, seven of the 18 intrasex- 
ual morphological distributions (DU, WU, WL, 

FIGURE 3. Principal components plot based on flight 
call data on all adults. Outlines of call notes were traced 
from sonograms at the positions for each individual. 
Dashed line shows division between Type 1 (right) and 
Type 2 (left) vocal groups. Blackened notes represent 
Type 1 individuals lacking initial components. The r, 
between plot distances and original standardized vocal 
Euclidean distances = 0.842. 

and TR in males and BD, DU, and WU in fe- 
males) were significantly different (at P < 0.05) 
from normally distributed as indicated by Kol- 
mogorov-Smirnov tests using the t distribution 
as the null model, and this is greater than the 
number of nonnormal distributions expected by 
chance (x2 = 41.32, P -C 0.00 1) if all distributions 
were drawn from normal populations. A com- 
bination of high CV values and platykurtosis has 
been described by Grant et al. (1985) for some 
Geospiza populations, but these and the Appa- 
lachian crossbills were not typical of other song- 
bird populations. 

PATTERN OF MORPHOLOGICAL 
SIMILARITY 

Of the 36 morphological character correlations 
within each sex, all were positive and highly sig- 

TABLE 3. Coefficients of variation (CVs) for mor- 
phological measurements on adults in Appalachian 
crossbills. 

Variable Males Females 

MA 7.06 9.11 
TR 3.72 4.23 
WG 3.28 3.02 
LU 6.55 5.63 
BD 5.10 4.56 
DU 4.87 4.48 
wu 6.25 6.14 
WL 5.70 5.40 
LL 6.62 5.70 
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FIGURE 4. Morphological variability within popu- 
lations of passerine birds. Dots = estimates for within- 
population CVs (males only) in wing and bill length 
for different species using values from a representative 
single population or mean CV for more than one pop- 
ulation; star = Appalachian sample (adult males). 
Species, numbers of populations (wing, bill length) and 
literature sources are as follows: 1) Zonotrichia leu- 
cophrys (20, 20) Banks 1964; 2) Empidonax dijicilis 
(30, 30), 3) E. flavescens (7, 6), 4) E. hammondi (10, 
11) Johnson 1980; 5) E. oberholseri( 1, 1); 6) E. wrightii 
(1, 1) Johnson 1963; 7) Curpoducus mexicanus (9, 9) 
Power 1983; 8) Curduelis spinus (1, 1) Sellers 1986; 9) 
Passerella iliaca (3 1,3 1) Zink 1986; 10) Icterus galbula 
(48, 48) Rising 1970; 11) Campylorhynchus rufnucha 
(9, 9), 12) C. guluris (3, 3), 13) C. zonatus (7, 7), 14) 
C. megalopterus (2, 2) Selander 1964; 15) Geospiza 
magnirostris (5, S), 16) G. fortis (9,9), 17) G. filiginosa 
(11, 1 l), 18) G. u’ijicilis (6, 6), 19) Pinaroloxius inor- 
nata (1, l), 20) Cumarhynchus crussirostris (6, 6), 2 1) 
C. psittacula (4,4), 22) C. par&us (6,6), 23) C. pallidus 
(5, 5), 24) Certhideu olivuceu (12, 12) Lack 1947; 25) 
Pinicola enucleator (6, 6) Adkisson 1977; 26) Melo- 
spiza melodia (1, 1) Smith and Zach 1979; 27) Loxia 
scoticu (1, l), 28) L. pityopsittacus (1, l), 29) L. cur- 
virostru (3,3) Knox 1976; 30) Junco hyemalis (13, 13), 
31) J. phaeonotus (4, 4), 32) J. vulcani (1, 1) Miller 
1941; 33) Purus gambeli (7, 7) Behle 1956; 34) Sitta 
pygmaeu (23,23), 35) S. pusillu (8,8) Norris 1958; 36) 
Pyrenestes ostrinus (1, 1) Smith 1987; 37) Loxia leu- 
copter-a (this study: sample ofall adult males from Alas- 
ka and Yukon Territory [n = 301 in the Museum of 
Vertebrate Zoology). “Population” samples ranged from 
single localities (e.g., Rising 1970) to broad areas in- 
cluding entire species or subspecies (e.g., Johnson 1963, 
Adkisson 1977). 

FIGURE 5. Frequency distributions for morpholog- 
ical characters. Males are stacked above scale and fe- 
males below for each character. BD, DU, WU, and WL 
are plotted in ranks as measured, MA values were placed 
into 1 -g categories, TR, LU, and LL values were placed 
in 0.2-mm categories, and WG values into l-mm cat- 
egories. 

nificant (Table 4). These high correlations indi- 
cate that when considering the entire sample, 
individuals varied in a manner consistent with 
differentiation in overall size. Other populations 
of birds generally have lower character correla- 
tions (Selander and Johnston 1967, Adkisson 
1977) but few works have published correlations 
among study skin measurements within songbird 
populations that could provide a more substan- 
tial basis for comparison. 

With these strong positive correlations, the 
morphological PC 1 s for both sexes accounted for 
large fractions of the total measured variance. 
All nine characters loaded positively and nearly 
equally on the PCls, indicating that the vectors 
summarized overall “size” or “bill and body size” 
(Table 5). Furthermore, the distributions (by sex) 
of PC1 scores were bimodal (Fig. 6), reflecting 
an unexpected deficiency of medium-sized birds. 
A division into “small” and “large” forms along 
the PC1 axes seemed appropriate, but the exact 
cut-off values would be arbitrary due to lack of 
large discontinuities. Two-dimensional PC plots 
not including PC1 (not shown) showed no ob- 
vious group structures and were poor reflections 
of original interindividual Euclidean distances. 
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1 2 PC1° 2 1 

FIGURE 6. Principal components ordinations of the 
morphological data for (A) males, and (B) females. 
Factor loadings for the two plots were very similar 
(Table 5). Outlines of flight call sonograms were traced 
at the positions of individuals, and blackened individ- 
uals are Type 1 birds lacking initial components in 
their flight calls. The r,s between distances among points 
in the PC plots and original standardized morpholog- 
ical Euclidean distances = 0.972 for males and 0.96 1 
for female, indicating that these plots are excellent rep- 
resentations of original Euclidean distances in mor- 
phology. 

INTEGRATION OF VOCAL AND 
MORPHOLOGICAL DATA 

Concordance of morphological and vocal char- 
acters is one way of identifying limits between 
closely related species (Lijhrl 1963, Lanyon 1969). 
Both vocal and morphological PC1 scores were 
indicators of the placement of individuals into 
hypothetical cryptic species (see above), and Ta- 
ble 6 shows that for both sexes the correlation 
between vocal and morphological PC 1 scores was 

TABLE 5. Correlations (factor loadings) between 
morphological variables and the first two principal 
components with percentages of total variance ex- 
plained by each axis. 

Variable 

M&S FelXilC3 

PC1 PC2 PC1 PC2 

MA 
TR 
WG 
LU 
BD 
DU 
wu 
WL 
LL 
% vari- 

ance 

0.746 0.338 0.756 0.262 
0.794 0.224 0.763 0.211 
0.739 0.453 0.682 0.641 
0.878 -0.024 0.866 -0.031 
0.929 -0.245 0.905 -0.229 
0.916 -0.235 0.888 -0.287 
0.895 -0.130 0.884 -0.155 
0.849 -0.304 0.854 -0.228 
0.832 0.088 0.816 -0.030 

71.3 6.7 68.4 8.2 

highly significant, revealing congruence between 
the two data sets. Table 6 also shows that inter- 
individual distances in flight call structure and 
morphology were positively correlated at a level 
which is highly significant using the test of Man- 
tel. These comparisons show that vocalizations 
and morphology were congruent-in the sample, 
but do not in themselves reveal any discontinu- 
ities betweeen taxa. 

With call notes illustrated as data points in the 
morphological PC ordinations (Fig. 6) it is pos- 
sible to use both sets of characters in forming 
hypotheses about taxonomic structure. The Type 
1 and Type 2 vocal subgroups did not intersect 
in the morphological PC plots and were sepa- 
rated along the PC 1 axes, showingthat the mor- 
phological difference between the groups was 
mainly based on bill and body size. Discriminant 
function analyses (DFAs) using the multivariate 
Type l/Type 2 division as the grouping variable 
(not shown) produced functions (sexes in sepa- 
rate analyses) separating the vocal groups with 

TABLE 4. Product-moment correlations between morphological variables for the entire sample ofAppalachian 
adult crossbills. Values for females above diagonal; males below. All values are significant at P < 0.00 1. 

MA TR WG LU BD DU wu WL LL 

MA - 0.63 0.54 0.56 0.63 0.59 0.62 0.61 TR 0.59 - 0.54 0.55 0.65 0.65 0.67 0.55 Z 
WG 0.55 0.57 

0.58 
0.60 0.49 0.46 0.48 0.47 0:61 

LU 0.58 0.63 
0.76 

0.73 0.73 0.77 0.71 0.76 
BD 0.66 0.67 0.66 

0.95 
0.92 0.78 0.76 0.68 

DU 0.65 0.67 0.65 0.75 
0.82 

0.77 0.78 0.64 
wu 0.63 0.64 0.63 0.78 0.85 - 0.74 0.69 
WL 0.51 0.62 0.51 0.70 0.81 0.79 0.74 0.70 
LL 0.56 0.66 0.56 0.81 0.70 0.67 0.65 0.67 - 
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TABLE 6. Multivariate correlations between vocalizations and morphology. 

Sample 
PC1 scorw Distance matric& 

I (r-J t-value’ 

All males -0.8 11*** 0.429 1.5.511*** 
All females -0.881*** 0.44 1 9.375*** 
Type 1 males 0.201 -0.123 -1.458 
Type 1 females -0.301 -0.019 -0.174 
Type 2 males 0.091 0.015 0.194 
Type 2 females -0.398 0.156 1.282 

a Product-moment correlation coefficients between morphological and vocal PC1 scores. 
b Comparisons of original standardized Euclidean vocal and morphological distance matrices within the indicated samples. 
D Student’s t-distribution, values from Mantel tests. 
***p < 0.001. 

100% correct classification using morphological 
variables. Additionally, PCA using the com- 
bined total of 14 morphological and vocal char- 
acters in a single data set clearly resolved two 
groups of males and two groups of females with 
substantial discontinuities between them in the 
PCl/PC2 plot (not shown; this clustering was 
concordant with the separate multivariate call 
note and size class groupings). These analyses 
showed a morphological, size-based division be- 
tween two distinctive vocal types of crossbill. 

COMPARISON OF TWO CRYPTIC SPECIES 
OF RED CROSSBILL 

The two forms of crossbill resolved in the above 
analyses were delimited on the basis of flight call 
note structure. Table 7 shows the univariate 
comparisons for the five vocal characters used 
in this study. AN was not important in distin- 
guishing the two forms. All but four of the Type 
1 calls had at least a small initial component, 
and all Type 2 calls lacked an initial component. 
DCD also differed greatly between the two forms. 
The shorter duration of Type 1 calls gave them 
a harsher, more attenuate “chip” compared to 
the slightly tonal “choop” of Type 2. Type 1 calls 
averaged slightly higher in pitch (as measured by 
FF) and greater in FR than Type 2. 

Type 2 birds averaged 4-l 2% larger than Type 
1 birds of the same sex for the nine morpholog- 
ical characters, and the differences between means 
were highly significant (Table 8). With respect to 
bill length, the difference between the two forms 
was in the low range for other congeneric and 
sympatric avian species (Hutchinson 1959, 
Schoener 1965). Within each sex, Type 1 and 
Type 2 samples overlapped in each character, 
explaining the continuity and apparent near-nor- 
mality in most morphological characters when 
birds were pooled. 

PATTERNS WITHIN CROSSBILL FORMS 

Males were slightly larger than females within 
each form (Table 9). WG showed the highest 
significance of difference between sexes in both 
forms as is typical for songbirds (Amadon 1959), 
but males also had significantly longer upper 
mandibles in both forms, which is in contrast to 
the findings of Grant et al. (1985) for Geospiza 
and Selander and Johnston (1967) for Passer do- 
mesticus, for which sexual dimorphism in bill 
length was less than other morphological char- 
acters. Otherwise, after division into flight call 
groups, each form had a typical level of sexual 
dimorphism. 

TABLE 7. Descriptive statistics and ANOVAs for differences in flight call characters between Type 1 and Type 
2 crossbills. See Figure 1 for measurement units for each character. 

Variable 
Type 1 (n = 71) Type 2 (n = 64) 

R cv Min Max + cv Min Max F-ratio- 

FR 3.15 11.33 2.1 4.1 2.90 11.72 2.2 3.7 16.40*** 
ICL 9.2 42.21 0 0 0 0 358.0*** 
DCD 32.12 10.64 26.3 :;.9 49.56 :96 39.9 60.2 661.7*** 

FN 34.5 3.76 43.87 5.91 3.2 3 69 4.2 31.5 3.58 30.69 5107 0 3.1 47 4.1 27.01*** 1.810 

‘ANOVA,df= 1, 133 
***p < 0.001. 
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TABLE 8. Descriptive statistics and ANOVA between means of the morphological characters for the two 
Appalachian crossbill forms. 

Variable 

M&S 

Type 1 (n = 39) Type 2 (n = 41) 

K cv Min MU 2 cv Min MU % diff: F-r&i@ 

MA 30.49 5.81 25.8 34.5 33.09 5.76 29.0 38.5 
TR 19.16 2.94 18.0 20.4 20.14 2.65 18.8 21.3 
WG 89.41 2.61 83.8 95.4 93.52 2.19 89.5 97.5 
LU 14.49 4.35 13.3 15.7 16.11 3.43 14.9 17.5 
BD 8.80 2.91 8.3 9.4 9.59 2.70 9.1 10.0 
DU 5.08 2.52 4.8 5.4 5.50 2.90 5.2 5.8 
wu 6.46 3.48 6.0 7.0 7.17 3.48 6.7 7.8 
WL 9.81 3.06 9.1 10.4 10.78 3.25 10.0 11.6 
LL 11.32 4.86 10.5 12.9 12.48 4.14 11.5 13.5 

Variable R 

Type I (n = 32) 

cv Min Max 

Females 

Type 2 (n = 23) 

f cv Min 

8.53 
5.11 
4.60 

11.18 
8.98 
8.27 

10.99 
9.89 

10.25 

MU % diff: 

39.8*** 
62.9*** 
70.3*** 

149.5*** 
185.1*** 
17 1.7*** 
176.3*** 
176.6*** 
94.9*** 

F-rati@ 

MA 29.21 
TR 18.90 
WG 86.64 
LU 14.17 
BD 8.73 
DU 5.05 
wu 6.42 
WL 9.78 
LL 11.12 

7.44 24.5 
2.98 17.3 
2.62 82.1 
3.61 12.9 
2.72 8.3 
2.41 4.8 
3.26 6.0 
3.26 8.9 
4.04 10.3 

35.1 32.72 6.85 30.2 38.5 12.02 34.0*** 
20.3 20.03 3.30 18.0 21.0 5.98 46.2*** 
90.3 90.09 1.86 85.8 92.5 4.60 38.1*** 
15.0 15.51 3.10 14.6 16.3 9.46 96.7*** 
9.2 9.38 2.89 8.8 9.9 7.45 90.5*** 
5.3 5.42 3.19 5.1 5.7 7.33 86.1*** 
6.9 7.14 2.79 6.8 7.6 11.22 165.5*** 

10.3 10.65 3.38 9.8 11.5 8.90 90.1*** 
12.4 12.08 3.78 11.3 13.2 8.63 60.6*** 

- Expressed as a percentage 
b ANOVA, df = I, 78. 
CANOVA, df = I, 53. 
***p < 0.001. 

of the smaller form (Type 1). 

The question of residual pattern and substruc- 
ture was assayed to assess the discreteness of the 
two hypothetical taxa. The set of 36 univariate 
morphological distributions within the four 
subgroups showed no significant tendencies for 
direction of skewness or kurtosis (Sign Tests). 
Deviations from normality (at P < 0.05) using 
the test of Shapiro and Wilks (1965) occurred in 
only four distributions, which is not different from 
the number expected by chance if all were drawn 
from normal populations. Within each taxon, the 
CVs for morphological characters (see Table 8) 
were like most passerine populations (Fig. 4) in 
contrast to the analysis of the entire sample of 
Appalachian males. 

The correlations between vocal characters 
within the two call types (Table 10) did not re- 
semble those when call types were pooled (Table 
1). Type 1 calls with short ICLs were not nec- 
essarily long in DCD, so Type 1 birds could not 
be perfectly ordered as more or less Type 2-like 
in these two distinguishing characters. The strong 
positive correlation between FR and DCD in 
Type 2 calls suggests variation related to “size” 

of call notes for this form, but the biological 
meaning of this is unclear. Because correlations 
in vocal characters within the two forms were 
generally low, no combination of any two PCs 
within each form explained more than 55% of 
the variation, all two-dimensional PC plots (none 

TABLE 9. Sexual dimorphism in morphological 
characters within each of two forms of Appalachian 
crossbill. 

TYPO 1 Type 2 

% diff.’ F-V&X+ % diff: F-VdW 

MA 4.38 
TR 1.38 
WG 3.20 
LU 2.26 
BD 0.80 
DU 0.59 
wu 0.62 
WL 0.31 
LL 1.80 

7.45** 1.13 0.48 
3.78 0.55 0.53 

25.33*** 3.31 46.77*** 
5.40* 3.87 18.94*** 
1.59 2.24 8.77** 
0.78 1.48 3.76 
0.66 0.42 0.20 
1.22 1.22 2.07 
2.94 3.31 9.92** 

a Expressed as a percentage of the smaller (female) mean 
b ANOVA, df = lj69. 
e ANOVA, df = I, 62. 
*P < 0.05, ** P < 0.01, *** P < 0.001. 
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TABLE 10. Product-moment correlation coefficients between flight call characters within two forms ofcrossbill. 
Matrix for Type 1 birds (n = 71) above diagonal; matrix for Type 2 (n = 64) below. 

DCD ICL FF FR AN 

DCD - 0.07 0.07 0.04 -0.28* 
ICL 0.00 -0.19 0.07 -0.15 
FF -0.08 0.00 - -0.14 0.01 
FR 0.49*** 0.00 0.20 
AN -0.35** 0.00 0.02 0.00 

0.02 
- 

*P < 0.05, **P < 0.01, *** P < 0.001. 

shown) were poor reflections of measured vocal 
Euclidean distances, and none revealed obvious 
subgroup structure. 

Compared to correlations among morpholog- 
ical characters in the entire Appalachian sample 
(Table 4), those within the separate forms were 
far reduced (Table 11). For example, within a 
call type, birds with long upper mandibles showed 
only weak and nonsignificant tendencies to have 
long wings. The few strong positive correlations, 
like between BD and DU in all four matrices, 
were usually explainable as measurement of the 
nearly the same feature. Like the within-group 
vocal PCAs (above), the within-group morpho- 
logical PC plots (none shown) were poor reflec- 
tions of measured interindividual Euclidean dis- 
tances and showed no obvious clusterings. 

Hybrid songbirds may be intermediate in both 
vocalizations and morphology (e.g., Robbins et 

al. 1986). If the two forms of crossbill found in 
this study were intergrading, it may be expected 
that some individuals would be intermediate in 
both data sets; inversely, those most unlike the 
opposing taxon in morphology (i.e., the smallest 
and largest) would also be farthest from vocal 
intermediacy. PC1 scores for both data sets in 
the analyses when all birds were pooled mea- 
sured relative intermediacy in both data sets, but 
were uncorrelated within each of the four 
subgroups (Table 6), giving no support to the 
hypothesis ofhybridization between these forms. 
Additionally, standardized Euclidean distances 
between individuals in vocalizations and mor- 
phology showed no significant matrix correla- 
tions within subgroups (Table 6). In other words, 
flight call structure predicted nothing about mor- 
phology beyond random placement within the 
morphotypic range of a vocal type. 

TABLE 11. Product-moment correlation between morphological variables within two cryptic species of cross- 
bill. For each matrix, females above diagonal; males below. See Table 8 for sample sizes. 

MA TR WG LU BD DU WU WL LL 

MA 
TR 
WG 
LU 
BD 
DU 
wu 
WL 
LL 

MA 
TR 
WG 
LU 
BD 
DU 
wu 
WL 
LL 

0.22 
0.31 
0.17 
0.36* 
0.15 
0.29 
0.09 
0.29 

0.44** 
0.18 
0.30 
0.41** 
0.51*** 
0.33* 
0.02 
0.17 

0.35 
- 

0.25 
0.32* 
0.25 
0.22 
0.36* 
0.27 
0.56*** 

0.36 
- 

0.18 
0.08 
0.29 
0.32* 
0.05 
0.07 
0.10 

0.13 
0.20 

- 
0.17 
0.36* 
0.15 
0.29 
0.09 
0.29 

0.43* 
0.16 

0.16 
-0.04 

0.15 

0.30 
0.26 
0.27 
0.20 
0.58*** 

0.02 
0.05 
0.20 

- 
0.21 
0.25 
0.40* 

-0.03 
0.49** 

Type 1 
0.33 0.16 
0.19 0.09 

-0.11 -0.16 
0.26 0.27 

0.82*** 
0.72*** 

0.61*** 0.51*** 
0.34* 0.29 
0.24 0.20 

Type 2 
0.24 0.24 
0.32 0.37 
0.07 -0.04 
0.27 0.29 

0.87*** 
0.85*** 

0.42** 0.38* 
0.42** 0.35* 
0.21 0.12 

0.25 
0.08 

-0.31 
0.24 
0.27 
0.09 

0.28 
0.27 

0.13 
0.37 

-0.04 
0.20 
0.37 
0.46* 
- 

0.08 
-0.10 

0.23 -0.01 
-0.01 -0.22 
-0.10 0.41* 

0.38* 0.49** 
0.33 0.17 
0.45** 0.01 
0.23 0.17 

0.14 0.22 - 

0.23 0.17 
0.03 0.16 

-0.11 0.01 
-0.07 0.33 

0.36 0.34 
0.37 0.28 
0.06 0.18 

0.35 
0.16 - 
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ADDITIONAL VOCAL EVIDENCE 

Red Crossbills have a repertoire of distinctive, 
nongraded (Miller 1979, Morton 1982) calls like 
other cardueline finches (Mulligan and Olsen 
1969, Coutlee 197 1, Marler and Mundinger 1975, 
Adkisson 198 l), and other species of Loxia 
(Nethersole-Thompson 1975, Mundinger 1979). 
The alarm call (Fig. 7) was given during handling, 
disturbance, or when hawks flew over. Of the 
captured adults recorded giving alarm calls, the 
Type 1 birds (n = 5) gave alarm calls consistently 
of longer duration, higher absolute frequency, 
and purer tone than the Type 2 birds (n = 8), 
which had alarm calls of lower absolute fre- 
quency and with greater frequency modulation. 
The excitement call (Fig. 7) was given as a com- 
ponent of nesting behavior, in greeting sessions, 
and in social aggression. Sixteen of the captured 
adults were recorded giving excitement calls, and 
the Type 1 birds (n = 8) all gave relatively higher 
pitched calls with simple upward and downward 
frequency modulation. Type 2 birds gave excit- 
ment calls of more complex structure, with lower 
elements first falling, then rising, and again fall- 
ing in frequency, and with upper elements above 
initial portions of the lower elements. Nether- 
sole-Thompson’s (1975) “toop” ofL. scotica and 
his “alarm call” of European L. curvirostra are 
both probably homologous to my excitement call 
since they were described as given in the same 
behavioral contexts. In all casual observations 
of birds in the field and captivity, crossbills of 
known flight call type did not give alarm or ex- 
citement calls typical of the other form. 

ECOLOGICAL OBSERVATIONS 

Sympatric congeners are probably each other’s 
closest ecological competitors, and should dis- 
play morphological and ecological differences to 
allow their sympatry (Hutchinson 1959, Schoe- 
ner 1965) but the degree of morphological dif- 
ference required has been questioned (Simberloff 
and Boecklen 1981, Wiens 1982). Bill size dif- 
ferentiation within Loxia and the associated dif- 
ferentiation in habitat and food selection has been 
used as a classic case of niche partitioning (Lack 
1944, Newton 1973). Type 1 and Type 2 cross- 
bills moved through the same habitat near 
Blacksburg during the same seasons (both with 
associated juveniles), showing that the two forms 
can occur syntopically. Both forms were seen on 
pitch pine, Virginia pine, and eastern white pine. 
Table mountain pine cones are large, spiked, and 

FIGURE 7. Representative sonograms of (A) Type 
1 alarm calls, (B) Type 2 alarm calls, (C) Type 1 ex- 
citement calls, and (D) Type 2 excitement calls. 

thick-scaled, and in the 16 instances I recorded 
different individuals foraging on this species, all 
were of Type 2, the larger-billed form. While the 
habitat near Blacksburg had a diversity of conifer 
species and thus the potential to attract crossbills 
with different conifer preferences, the predomi- 
nant conifer at Highlands, North Carolina, was 
eastern white pine, which has relatively thin cone 
scales. Of the 53 birds captured at Highlands and 
perhaps 100 more encountered, only one was a 
Type 2 bird. One juvenile Type 2 bird was cap- 
tured on Roan Mountain on 21 June 1984, but 
the six other birds captured (one adult, five ju- 
veniles) and possibly 10 more heard, were all 
Type 1. These observations indicate both dif- 
ferences and overlap in the conifer utilization of 
two forms. 

ANALYSIS OF TYPE SPECIMENS 
REPRESENTING APPALACHIAN 
CROSSBILLS 

The name pusilla (Gloger 1834) is available un- 
der the the 1985 Code (International Trust for 
Zoological Nomenclature 1985) and is repre- 
sented by a lectotype which originated in Georgia 
(Payne 1987). The AOU (193 1) first used pusilla 
to replace minor for a northern and eastern North 
American subspecies. The type specimen of pu- 
silla was in Berlin when van Rossem (1934) ex- 
amined it, and he regarded percna (Bent 19 12, 
from Newfoundland) as a synonym of pusilla 
although he did not compare the type directly to 
Newfoundland specimens. Griscom (1937) and 
the AOU (1957) agreed with this interpretation, 
and most museums today usepusilla to represent 
Newfoundland Red Crossbills or large-billed 
eastern birds. The assessment of Monson and 
Phillips (198 1) was that pusilla was not repre- 
sentative of Newfoundland birds but rather 
crossbills from the southern Appalachians. Payne 
(1987) showed that the type of pusilla was out- 
side the range of variation of Newfoundland birds 
but within the range of several populations from 
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FIGURE 8. Ordering of males along the between- 
grouns discriminant function axis for six skin charac- 
iers..Black distribution = Type 1 males; hollow dis- 
tribution = Type 2 males. The positions of the type 
specimens of L. c. pusilla and L. c. minor are indicated. 

North America, including the southern Appa- 
lachians. 

Other than pusilla, no names are available for 
an endemic southern Appalachian subspecies. 
Griscom (1937) suggested the existence of an un- 
named one by describing color and size differ- 
ences between the Appalachian specimens and 
his more northern neogaea. He did not name it 
as a new subspecies due to the small number of 
specimens. The AOU (1957) considered Appa- 
lachian crossbills to be part of the eastern sub- 
species minor. 

Measurements of five bill dimensions and wing 
chord were lower for study skins than for the 
same measurements made on live birds (Table 
12). The bill may get smaller as it dries, and wings 
were measured in a more folded position in pre- 
served specimens. Discriminant function anal- 
ysis using the six skin measurements separated 
100% of the Appalachian males (grouped by calls 
into Type 1 and Type 2 populations, Fig. 8). The 
type of minor was far smaller than any of the 
birds I measured in the Appalachians in 1983 
and 1984, obtaining a discriminant score of 
- 6.953. The type of pusilla was near the middle 
of the range of Appalachian birds and obtained 
a discriminant score of 1.293, placing it within 
the distribution of Type 2 birds and outside that 
of Type 1. The type of pusilla was within the 
range of Type 1 birds for three of the six char- 
acters (WL, LL, and WG), and it was within the 
range of Type 2 birds for all six characters. 

DISCUSSION 

THE BIOSYSTEMATIC LEVEL OF THE 
TWO CROSSBILL FORMS 

The crossbills from Appalachian breeding pop- 
ulations formed two distinctive, nonreducible 
units (taxa). This finding is in conflict with the 
traditional view that North American L. curvi- 

TABLE 12. Analysis of the type specimens of Loxia 
curvirostra pusilla and L. c. minor. The df coefficients 
were calculated as a separation of males of Type 1 and 
Type 2 for the set of six morphological characters. The 
resulting df scores for the type specimens (see text) were 
obtained by multiplying the corrected determinations 
of the characters by the raw df coefficients, summing 
the resulting values across all six characters, and adding 
the negative constant. The standardized df coefficients 
indicate relative weight ofeach character on the dfaxis. 

Vanable 

df coefficients 
Measurements COII. Stand- 

pusilla minor factor’ Raw ardized 

WG 90.0 85.3 +1.78 0.149 0.326 
LU 15.9 12.4 +0.09 0.49 1 0.290 
BD 9.5 8.2 +O.lO 0.838 0.215 
wu 7.1 5.8 +0.25 1.228 0.292 
WL 10.2 8.3 +0.13 1.488 0.487 
LL 11.5 10.1 +0.03 0.224 0.119 

Constant -55.253 

* Correctmn factor, which is the average decrease (in mm) for each 
character in the set of 47 crossbills measured after preparation and drying. 

rostra is divisible into geographic and morpho- 
logic subspecies. 

According to Mayr (1970) both subspecies and 
semispecies (= allospecies) are defined on the 
basis of geography, with the difference between 
the two categories representing an assessment of 
the level of differentiation between the taxa. 
Without evidence, Griscom (1937) argued that 
morphotypes of Red Crossbill are subspecies, and 
not species, because they return to home breed- 
ing ranges after invasions into ranges of other 
forms. Smaller crossbills the size of Type 1 birds 
are most strongly represented as specimens from 
the Appalachians (Payne 1987) suggesting that 
larger Type 2 birds would have been the invading 
form under this scenario. However, large cross- 
bills are frequent residents of the southern Ap- 
palachians. Adults exhibiting breeding behavior 
in Georgia (described by Sciple 1952) were the 
size of Type 2 birds (Payne 1987, p. 15). The 
nesting pair described by Goetz (198 1) fed and 
nested on table mountain pine, indicating that 
these were probably large-billed birds. Some large 
crossbills associated with juveniles in North Car- 
olina were described by Sykes (1974). The type 
specimen of pusilla was large (Payne 1987, this 
study). 

Another scenario that would fit crossbill call 
types as subspecies is that both Type 1 and Type 
2 were invaders of the southeastern region from 
elsewhere. However, despite the assumed vola- 
tility of crossbill populations, there is evidence 
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that crossbills are not merely irregular invaders 
of the southeastern mountains. Fair numbers 
have been seen by observers in Virginia since the 
early 1960s (cf. records of the Virginia Society 
of Ornithology). Few successful nests have been 
reported in the entire southeastern region (six 
total: Warren et al. 1977; Goetz 198 1; Haggerty 
1982; Simpson 1987; McNair, unpubl.; this study) 
but additional nest-building behavior has been 
observed (Jones 1932, Sciple 1952, Johnston 
1963, Stupka 1963, Simpson 1974) andjuveniles 
have been seen with some frequency (Scott 1964, 
1981; Murray 1971; Swindell 1974; Sykes 1974; 
Carter 1976; C. S. Adkisson, pers. comm.). A 
low density of resident crossbills probably ranges 
through the pine forests of the southern Appa- 
lachians, and concentrations may occur at local 
seed abundances such as at Highlands, North 
Carolina, or when “true” invasions of nonbreed- 
ers occur (Brooks and Lund 1942). There is no 
evidence that the southeast region experienced 
an invasion of crossbills prior to this study (cf. 
reports in American Birds). Available evidence 
suggests that large- and small-billed crossbills 
have both resided in the southern Appalachians 
in historical times. The mixing of birds in 1983 
and 1984 (and probably also in earlier years) 
shows that crossbills of the two call types oc- 
curred over the same general region and had op- 
portunity for social mixing, qualifying the situ- 
ation as a sympatric one, which is in opposition 
to the subspecies or semispecies definitions. 

An unfavorable hypothesis to explain the re- 
sults of this study is that the two forms represent 
morphs within a single population. Morphism 
in birds is generally restricted to plumage char- 
acters (Huxley 1955); however, polymorphism 
in bill and body size has been suggested by Smith 
and Temple (1982) for Chondroheirax kites 
and found by Smith (1987) for Pyrenestes seed- 
crackers. However, there are no examples of dis- 
tinctive within-population morphs showing vo- 
cal differences. A single possible exception was 
a population of Geospiza conirostris in which two 
song types of males showed a significant 6.3% 
difference in bill length (Grant and Grant 1979). 
In this case other bill and body size characters 
did not differ between the song types, and the 
song type phenomenon in this population was 
not stable (Grant 1986). In contrast, the Appa- 
lachian forms had consistently large differences 
in nine morphological characters. As the fine 
structure of cardueline calls has a large learned 
component (Mundinger 1970, 1979) different 

morphs should occasionally have the same 
vocalizations since they should occasionally oc- 
cur in the same nests. In this study no instances 
were found in which birds classifiable as different 
size classes had the same vocal type, giving no 
evidence that these forms are within-population 
morphs. 

That North American L. curvirostra is a single 
species which is divisible into subspecies should 
be questioned. With evidence that distinctive vo- 
cal and morphological forms coexist sympatri- 
tally disagrees with the subspecies argument, and 
lack of swamping of morphological types in North 
America suggests an absence of hybridization. A 
series of continental subspecies implies zones of 
contact in identifiable regions, but it is difficult 
to envision this for mobile birds such as cross- 
bills. The evidence presented here suggests that 
crossbill call types can overlap in geographic 
ranges and maintain vocal and morphological 
distinctiveness, favoring the hypothesis that they 
are cryptic species. Mated pairs found by Groth 
(1984) were never of mixed size class, and fur- 
ther analysis of pairing behavior, song, and bio- 
chemical genetics will address reproductive bi- 
ology in more detail (Groth, unpubl. data). 
Reproductive separation of the different species 
could be accomplished by an unknown combi- 
nation of vocal (Becker 1982) morphological 
(Ratcliffe and Grant 1983) and ecological (Lack 
197 1) differences. Even though call types may be 
largely learned, young birds may imprint differ- 
entially on their parents’ calls. Bill size differ- 
entiation and associated ecological differences 
may play additional roles in at least providing 
some spatiotemporal separation of crossbill 
forms. The situation for North America appears 
to be similar to that in northern Britain where 
the Scottish Crossbill (L. scotica) and the Com- 
mon Crossbill (L. curvirostra) are considered 
species. 

CALLS IN THE SYSTEMATICS OF 
CROSSBILLS 

Mundinger (1979) has argued against the use of 
the vocalizations in the systematics of cardueline 
finches because species may share calls through 
vocal imitation. This restriction does not apply 
to this study because systematic relationship was 
not determined by sharing of calls, but rather by 
the pattern of fine structure of homologous calls. 
However, it is not certain whether the characters 
of the notes were truly homologous. It is con- 
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ceivable that the gross similarity in flight calls 
(downward frequency-modulated) of the two 
Appalachian forms may be the result of conver- 
gence, with the possibility that separate ancestors 
of Type 1 and Type 2 may have had cultural- 
evolutionary phases in which they were more 
different from one another in flight call structure. 
Other North American crossbill forms with dif- 
ferent flight call structures may be more closely 
related on genetic or morphological grounds to 
either one of the Appalachian forms than the 
latter are with each other (Groth, unpubl. data). 
Although calls intergraded in the characters that 
I used, this continuity may be artificial and show 
nothing of true relationship. It is not known 
whether these two forms are sister taxa. 

THE TAXONOMIC PROBLEM 

Given that I found no distinctive crossbill forms 
other than Type 1 and Type 2 in the southern 
Appalachians, it seems reasonable to conclude 
that the type specimen of pusilla represents one 
ofthem. The taxonomic implications ofthis find- 
ing may bring yet another interpretation of the 
correct placement of the name pusilla. With the 
evidence that Type 2 birds also range widely 
throughout North America (Groth, unpubl. data), 
including areas traditionally the ranges of the 
large-billed western subspecies benti, bendirei, and 
grinnelli, these names may all be synonyms of 
pusilla because they may be referring to the same 
wide-ranging taxon. It is not known whether 
another distinctive vocal population with large 
bills could have resided in the Appalachians in 
the early 1800s from which the type of pusilla 
was collected. Because neither minor nor pusilla 
should represent Type 1 birds, this form may be 
an unnamed Appalachian endemic. Further work 
on the geography and morphology of crossbill 
vocal populations is necessary to solve this in- 
teresting taxonomic problem. 
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