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ABSTRACT.—In the literature on avian contests and energetics, a single external measure is
frequently used to represent overall body size. In an attempt to assess the quality of infor-
mation available in such external measurements of birds, we measured internal and external
elements from museum skeletal plus flat-skin specimens for both sexes of three passerine
species. We estimated the “true” overall size of each individual as a factor score computed
from the first principal component extracted from a large matrix of skeletal measurements.
Bivariate correlations and stepwise regressions indicate that mass or tarsus length, or a prin-
cipal component factor which combines mass and tarsus length, is the best predictor of overall
body size as estimated from bone measurements. Multiple regressions, however, suggest that
several external measurements combined often explain only 40-60% of the total variance in
overall body size. We suggest that fieldworkers be cautious in their use of single external
metrics to represent overall size in small birds. When a single metric for the body size of
small passerines is required, fieldworkers should prefer tarsus length or mass to represent

overall size. Received 6 October 1988, accepted 18 July 1989.

BEHAVIORAL and physiological studies that
seek correlations between avian body size and
other variables are faced with the problem of
how to assess body size. Often the variable of
interest is body mass, for example, because of
the importance of mass in energetics (metabolic
rate, daily caloric demands) or dominance (abil-
ity to win escalated contests). Measuring body
mass accurately is difficult because mass fluc-
tuates seasonally, daily, or even hourly, de-
pending upon variables such as time since feed-
ing, weather, and activity. Investigators who
work with birds in captivity can reduce the ef-
fects of these confounding factors by measuring
mass at a standardized time of day (often early
morning) and by taking repeated measures.
Field-workers seldom have these options. Our
goals in this study were to determine which (or
which combination) of the external measures
commonly employed by field biologists best
predicts actual body size, and to determine the
efficiency of this predictor.

We estimated actual body size from a prin-
cipal component analysis (PCA) of a large num-
ber of skeletal measures. The first factor extract-
ed from a PCA of various size measurements
has been interpreted by many researchers as an
index of overall body size (e.g. Robins and
Schnell 1971, Rohwer 1972, Niles 1973, Zink
1982, Schluter 1984, Rising 1987). There are also
three theoretical grounds on which to defend
our assumption that this internal metric is the
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best possible measure of “true” body size. First,
the internal metric is composed of many dif-
ferent characters, and it should therefore be less
prone to variance caused by developmental ab-
normalities or measurement errors in single
characters. Second, the repeatability of bone
measurements is greater than the repeatability
of most external measures because bone mea-
surements can be made more precisely, and be-
cause many external measures vary through
time. For example, wing chord and tail length
vary both with the individual’s age and the de-
gree of feather wear, and beak length varies
through time due to rhamphotheca wear. Third,
and most importantly, a metric composed of
size measurements from many bones summa-
rizes the amount of total attachment surface
available for muscle and connective tissue as
well as the amount of support structure for in-
ternal organs. This metric should be an accurate
measure of “structural size” and a biologically
sensible predictor of “average massiveness”
within populations.

METHODS

We measured internal and external features of male
and female Red-winged Blackbirds (Agelaius phoeni-
ceus), Red Crossbills (Loxia curvirostra), and Harris’
Sparrows (Zonotrichia querula). The crossbills were all
collected near Mt. Rainier in Pierce County, Wash-
ington, in August 1974, the Blackbirds during the
springs of 1977 and 1978 in Grant County, Washing-
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TaBLE 1. Measurements taken in this study.

Element Description/reference

Skeletal measurements

Rohwer 1972

Rohwer 1972

Cranio-facial hinge to tip
of upper mandible

Rohwer 1972

Robins and Schnell 1971,
Rohwer 1972

Rohwer 1972

Rohwer 1972

Rohwer 1972

Robins and Schnell 1971,
Rohwer 1972

Robins and Schnell 1971,
Rohwer 1972

Robins and Schnell 1971,
Rohwer 1972

Robins and Schnell 1971,
Rohwer 1972

Tarsometatarsus length ~ Robins and Schnell 1971,

Rohwer 1972

Flat-skin measurements

Skull length
Skull width
Beak length

Beak width
Sternum length

Sternum width
Synsacrum length
Synsacrum width
Humerus length
Ulna length

Femur length

Tibiotarsus length

Mass To nearest 0.5 gram,
measured in lab by
preparator of flat-skin
specimen

Wing chord Rohwer 1972

Rohwer 1972

From pit at junction of
tibiotarsus and
tarsometatarsus to
last undivided scute

Tail length
Tarsus length

ton, and the sparrows in Marshall County, Kansas, in
November 1982. Our criteria for selecting species to
study were to include a range of passerine body sizes
and to utilize species with large sample sizes in the
skeleton and flat-skin collections at the University of
Washington Burke Museum. We analyzed the sexes
separately throughout the study; all individuals mea-
sured had completely pneumatized skulls. We elim-
inated first-year Red-winged Blackbirds from the
analysis (using epaulet color for females and general
plumage color for males) and first-year Harris’ Spar-
rows (using plumage characters, after Rohwer et al.
1981). We were not able to age the crossbills by any
external character.

All measurements from skeletal and flat-skin spec-
imens (Table 1) were made by a single observer for
each data set except for the female Red-winged Black-
birds, where some skeletal measurements were taken
by a third observer. A data set here refers to a series
of measurements from one sex of one species. Our
goal in selecting bone measurements was to obtain
information on the size of head, trunk, and limbs to
include in the PCA. We performed all PCAs of the
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variables involved on the Pearson correlation matrix,
which weights all variables equally, rather than the
variance-covariance matrix, which would have
weighted variables by their variances. Such an anal-
ysis would have overemphasized the importance of
long bones because they have larger means, and thus
larger variances, and the factor scores would have
been less a general body-size metric and more a limb
metric. After performing a PCA, we computed factor
scores for each individual from factor loadings of either
the unrotated principal axes or from a varimax (or-
thogonal) rotation of the axes, depending upon which
solution produced higher loadings for most of the
variables and was thus more readily interpretable as
an index of overall size (see Robins and Schnell 1971).

We excluded from the analysis all individuals that
had more than two broken bones, and those that were
missing any external element (e.g. highly worn tail,
broken tarsus). If an individual had one or two broken
bones, we substituted an estimate for the missing ele-
ment(s) by finding the variable most highly correlat-
ed with the missing bone measure, calculating the
percentage difference between the individual’s cor-
related measure and the population mean for that
measure, and adding (or subtracting) the same per-
centage difference to the population mean for the
missing element. We compared the correlations be-
tween factor scores for individuals and their external
measurements for the sample of birds with no missing
bones with those computed for the larger sample, and
we found that they were virtually identical (analysis
not shown).

We checked all variables for deviations from Gauss-
ian expectations for skewness and kurtosis before per-
forming bivariate correlations or PCAs. There were
no significant deviates from Gaussian expectations
(data not shown). We also made histograms of all
residuals, and we plotted residuals versus fitted val-
ues during our regression analyses to check the as-
sumptions underlying the regression statistics. We
performed both stepwise and multiple regressions for
each data set because we sought to ascertain which
external variable or variables best predicted an index
of body size computed from internal measurements.
We also wanted to identify how much of the total
variance in body size could be explained by external
metrics (i.e. how efficiently traditional external mea-
sures predicted an internal metric of body size).

RESULTS

Principal component analyses.—As an index of
“true” body size, the quality of the first prin-
cipal component extracted from the correlation
matrix of bone measurements (hereafter PC1-
bones; Table 2) varied among species and be-
tween sexes. Factor loadings (the contribution
each skeletal element made to the first principal
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TABLE 2. Factor score loadings for the first principal component (unrotated solution) extracted from a Pearson
correlation matrix of bone measurements. NM indicates elements that were not measured. Sample sizes

are in parentheses.

Blackbirds Crossbills Sparrows
Male Female Male Female Male Female

Variable (64) (46) (36) (32) (16) 17)
Skull length 0.522 0.576 0.562 0.600 0.515 0.787
Skull width 0.455 0.126 0.617 0.436 0.582 0.731
Beak length 0.641 0.242 0.639 0.257 NM NM
Beak width NM NM 0.447 0.522 0.583 0.595
Sternum length 0.452 0.480 0.499 0.573 0.240 0.762
Sternum width 0.328 —0.044 0.079 0.299 0.355 0.332
Synsacrum length 0.708 0.507 0.185 0.729 0.544 0.849
Synsacrum width 0.601 0.440 0.069 0.600 0.425 0.770
Humerus length 0.846 0.921 0.859 0.730 0.790 0.850
Ulna length 0.851 0.912 0.873 0.837 0.906 0.889
Femur length 0.831 0.873 0.819 0.804 0.810 0.859
Tibiotarsus length 0.854 0.853 0.861 0.806 0.788 0.895
Tarsometatarsus length 0.874 0.816 0.696 0.807 0.749 0.919

axis extracted) were highest for male blackbirds,
female crossbills, and female sparrows, and they
were lowest for male crossbills. We therefore
have the most confidence that our PCl-bones
factor scores represent “true” body size for male
blackbirds, and female crossbills and sparrows.

We found (Table 3) that the PCAs for the four
flat-skin (external) elements separated wing and
tail from tarsus and mass in three of the data
sets. There are several possible explanations for
this result. If these phenotypic correlations re-
flect underlying genetic correlations (Boag 1983),
we could interpret this result as an indication
that wing and tail length may be controlled by
genes independent of those that influence tar-
sus length and body mass. Alternatively, the
PCA might separate the feather measurements
because wear contributes error variance that is
independent of mass and tarsus size. The wing-
tail vs. tarsus-mass patterns observed in some

data sets, whether explained by genetics or
feather wear, could be disrupted by heteroge-
neity in time-since-molt or the individual’s age
(because wing length increases from the first to
second year in passerines). This may be an ex-
planation for the lack of the pattern in cross-
bills, the only species which we could not age
by external characters.

Bivariate correlations.—In general, the highest
bivariate correlations were between PCl-bones
and mass or tarsus (Table 4).

Stepwise regressions.—The stepwise regres-
sions (Table 5) always selected mass or tarsus
as the most important variable in explaining
PCl-bones. When the PCA for external vari-
ables had separated tarsus and mass from wing
and tail, the stepwise regression always found
the factor summarizing tarsus and mass to be
the most important variable in explaining PC1-
bones.

TaABLE 3. Factor score loadings for the first principal component (solution type indicated) extracted from a
matrix of external measurements from flat-skin specimens.

Blackbirds Crossbills Sparrows
Male*  Female® Male® Female® Male® Female®
Variable n Q) @ (1) ) ) (2) (1) (2) (1) 2)
Mass 076 004 0.79 0.88 049 061 -054 009 -065 0.81 0.05
Wing chord 0.81 092 o0.16 08 —005 075 -005 083 016 —031 0.82
Tail length 0.84 093 0.04 0.45 0.83 0.12 092 079 -020 0.26 0.85
Tarsus length 070 0.12 0.75 —0.06 082 0.82 023 0.07 0.81 083 —0.07

2 PCA Solution: unrotated. Factor number is in parentheses.
®* PCA Solution: orthogonal. Factor number is in parentheses.
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TABLE 4. Bivariate correlations between internal and external measurements. NA indicates correlations be-
tween morphological elements and PCA factors which included that element. Males, lower left; females
upper right. * = P < 0.05; ** = P < 0.01.

Mass Wing chord Tail length Tarsus length PCl-bones PCl-flats PC2-flats

Mass

Wing chord
Tail length
Tarsus length
PCl-bones

PC1l-flats

Mass

Wing chord
Tail length
Tarsus length
PCl-bones
PC1-flats
PC2-flats

Mass

Wing chord
Tail length
Tarsus length
PCl1-bones
PCl1-flats
PC2-flats

Red-winged Blackbirds**

— 0.16 0.11 0.15 0.28 NA NA
(43) (36) (43) (43)

0.46** — 0.73** 0.16 0.35* NA NA
(53) (39 (46) (46)

0.47** 0.67** — 0.18 0.41* NA NA
(53) (53) (39) (39)

0.46%* 0.37** 0.43** — 0.48** NA NA
(53) (53) (53) (46)

0.50** 0.48** 0.37** 0.72** — 0.44** 0.54**
(60) (54) (54) (54) (36) (36)
NA NA NA NA 0.69** — NA

(51)
Red Crossbills*<
— 0.31 0.39* 0.18 0.48** NA 0.18
0.12 — 0.26 —-0.21 0.32 NA —0.57**
—-0.11 0.44* — 0.00 0.43* NA -0.10
0.30 0.41* 0.08 — 0.32 0.09 NA
0.40* 0.17 -0.20 0.57** — 0.57** 0.18
—0.06 NA NA 0.43** 0.05 — -0.10
NA 0.47** -0.05 NA 0.60** 0.30 —
Harris’ Sparrows>¢

— 0.14 —-0.14 0.39 0.51* NA 0.05

0.03 — 0.40 0.12 0.27 0.26 NA

0.04 0.33 - —-0.23 —-0.20 —-0.31 NA

—-0.12 —-0.10 0.11 — 0.81** NA —-0.07

0.02 0.19 —0.03 0.60* —_ 0.84 0.05

0.09 NA NA 0.07 0.14 — 0.00
NA 0.20 —0.16 NA 0.38 0.00 —_

= Blackbird sample sizes are in parentheses; crossbill sample sizes are 36 males, 32 females; sparrow sample sizes are 16 males, 17 females.

® For males, PCl-flats is “

“body size”’; for females, PC1-flats is “wing/tail” and PC2-flats is “mass/tarsus.”

© For males PC1-flats is “wing/tail” and PC2-flats is “mass/tarsus”; for females, PCl-flats is “mass/tail/wing” and PC2-flats is “tarsus.”

4 For males PCl-flats is “

TABLE 5. Stepwise

wing/tail” and PC2-flats is “mass/tarsus”; for females, PC1-flats is “mass/tarsus” and PC2-flats is “‘wing/tail.”

regressions with PCl-bones as the dependent variable and external metrics as predictor.

Sex Predictor variables 1st to enter r* 2nd to enter r?
Red-winged Blackbirds
Male Flat variables: mass, wing, tail, PC1-flat, tarsus Tarsus 0.53 Mass 0.60
Female  Flat variables: mass, wing, tail, tarsus Tarsus 0.35 Wing 0.50
Female PCA variables from flats: tarsus/mass, wing/tail Tarsus/Mass 032 Wing/Tail 0.52
Red Crossbills

Male Flat variables: mass, wing, tail, tarsus Tarsus 0.32 none —
Male PCA variables from flats: tarsus/mass, wing/tail Tarsus/Mass 0.36 none -
Female Flat variables: mass, tarsus, wing, tail Mass 0.23 none —_

Female PCA variables from flats: mass/wing/tail, tarsus Mass/Wing/Tail 0.33 none —_

Harris’ Sparrows

Male Flat variables: mass, tarsus, wing, tail Tarsus 0.35 none —
Male PCA variables from flats: mass/tarsus, wing/tail none — none —
Female Flat variables: mass, tarsus, wing, tail Tarsus 0.75 none —

Female PCA variables from flats: tarsus/mass, wing/tail Tarsus/Mass 0.71 none —
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TABLE 6. Multiple regressions with PC1-bones as the dependent variable and external metrics as independent

variables.
Sex Independent variables Var P Var P
Red-winged Blackbirds
Male Flat variables: mass, wing, tail, tarsus 0.64 Tarsus 0.0001 Wing 0.02
Female Flat variables: mass, wing, tail, tarsus 0.54 Tarsus 0.0010 Wing 0.07
Female PCA-flat variables 0.48 Tarsus/Mass 0.0001 Wing/Tail 0.001
Red Crossbills
Male Flat variables: mass, wing, tail, tarsus 0.43  Tarsus 0.0030 none —
Male PCA-flat variables 0.38 Tarsus/Mass 0.0001 none —
Female Flat variables: mass, wing, tail, tarsus 0.40 Tarsus 0.0004 none —
Female PCA variables 0.38 Mass/Tail/Wing  0.0004 none —
Harris’ Sparrows

Male Flat variables: mass, wing, tail, tarsus 0.46 Tarsus 0.0100 none —
Male PCA variables 0.40 none —
Female Flat variables: mass, wing, tail, tarsus 0.81  Tarsus 0.0002 none —
Female PCA variables 0.71 Tarsus/Mass 0.0001 none —

Multiple regressions.—The multiple regres-
sions (Table 6) indicate how much of the overall
variance in PCl-bones can be explained by ex-
ternal measurements. Although the four flat-
skin elements explain 81% of the variation in
PCl-bones for female Harris” Sparrows, most of
the regressions (Table 6) show that external
measures can explain only 40-60% of the vari-
ation in PCl-bones. These results suggest that
field-workers should exercise caution in inter-
preting any one external variable as a reliable
predictor of overall body size.

DISCUSSION

The essence of the body-size metric problem
in ornithology is that field-workers often need
to know an individual’s mass at a time when it
is impossible to accurately measure mass. The
best, and often the only, alternative is to mea-
sure an external morphological element that the
investigator thinks correlates well with the
“true” body size of an individual and hope that
this external measure serves as a good general
predictor of ranks in average body mass among
individuals, if not of actual mass at the specific
time in question.

Clearly, having a reliable and easy-to-mea-
sure predictor of average body mass would be
an enormous help to ornithologists. We have
shown that wing chord, a commonly used pre-
dictor of average mass, is probably not the best
metric to use within populations of small pas-
serines, although it may be a meaningful index
for inter-populational studies (James 1970; but

note that, for a single population of Downy
Woodpeckers (Picoides pubescens) at one locality,
James obtained an r* of only 0.062 when body
mass was regressed on wing length). Mass and
tarsus length, or a principal component factor
which combines the two, are clearly better in-
dices of overall size in the taxa we investigated.
The handful of studies to date also seem to in-
dicate that tarsus length and mass are somewhat
more heritable than wing length (Hailman
1986). Murphy (1986) and Rising (1987) have
published data which also suggest that wing
length is a poor measure of overall size in small
birds. The proposal (F. G6tmark pers. comm.)
that wing and tail length serve as better indices
of age and wear (activity) than of overall size
deserves investigation.

One of the central messages of our findings
is an empirical demonstration of the need for
caution in interpreting univariate metrics of
body size. Although the temptation is strong to
draw sweeping conclusions about the effect of
body size on contest outcomes or energetics
based on patterns (or lack of patterns) observed
with univariate body-size metrics, such conclu-
sions might often be in error. We urge field-
workers to obtain repeated measures of body
mass, or a large series of external measurements
of different body components, before making
strong conclusions about selection on body size.
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