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ABSTRACT Development of locomotor activity is cru-
cial in tetrapods. In birds, this development leads to dif-
ferent functions for hindlimbs and forelimbs. The emer-
gence of walking and flying as very different complex
behavior patterns only weeks after hatching provides an
interesting case study in animal development. We meas-
ured the diaphyseal lengths and midshaft diameters of
three wing bones (humerus, ulna, and carpometacarpus)
and three leg bones (femur, tibiotarsus, and tarsometa-
tarsus) of 79 juvenile (ages 0–42 days) and 13 adult
glaucous-winged gulls (Larus glaucescens), a semipreco-
cial species. From a suite of nine alternative mathemati-
cal models, we used information-theoretic criteria to
determine the best model(s) for length and diameter of
each bone as a function of age; that is, we determined
the model(s) that obtained the best tradeoff between the
minimized sum of squared residuals and the number of
parameters used to fit the model. The Janoschek and
Holling III models best described bone growth, with at
least one of these models yielding an R2 � 0.94 for every
dimension except tarsometatarsus diameter (R2 5 0.87).
We used the best growth models to construct accurate
allometric comparisons of the bones. Early maximal
absolute growth rates characterize the humerus, femur,
and tarsometatarsus, bones that assume adult-type sup-
port functions relatively early during juvenile develop-
ment. Leg bone lengths exhibit more rapid but less sus-
tained relative growth than wing bone lengths. Wing
bone diameters are initially smaller than leg bone diam-
eters, although this relationship is reversed by fledging.
Wing bones and the femur approach adult length by fledg-
ing but continue to increase in diameter past fledging; the
tibiotarsus and tarsometatarsus approach both adult
length and diameter by fledging. In short, the pattern
of bone growth in this semiprecocial species reflects
the changing behavioral needs of the developing organism.
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dicted bone size (length or diameter) in a chick of age t, and K,
a, b, c, > 0 are parameters to be estimated from data. K is the
asymptotic (adult) bone size, but a, b, c
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is not the case, relative growth rates provide more reasonable
between-bone growth comparisons. A relative growth rate is
determined by dividing the absolute growth rate by the current
size of the bone, that is (df/dt)/f(t). The relative growth rate is
the growth rate per cm of bone, and has units of cm/day/cm,
that is, 1/day. Thus, if two bones have the same absolute growth
rate, then the longer bone has the smaller relative growth rate;
and if two bones have the same relative growth rate, then the
longer bone has the larger absolute growth rate. The area
under the relative growth rate curve between age 0 and age s
represents the relative length (or diameter) of the bone at age
s, and is given by
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final wing length. A comparison of juvenile growth
predictions/data and adult data in Figures 1 and 2
shows that the bones of the wing, as well as the fe-



models (DAIC 5





(model 9), is among the best models for both the
length and diameter for each of the six bones, the
only model for which this is true. Both the Jano-
schek and Holling III models describe sigmoidal
growth, which involves an initial phase of expo-
nential increase in chondrocyte mitosis and/or hy-
pertrophy (bone length) and periostial growth and
calcification (bone diameter), followed by a phase
of diminishing growth that leads to growth termi-
nation. The maximal absolute growth rate occurs
at a time that corresponds with the inflection point
of the growth curve (arrows, Figs. 1,2).

The inflection point occurs early in growth of the
humerus, which provides early support and muscle
attachments for the rapidly elongating wing, and
in growth of the femur and tarsometatarsus, which
provide early terrestrial locomotory support for the
semiprecocial juvenile. Conversely, this point
occurs relatively later in growth of the ulna and
carpometacarpus, to which are anchored the pri-
mary and secondary flight feathers, respectively,

that become functional only at fledging. In
short, early maximal absolute growth rates charac-
terize bones that assume adult-type behavioral
functionality relatively early during juvenile
development.

Relative differences in bone dimensions in differ-
ently sized organisms were discussed by Galileo in
the seventeenth century (Galilei, 1638 [1914]). Rel-
ative growth curves of bone dimensions provide
insight into growth in relation to initial size. This
allows for a ‘‘fair’’ comparison between various
bones. If all parts of a 1-day-old hatchling pro-
ceeded to grow at the same relative rate, an individ-
ual that was 44-days old, the average age at fledg-
ing, would retain the proportions it exhibited as a
hatchling, although now it would be much larger,
more awkward, and unable to fly. Comparisons
among relative growth curves of body parts allow
for an assessment of whole-body morphogenesis.

Most interesting in this regard is the relative
growth of wing and leg bone lengths, respectively.

Fig. 6. Allometric relations for selected pairs of bone diameters in Larus glaucescens. See
Figure 4 for details on how to interpret each graph.
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bones. Chicks begin to walk within a day of hatch-
ing, whereas the first flight occurs about 6 weeks
later; the two growth patterns thus reflect the dif-
fering locomotory ontogenies. Notably, both tibio-
tarsal and tarsometatarsal diameters achieve or
nearly achieve adult size well before fledging,
although they continue to grow in length.

Although wing bone diameters are initially
smaller than leg bone diameters, this relationship
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L. canus, L. argentatus, L. marinus). J Ornithol 98:282–312.

Dunn EH, Brisbin IL. 1980. Age-specific changes in the major
body components and caloric values of herring gull chicks.
Condor 82:398–401.

Elowe KD, Payne S. 1979. Aging young herring gulls from
measurements of body parts. Bird Band 50:49–55.

Galilei G. 1638 [1914]. Dialogues Concerning Two New Scien-
ces. New York: Macmillan.328 p. Translated from the Italian
and Latin into English by H. Crew and A. de Salvio.

Gille U, Salomon FV. 1995. Bone growth in ducks through
mathematical models with special reference to the Janoschek
growth curve. Growth Develop Aging 59:207–214.

Gille U, Salomon FV. 1999. Growth of duck bills. Condor
101:710–713.

Gille U, Zachen F, Salomon FV. 2000. Brain, eye, and skull
growth in embryonic geese. Condor 102:676–79.

Gilliland SG, Ankney CD. 1992. Estimating age of young birds
with a multivariate measure of body size. Auk 109:444–450.

Gompertz B. 1825. On the nature of the function expressive of
the law of human mortality, and a new mode of determining
the value of live contengencies. Phils Trans R Soc 182:513–
585.

Hall R. 2000. A Mathematical Model for Longitudinal Bone
Growth. Unpublished Master’s Thesis, Corpus Christi Col-
lege, University of Oxford. 33 p.

Hayward JL, Verbeek NA. 2008. Glaucous-winged Gull (Larus
glaucescens). In: Poole A, editor. Birds of North America
Online. Ithaca, NY: Cornell Laboratory of Ornithology.
Retrieved from http://bna.birds.cornell.edu/species/059.

Henson SM, Dennis B, Hayward JL, Cushing JM, Galusha JG.
2007. Predicting the dynamics of animal behavior in field
populations. Anim Behav 74:103–110.

Holling CS. 1959. Some characteristics of simple types of preda-
tion and parasitism. Can Entomol 91:385–398.

James-Veitch E, Booth ES. 1954. Behavior and Life History of
the Glaucous-Winged Gull. Walla Walla College Publications

of the Department of Biological Sciences and Biological Sta-
tion, No. 12.

Janoschek A. 1957. Das reaktionskinetische Grundgesetz und
seine Beziehungen zum Wachstums-und Ertragsgesetz. Stat
Vjschr 10:25–37.

Klı́ma M. 1965. Evaluation of the so-called skeleton sum
method, employed in investigations of growth allometry in
birds. Z Morphol Okolog Tiere 55:250–258.

Livezey BC, Storer RW. 1992. Morphometric comparison of skel-
etons of the western grebe complex Aechmophorus of the
United States and Canada. Condor 94:668–679.

Meunier K. 1959. Die Allometrie des Vogelflugels. Z Wiss Zool
161:444–482.

Montes L, de Margerie E, Castanet J, de Ricqlès A, Cubo J.
2005. Relationship between bone growth rate and the thick-
ness of calcified cartilage in the long bones of the Galloan-
serae (Aves). J Anat 206:445–452.

Olsson DM, Nelson LS. 1975. The Nelder-Mead simplex proce-
dure for function minimization. Technometrics 17:45–51.

Parsons J. 1975. Asynchronous hatching and chick mortality in
the herring gull, Larus argentatus. Condor 78:481–492.

Peek JM, Dennis B, Hershey T. 2002. Predicting population
trends of mule deer. J Wildlife Manage 66:729–736.

Press WH, Flannery BP, Teukolsky SA, Vetterling WT. 1986.
Numerical Recipes: The Art of Scientific Computing. Cam-
bridge: Cambridge University Press. 848 p.

Price JS, Oyajobi BO, Russell RGG. 1994. The cell biology of
bone growth. Eur J Clin Nutr 48:S131–S149.

Salzer DW, Larkin GJ. 1990. Impact of courtship feeding on
clutch and third-egg size in glaucous-winged gulls. Anim
Behav 39:1149–1162.

Shimizu K, Iwase K. 1981. Uniformly minimum variance
unbiased estimation in lognormal and related distributions.
Commun Stat A Theory and Methods 10:1127–1147.

Schultz ZM. 1951. Growth in the glaucous-winged gull. Part 1.
Murrelet 32:35–42.

Schultz ZM. 1986. On the Wings of the Wild Wind, Occas Pap
#21. Bellingham, WA: Center for Pacific Northwest Studies.

Smith JE, Diem KL. 1972. Growth and development of young


