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Allometric Scaling in the Earliest Fossil Bird,

Archaeopteryx lithographica

MARILYN A. Houck, JACQUES A. GAUTHIER, RICHARD E. STRAUSS

Archaeopteryx is almost universally considered a primitive bird. Debate persists,
however, about the taxonomic assignment of the six skeletal fossils. Allometric scaling
of osteological data shows that all specimens are consistent with a single growth series.
The absence of certain bone fusions suggests that no specimen is full-grown. Allome-
tric patterns, as compared to growth gradients of other dinosaurs, extant ectotherms,
and extant endotherms, suggest that Archaeopteryx was likely a homeothermic endo-
therm with rapid growth and precocial abilities for running and flying. Multivariate
allometric models offer a significant potential for interpreting ontogenetic patterns
and phylogenetic trends in the fossil record.

rchaeopteryx REPRESENTS A RARE

transitional form in the fossil record

(1, 2). During the past 130 years of
scrutiny and sustained controversy, the six
described specimens have been variously
parceled among six different genera and nine
different species (3). The most recent taxo-
nomic revision occurred in 1985 (4) and the
most recent disclosure of a new specimen in
1988 (5).

Contention about the status of these spec-
imens has persisted because of the inconsis-
tencies in relative sizes and proportions and
the lack of unambiguous diagnostic charac-
ters (6). Because previous attempts have not
resolved the taxonomic issues, we reexam-
ined the variability among the specimens
with an exponential allometric (growth-se-
ries) model. The allometric model is useful
in interpreting growth patterns among de-
velopmental stages within a taxon (7, 8), and
divergent growth patterns can distinguish
multiple taxa (9). Growth patterns differ
among taxa either because the relative
growth rates (allometries) of individual
characters differ or because the timing (het-
erochrony) of structural development dif-
fers. The most divergent allometric (or het-
erochronic) variables can contribute to the
evolutionary separation of closely related
taxa within a phylogeny (9).

To apply an allometric growth model as
an alternative hypothesis against which to
test patterns of phylogenetic change (10),
we first needed to determine whether the
specimens represented elements of a consist-
ent progression, differing only in absolute
size (age). Nine major skeletal components,
and available dimensions for maxillary and
premaxillary teeth, were examined as simple
functions of femur length, a commonly used
index of body size in birds. All linear regres-
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sions resulted in high correlation coeffi-
cients, consistent with a single series (Fig.
1).

Skeletal fusions, an independent qualita-
tive line of evidence, also support the inter-
pretation of ontogenetic stages. All full-
grown coelurosaurs (11) are known to have
had a variety of skeletal fusions that were
complete in full-grown adults (12). Even
though a substantial size range exists among
the six Archaeopteryx specimens (the largest
being twice the size of the smallest), no
specimen had a full complement of these
age-related fusions. The smallest specimen
(Eichstitt) had no such fusions. The limited
extent of skeletal fusions suggests that none
of the specimens was full-grown.

Growth and the development of flight
feathers are frequently correlated in extant
birds. A full complement of wing and tail
feathers existed in the Eichstitt specimen,
despite its small size. This might suggest
that the Eichstitt specimen was a full-grown
member of sympatric (but smaller) species,
but this is not a necessary conclusion. Some
megapodes have a full complement of flight
feathers and are fully homeothermic imme-
diately upon hatching (13), and most volant
precocial birds can fly short distances within
the first week of post-hatching development
(14). Thus, the development of feathers in
the smallest specimen is not incompatible
with a single-species growth series. Further,
it is consistent with a hypothesis that preco-
cial flight and thermoregulation are ances-
tral for living birds.

The parsimonious conclusion is that all
six fossils are consistent with a single size-
series and that none of the specimens were
fully grown (15). Therefore it is appropri-
ate to use an allometric growth model to
examine changes in skeletal proportions that
accompany differences in size. The growth
dynamics of Archaeopteryx can then be
compared with related theropod lineages in
terms of ancestral affinities and context with
extant taxa. Such comparative allometric ap-
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Fig. 1. The allometric coeflicients (relative growth rates) for skeletal
elements and premaxillary teeth of Archaeopteryx, scaled with respect to femur
length (bivariate allometries, o). The five skeletal comparisons were chosen
to include representation from both of the limbs and the pelvis. The four
skeletal plots not shown also had high correlation coefficients: radius
(r = 0.98), illium (0.95), ischium (0.93), and Digit ITI (0.99). Premaxillary

proaches have been recognized as concep-
tually important in systematics, evolution-
ary biology, and functional morphology
(16, 17).

Multivariate allometries were examined
among 135 characters of Archaeopteryx (18)
by major-axis regression, a robust estima-
tion procedure. The analysis revealed that
98% of the total variance among characters
can be explained by variation in general size
(19), a finding that is also consistent with a
single growth series (20).

In living vertebrates, the size-dependent
scaling of bones typically deviates from
isometry (in other words, constant propor-
tions). Concerning differences among bird
species, Callison and Quimby (8) cogently
stated that “little big birds just do not look
like big little birds.” For instance, among
cursorial birds, adults of the larger species
have larger distal femur widths relative to
length than do smaller species (21).

Multivariate growth allometries of the
limbs in Archaeopteryx (Fig. 2) indicate that
lengthening of the long bones of the wing
during development was disproportional
both to the leg and to general size. More-
over, the wing lengthened proximodistally
with a uniform pattern of positive allometry
along the primary limb axis through manual
digit II. The radius-ulna complex contribut-
ed most to wing extension. As in other
saurischian dinosaurs (11), the second digit
was the longest in Archaeopteryx. Similar
patterns of growth characterize even the
carliest coelurosaurs (11), which are distin-
guished from other theropods by their long
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surement.

forelimbs and large hands (6). The coeluro-
saurian-like allometric relations are further
expressed during the ontogeny of extant
birds, in which “[sustained] flight has appar-
ently required the length of the wing bones
to scale at a substantially greater rate of
increase, relative to increasing body mass,
than has that of the leg bones” (22).

Compared to ornithurine birds, Archaeop-
teryx retained ancestral dinosaurian allome-
tries in the long bones of its hindlimb. The
femur became relatively longer (ay, = 1.09)
with an increase in body size, but the limb
decreased proximodistally (for example, tib-
ia, oy = 0.92; Mt II, o, = 0.77) and be-
came relatively shorter in total length. Simi-
lar relations among hindlimb components
appear common among most cursorial non-
avian dinosaurs (6). In larger forms, such as
Allosaurus, the femur was relatively longer
than the tibia. Smaller theropod dinosaurs
such as Compsognathus had a femur relatively
shorter than the tibia.

Metatarsal I-IT of the foot of Archaeopter-
yx (including the reversed hallux) also be-
came relatively shorter with growth. Thus
perching would have been more difficult as
size increased, making the possibility of the
adult being a “perching bird” even more
unlikely than previously thought (23).

Carrier and Leon (24) have recently estab-
lished that, in California gulls, negative al-
lometry in long bone thickness may charac-
terize rapidly growing species that require
the early use of limbs during development.
Avian wing bones are negatively allometric
in diameter, becoming relatively thinner

tooth dimensions (5) scaled with femur length, as did maxillary height
(r = 0.90) and diameter (0.98) which are not shown. Variance in premaxil-
lary tooth height may be due to erosion because these teeth encounter
all food entering the mouth and are the most vulnerable to mechanical
damage during food acquisition. The asterisk indicates approximate mea-

with increased size (for example, humerus:
ap = 0.80) (22). Flight mechanics requires
that wing bones become exceptionally long-
er and thinner to accommodate flexion and
arching during flight. Rapid growth and
negative midshaft allometries of long bones
are a general pattern common to extant
endotherms (17, 22, 24).

In cases in which the legs function in
locomotion or support soon after hatching
(in other words, encounter early stress), the
long bones initially have an increasing mid-
shaft diameter. Carrier and Leon (24) con-
clude from fracture tests that the wider
midshaft diameter compensates for reduced
strength in developing tissues. During
growth, the bone tissue strengthens and the
diameter of the bone narrows. This trade off
between strength and width results in a
bone being able to withstand a constant
amount of strain (relative to mass) through-
out development. The Eichstitt specimen
had a relatively thicker midshaft femoral
diameter (o, = 0.089) than the larger speci-
mens (for example, ap = 0.067 for Berlin),
which is consistent with the hypothesis con-
cerning early locomotion in extant birds.

Similar contrasts of growth allometries
can be made with extant ectotherms. In
ectotherms, however, femoral and humeral
width scale either isometrically or positively
(often highly so) with size (7). Thus, the
long bones of ectotherms become relatively
thicker with age, not thinner as in homeo-
thermic endotherms. Femora and humeri
from an early sauropodomorph (Massospon-
dylus) and an early theropod (Syntarsus)
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showed such an ectothermic pattern of
growth (25).

In addition, the presence of fibrolamellar
bone in subterminal ontogenetic stages of
medium to large dinosaurs indicates a capac-
ity for sustained rapid growth, suggesting a
higher metabolic rate than that observed in
any extant ectotherm of equivalent size (26).
Although fibrolamellar bone appears to be
ancestral in dinosaurs, only some dinosaurs
show negative allometry in the change of
midshaft diameters of long bones during
ontogeny. In fact, the only dinosaurs known
to display the full suite of “endothermic”
features, including a thermocoel of feathers,
is that group of theropods to which Archae-
opteryx and later birds belong.

Partial skulls are preserved from only two
Archaeopteryx specimens, and most bony ele-

Fig. 2. Multivariate allometric coefficients of limb and skull elements of Archaeopteryx. Forelimb and

Hindlimb

ments are not represented well enough for
more than cursory consideration of allome-
tric relations (Fig. 2). The skull of Archaeop-
teryx appears to have shortened and deep-
ened relative to increasing size. This pattern
is consistent with what is known about
carnivorous archosaurs (6). Skull reduction
can be accounted for by the significant
relative shortening of the beak and lower
jaw (am = 0.20). Through ontogeny, Ar-
chaeopteryx gained a significantly deeper or-
bit (am = 1.63) and a smaller antorbital
fenestra. These features typically distinguish
smaller theropod dinosaurs (for example,
Syntarsus) from larger ones (for example,
Tyrannosaurus) (6).

In the axial skeleton, there is a complex
series of growth gradients (27). However,
examined as functional units, the cervical

o7

hindlimb elements are represented by lateral projections, and the skull by a dorsal projection.

Unmeasurable or damaged elements are indicated by an asterisk. Digits were analyzed as units and by

segment.
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section increased in relative length
(am = 1.47) with increasing size. This is
similar to the condition in other long-
necked saurischian dinosaurs, in which the
first five cervical vertebrae were usually iso-
metric but more posterior cervicals and the
first trunk vertebrac were highly positively
allometric.

The thoracic portion of the axial skeleton
was approximately isometric (ay = 1.02) in
Archaeopteryx. The sacrum increased in rela-
tive length (o, = 1.60) while the tail length
was relatively reduced (o = 0.80). This
pattern appears to be general to all stiff-
tailed, tetanurine theropods. The proximal
caudal elements were negatively allometric,
whereas the distal elements were positively
allometric. Such a reduction in proximal
vertebral length, in conjunction with the
presence of smaller, free elements at the base
of the tail, would have provided increased
tail maneuverability with growth.

The sacrum of Archaeopteryx was typical of
theropod saurischians. Its five vertebrae
were highly positively allometric, indicating
that sacral support for the ilium (and associ-
ated pelvic musculature) increased with size.
As in other theropod dinosaurs, the ilium in
Archaeopteryx was highly positively allome-
tric, and the acetabulum enlarged with in-
creasing size. The pubis and ischium also
lengthened with size. The latter grew rela-
tively faster than the former, a condition
that was also present in ornithomimids (25)
and may have been general in early coeluro-
saurs.

We conclude that the six specimens of
Archaeopteryx represent a subadult size series
of primitive birds that were probably ho-
meothermic endotherms capable of preco-
cial ambulation and flight. Multivariate allo-
metric models, as applied to Archaeopteryx,
offer a significant potential for interpreting
ontogenetic patterns and phylogenetic
trends from the fossil record. The methods
are generally applicable to all taxonomic
levels, are especially valuable when applied
to the skeletal fossil record, and can suggest
functional dynamics invoked during growth
and through evolutionary time.
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Global Climate Change and Intensification of

Coastal Ocean Upwelling

ANDREW BAKUN

A mechanism exists whereby global greenhouse warming could, by intensifying the
alongshore wind stress on the ocean surface, lead to acceleration of coastal upwelling.
Evidence from several different regions suggests that the major coastal upwelling
systems of the world have been growing in upwelling intensity as greenhouse gases
have accumulated in the earth’s atmosphere. Thus the cool foggy summer conditions
that typify the coastlands of northern California and other similar upwelling regions
might, under global warming, become even more pronounced. Effects of enhanced
upwelling on the marine ecosystem are uncertain but potentially dramatic.

HE COASTAL OCEAN OFF THE WEST-
ern United States is a classic wind-
driven coastal upwelling system (1,
2). During the warmer seasons of the year,
strong northerly and northwesterly winds
induce offshore transport of surface waters.
Upwelling of cool, nutrient-enriched water
from depth (Fig. 1) balances the resulting
loss of surface water near the coast and
infuses essential plant nutrients to the sur-
face layers of the ocean. Rich phytoplankton
growth supports an abundant trophic pyra-
mid, including valuable fishery resources
and important seabird and marine mammal
populations (3). Cooling and stabilization
of the onshore air flow by contact with the
upwelled surface waters leads to the cool
summer climate of the adjacent coastlands
(4). Similar upwelling systems occur in the
other major subtropical eastern ocean
boundary regions; examples are the Canary
current system off the Iberian Peninsula and
northwestern Africa, the Benguela current
system off southwestern Africa, and the Peru
current system off western South America.
Upwelling in all of these regions tends to be
highly seasonal in temperate latitudes,
where it peaks in the spring-summer, but
tends toward year-round continuity in the
more tropical portions (1).
The vigorous alongshore wind that drives
coastal upwelling in these systems is main-
tained in part by a strong atmospheric pres-

Pacific Fisheries Environmental Group, Southwest Fish-
eries Center, National Marine Fisheries Service, National
Oceanic and Atmospheric Administration, P.O. Box
831, Monterey, CA 93942.

sure gradient between a thermal low-pres-
sure cell that develops over the heated land
mass and the higher barometric pressure
over the cooler ocean (5). Because of the
large-scale atmospheric subsidence occur-
ring in the eastern limbs of the subtropical
gyres, and also because of the stabilized,
dehunidified onshore air flow, the areas of
these coastlands inland of the direct influ-
ence of coastal stratus and fog are character-
ized during the upwelling seasons by dry
Mediterranean-type (or desert) climates and
clear atmospheric conditions (4). The clear

- conditions lead to strong daytime heating by

short-wave solar radiation, particularly in
interior valleys such as the Central Valley of
California, and rapid nighttime, long-wave
radiative cooling.

Recent decades have seen a substantial
build-up of CO, and other greenhouse gas-
es in the earth’s atmosphere (6). Resulting
inhibition of nighttime cooling and en-
hancement of daytime heating should lead
to intensification of the continental thermal
lows adjacent to upwelling regions. This
intensification would be reflected in in-
creased onshore-offshore atmospheric pres-
sure gradients, intensified alongshore winds,
and accelerated coastal upwelling circula-
tions (Fig. 1). As a positive feedback, the
cooling of the ocean surface that results
might locally intensify the low-altitude baro-
metric highs at the oceanic sides of the
onshore-offshore pressure gradients.

No routine observations of actual rate of
upwelling are available. Accordingly, a
coastal upwelling index based on an estimate
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