
564
Sullivan et al., eds., 2011, Fossil Record 3. New Mexico Museum of Natural History and Science, Bulletin 53.

STASIS IN LATE QUATERNARY GOLDEN EAGLES FROM LA BREA
TAR PITS OVER THE LAST GLACIAL-INTERGLACIAL CYCLE

SARAH MOLINA AND DONALD R. PROTHERO2

1 College of Education, California State University Dominguez Hills, 1000 E. Victoria Ave., Carson, CA 90747;
2 Department of Geology, Occidental College, Los Angeles, CA 90041, USA

Abstract—Late Quaternary fossils from Rancho La Brea span 35,000 years of climate change from the last glacial-
interglacial cycle, and a major change in ecology as the larger Pleistocene mammals vanished about 10,000-11,000
years ago. According to conventional Neo-Darwinian evolutionary theory, the effects of this instability should be
seen as morphological changes in the most commonly preserved bird, the golden eagle, Aquila chrysaetos. Five
variables each were measured on over 600 well-preserved tarsometatarsi from the Page Museum at Rancho La
Brea, and the same measurements were taken from a sample of 63 extant golden eagles. Change in size and shape
over time was evaluated through bivariate comparisons of the tarsometatarsi in the Pleistocene and extant golden
eagles, using ANOVA to test for significance of differences. The data show no statistically significant change in size
or shape during the Pleistocene (35 Ka to 10 Ka), even though living golden eagles show increased body size in
colder climates at higher latitudes (Bergmann’s Rule). Aquila chrysaetos experienced evolutionary stasis in spite of
the change of food resources and the climatic changes of the most recent glacial-interglacial cycle.

INTRODUCTION

The prevailing model of evolutionary theory views organisms as
delicately sensitive and responsive to changes of their environment. As
exemplified by the classic studies on Galapagos finches (Weiner, 1995;
Grant and Weiner, 1999; Grant and Grant, 2007), bird evolution is com-
monly portrayed as constant small-scale adaptations of size and mor-
phology in response to climate and other environmental factors. Weiner
(1995) summarized additional examples of microevolutionary change in
recent birds, such as Siberian warblers, English sparrows, cuckoos, cow-
birds, red-winged blackbirds, and many others. In all cases, these studies
emphasized how quickly birds changed in size and shape in response to
external climatic forcing factors.

However, the challenge of the “punctuated equilibrium” model of
evolution (Eldredge and Gould, 1972) and the subsequent development
of that theory suggests a very different model of evolution. The consen-
sus of hundreds of studies (Jackson and Cheetham, 1999; Jablonski,
2000, 2008; Gould, 2002; Geary, 2009; Hallam, 2009; Princehouse, 2009;
Ruse and Sepkoski, 2009) is that most fossil metazoans show evolution-
ary stasis, rather than gradual evolution, over geologic spans of time.
More importantly, many studies (e.g., Coope, 1979; Davis, 1983; Bennett,
1990; Valentine and Jablonski, 1993; Prothero and Heaton, 1996; Prothero,
1999) have demonstrated that most groups of organisms are static in size
and morphology despite the environmental pressures of climatic changes.
Morphological stasis over millions of years despite strong environmen-
tal selection pressures is still an important unresolved issue in evolution-
ary biology, as even Mayr (1992, 2001) conceded.

This study investigates the effects of the variable climate and
ecology of the Quaternary on the North American golden eagle (Aquila
chrysaetos) beginning in the late Pleistocene and continuing to the present.
The Rancho La Brea (RLB) tar pits have produced one of the most
plentiful and well-preserved fossil collections representing the late Pleis-
tocene flora and fauna of North America. The unique geologic setting of
sands and clays permeated with asphalt produced ideal conditions for
preserving over 3 million plant and animal fossils of the late Pleistocene
(Akersten et al., 1983; Stock and Harris, 1992; Friscia et al., 2008). The
extraordinary preservation of these fossils and the detailed paleoecologi-
cal reconstruction for the area allows for paleontologic study of the
effects of changing climate on the variability in dozens of different spe-
cies of mammals and birds.

In addition, the majority of the fossils at RLB are well dated by

radiocarbon methods (Marcus and Berger, 1984; O’Keefe et al., 2009).
The climatic record from RLB is also excellent and well dated (Warter,
1976; Coltrain et al., 2004; Ward et al., 2005). These ages allow us to
examine climatic changes represented by the stratigraphic intervals pre-
viously defined by Gardner et al. (1997): the oxygen-isotope stage 3
(OIS 3; 59-24 Ka), last glacial interval (LGI; 24-14 Ka), glacial-intergla-
cial transition (GIT; 14-10 Ka), and Holocene (10-0 Ka). Heusser (1998)
detailed the climate change intervals by correlating pollen analysis in
nearshore sediment cores from the California Current system to changes
in the North Pacific circulation patterns in the ocean and troposphere.
Her analysis shows that over the past 59 Ka, southern California has
transitioned from oak and chaparral vegetation to pine-juniper-cypress
woodlands during OIS 3, peak juniper and closed-cone pine during LGI,
a return to dominant oak-chaparral and coastal sagebrush with pulses of
alder in the GIT, and the modern environment of increasing oak-chapar-
ral-herbaceous vegetation in the Holocene. In particular, the prevalence
of closed-cone pines and junipers in the LGI (comparable to the vegeta-
tion of the present-day mountains in southern California) suggests much
cooler, even snowy conditions during the winter, which does not happen
at RLB elevations today. Stable isotope analysis performed by Coltrain
et al. (2004) also notes increases in seasonal aridity in the southern
California region during the last interglacial and previous glacial.

The rapidity of these changes and the underlying environmental
instability since the last glacial interval pose the question of how such
climate change would affect the local fauna. Modern evolutionary theory
suggests that drastic changes in climate would, over time, be recorded in
the size and morphology of a species. The golden eagle, Aquila chrysaetos,
is the most abundant species of bird found at RLB (Howard, 1930, 1962)
and so is a natural choice for such a study (Fig. 1). Although large eagles
are relatively rare birds today, the tar seeps must have been frequently
baited with mammals and turkeys (Bochenski and Campbell, 2006) and
trapped a disproportionate number of eagles as a result (especially their
lower leg bones). The Falconiformes represent about 60% of the avi-
fauna in RLB deposits, with Accipitridae making up 68.8% of
Falconiformes. Based on a census of the most common bones, A.
chrysaetos is represented by a MNI (minimum number individuals) of
960 (Howard, 1930, 1962; Marcus and Berger, 1984). Previous studies
on RLB A. chrysaetos are confined mostly to a short paper by Miller
(1911) and work by Howard. She compared several elements of the
Pleistocene Aquila to the modern species (Howard, 1930, 1932, 1947a,
b).
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In this study, we will test the hypothesis that golden eagles change

in size or shape (especially becoming larger in cold glacial times following
Bergmann’s Rule) during the last 35,000 years of climate change at Rancho
La Brea.

MATERIALS AND METHODS

Sampling and Measurement: The most common and best-pre-
served element of Aquila chrysaetos was the right tarsometatarsus (TMT),
the main lower leg bone (Fig. 1). Although nearly every other bone of the
eagle skeleton is also represented in the Page Museum collections, most
are not common enough in well-dated pits to give statistically useful
samples at enough different temporal levels. We measured a total of 753
TMTs including over 690 Pleistocene specimens at the Page Museum,
and 63 Recent specimens from the Natural History Museum of Los
Angeles County (LACM), the Santa Barbara Natural History Museum
(SBNHM), and the University of California Museum of Vertebrate Zo-
ology (UCMVZ). Total number of specimens of each age are summa-
rized in Table 1.

Measurements were taken using a handheld dial caliper with 0.01
mm accuracy. Five variables were measured on the tarsometatarsi: the
total length, the proximal width, the midshaft width and depth, and the
distal width. Measurement landmarks and protocols were adapted from
Bochenski and Campbell (2006) who analyzed the osteology of the La
Brea turkey, Meleagris californica.

All available adult Aquila right TMT elements were included in
the study, with the exception of those that were not catalogued, or those
that were juveniles or too damaged to produce accurate data. Most of the
bones were very well preserved, since the TMT is one of the most
robust bones in the bird skeleton. Only about 50-80 whole specimens
were not cataloged and about 100-150 specimens were too damaged to
measure.

Statistical Analysis: After the measurements were taken, we
then searched the Page Museum records for the pit number, and deter-
mined the radiocarbon age of the pit sample using Marcus and Berger
(1984) and O’Keefe et al. (2009). A large number of specimens from Pit
16 and most specimens from Pits 1, 67, and 91 were excluded from the
data set after the measurements were completed, because these pits
yielded mixed or highly variable radiocarbon ages, or the ages of the
individual specimens from these pits are uncertain. This reduced to the
total number of specimens to about 200, but most pits had at least 10-20
specimens, enough to give a statistical sample.

The 63 Recent specimens were measured along the same five
dimensions. Brown (1968) and Johnsgard (1990) note that in Aquila
chrysaetos, as in most Falconiformes, the females are slightly larger than
the males. Bivariate plots of male and female measurements in the extant
samples were made to rule out any influence of possible sexual dimor-
phism on the data range (Fig. 2). Most of the recent eagle specimens did
not have the sex recorded, so only 23 of the original 63 specimens could
be used. As can be seen from the plot, the differences between male and
female specimens are minimal, and not statistically significant, since the
two sexes completely overlap. The largest specimens tend to be female
and the smallest specimens tend to be male, but there are numerous small
females and large males. Bivariate plots of all dimensions of the TMT
(length, proximal width, mid-shaft width, mid-shaft depth, and distal
width) of the male and female extant Aquila show a large overlap in
values. Thus, individual fossil specimens cannot be confidently assigned
to one gender or the other. Because our study involves large samples of
the entire population over time, we do not expect differences due to
sexual dimorphism to be important in any case.

After we recorded the measurements, frequency distribution plots
were created to determine the normality of the samples. We generated
cumulative probability plots and used F statistics to determine if samples
were normally distributed. After we determined that the samples were
parametric, the mean, standard deviation, and coefficient of variation
were computed to give a sense of central tendencies and variability of the

FIGURE 1. A, Mounted specimen of Aquila chrysaetos in the Page Museum.
B, Photograph of representative drawers of the Aquila sample in the Page
Museum, showing just a few of the many drawers, each containing over a
hundred bones.

samples (Table 1). ANOVA was then performed, testing for heterogene-
ity among the means of samples of different ages (Table 2).

 RESULTS

Using the F-test, we found that all the samples were normally
distributed, and determined that the samples had statistically equal vari-
ances as well. Of the well-dated samples, mean values for each dimension
are listed in Table 1 along with the corresponding standard deviation, and
the radiocarbon age of each sample. Standard deviations are similar for all
age groups. Coefficients of variation range from 1.672-11.34 across all
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dimensions, but most fall in the range of 5-6, which is within the range of
a single species for most vertebrate populations (Kurtén, 1953; Simpson
et al., 1960; Yablokov, 1974; Plavcan and Cope, 2001).

The samples meet all the conditions required for analysis of vari-
ance (ANOVA), because the variables are independent, normally distrib-
uted, and have equal variances. We conducted a one-way ANOVA, com-
paring dimensions of each bone from all the pits to see if there were
significant differences in the mean (null hypothesis is that the means are
not significantly different). If just the RLB samples are compared, then
the F value was always smaller than the F-critical value, and the null
hypothesis was accepted (Table 2). In other words, among the RLB
samples none of the sample means are significantly different from the
others. The p values, however, are often larger than the cutoff value of
0.05, so they are not significant at the 95% confidence level.

However, if the Recent specimens are added to the total sample,
then each value of F is greater than F-critical (Table 2), suggesting that the
modern golden eagle TMTs are significantly different from the means of
the RLB specimens. In addition, p values are all much less than 0.05,
indicating that this result is significant at the 95% confidence level. This
is consistent with the fact that the means of most of the modern samples
(Fig. 3A-B) are slightly larger than the trend of the means of RLB samples.

We evaluated shape by using a ratio of the TMT length to the
midshaft width to determine if the bones became more or less robust
through time. We also conducted a one-way ANOVA analysis of the
change in this ratio through time. First, the ANOVA of the RLB samples
showed that there were no significant differences among the ratios within
the sequence (Table 3, Fig. 4). Adding the modern sample to the total data
set did not change the result, so the ratio of TMT length/width is not
significantly different between extant eagles and the RLB samples either.

 DISCUSSION

Our analysis of data has revealed no statistically significant changes
in size or shape between 35 Ka and 10 Ka, suggesting morphological
stasis of Aquila chrysaetos duing the late Pleistocene. As shown by
ANOVA, there are no significant differences in the means between samples
dated at 32 Ka right up to 10 Ka.  However, the Holocene samples are
significantly different from those of the late Pleistocene. Howard (1947b)
claimed (based on visual inspection of a few samples lumped from many
pits without any radiocarbon-dated age sequence or adequate quantita-
tive analysis of enough specimens) that the leg bones of modern Aquila
are on average smaller than those from RLB. Our modern samples were
slightly larger, even if this was barely statistically significant in the
ANOVA.

Howard (1947b) also claimed that the skulls of RLB Aquila were
more robust and had sturdier maxillae and mandibles, suggesting that
they ate larger prey during the Pleistocene. We did observe some ten-
dency toward robustness among the RLB skulls, although the differ-
ences were very slight when compared to modern Aquila chrysaetos
skulls. We found no easy to way to measure or quantify this difference
that would show whether it was statistically significant. We looked at a
number of skulls, but found that the degree of robustness overlapped
completely between RLB and modern specimens. In addition, the sample
of well-preserved RLB and recent skulls is very small, so it would be
hard to calculate significance on a pit-by-pit basis. The hypothesis that
the RLB Aquila skulls are more robust than modern golden eagle skulls
cannot be rigorously evaluated at this time.

This stasis in size and shape of limb bones among RLB eagles is
surprising, considering how much cooler, snowier and forested the region
became during the LGI. Golden eagles have considerable clinal variation,

FIGURE 2. Plot showing the length and proximal width of Recent male and
female golden eagle TMTs. Males are indicated with solid diamonds; females
with open squares. Although the largest individuals are female and the smallest
ones are males, the two sexes overlap completely, so there is no way to
reliably estimate the sex of fossil specimens.

TABLE 1. Mean and standard deviation (in parentheses following mean)
for each measurement grouped by radiocarbon age of the pit sample.
Abbreviations: L = length; n = number of specimens; PW = proximal
width; MW = midshaft width; MD = midshaft depth; DW = distal width. All
measurements in mm.

TABLE 2. Single-factor ANOVA results comparing temporally sequential
samples of Aquila TMTs to determine whether the different pit samples
have significantly different means (null hypothesis = no difference in mean).
df = degrees of freedom (6 for Pleistocene only, 7 for Pleistocene plus
Holocene samples). P level = 0.05. RLB only = Pleistocene samples; Plus
modern = Pleistocene plus Recent specimens.
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following Bergmann’s rule of larger more robust body sizes in higher
latitudes and colder climates (Brown, 1968; Johnsgard, 1990). The sub-
species Aquila chrysaetos canadensis is found in northern Canada and
Alaska and weighs up to 9 kg (normal temperate latitude subspecies
weigh 2.5-7 kg) with body lengths of 102 cm (temperate species are 65-
95 cm in length) (Brown, 1968; Johnsgard, 1990). Likewise, the subspe-
cies Aquila chrysaetos daphanea, which is found in Siberia, northern
China, Manchuria, and Kazakhstan, is the largest subspecies in the Old
World. Because the climatic data show that the RLB area had a closed-
cone coniferous forest with seasonal snowfall during the LGI, one would
expect eagles of larger body size during that time, or maybe the migration
of the cline southward to bring larger, cold-adapted populations into the
region. Indeed, large, cold-adapted eagles such as Aquila chrysaetos
bonifacti have been reported from the middle Pleistocene of France, and
the late Pleistocene Aquila chrysaetos simurgh from Crete was even

FIGURE 3. Plots of dimensions of golden eagle TMTs against the age of the
pit sample. Open diamonds indicate individual specimens; large open squares
are the means for each time interval. A, Length. B, Proximal width.

TABLE 3. Single-factor ANOVA results comparing temporally sequential
samples of the ratio of TMT length to midshaft depth to determine whether
the different pit samples have significantly different ratios of robustness
(null hypothesis = no difference in mean). df = degrees of freedom. P level
= 0.05. RLB only = Pleistocene samples; Plus modern = Pleistocene plus
Recent specimens.

FIGURE 4. Plot of ratios of TMT length to midshaft depth against the age
of the pit sample. Large open squares indicate mean of temporal sample;
solid diamonds are individual data points.

larger (Sanchez Marco, 2004). Instead, at RLB there was no apparent
response to the increase in cold weather, boreal forests, and snowier
conditions.

Stasis seems to be a widespread phenomenon among Pleistocene
large mammals as well, even though they lived in a time of rapid climatic
change and rapidly changing vegetation and habitats (Barnosky, 1994,
2001, 2005; Lister, 2004). As part of this study, a group of us (Prothero
et al., 2009) have undertaken a program of measuring all of the common
and well-dated mammals and birds from RLB, and subjecting these data
to rigorous statistical analysis, using only samples from well-dated pits.
Preliminary results indicated that all the common large mammal species
(horses, bison, camels, ground sloths, dire wolves, saber-toothed cats,
and American lions) show complete stasis through the entire late Pleis-
tocene until they vanished at the end of the Pleistocene. Among birds, a
similar degree of stasis is seen in turkeys (Meleagris californica), bald
eagles (Haliaeetus leucocephalus), and caracaras (Caracara plancus
prelutosus) (Fragomeni and Prothero, this volume).

By contrast, the RLB condor, Gymnogyps amplus, is static through
the entire late Pleistocene, but then becomes significantly smaller as it
evolved to become the living California condor, G. californicus (Syverson
and Prothero, 2010). Yet there is no evidence that the Holocene eagles
became smaller when the megafauna disappeared, as Howard (1947b)
argued. If anything, they became slightly larger sometime during the
Holocene (since the early Holocene samples at 9 Ka are the same size as
Pleistocene samples, and slightly smaller than the Recent specimens).
This suggests that golden eagles did not respond to the major difference
in ecology and prey species as the Pleistocene ended and the large mam-
mals vanished, as has been proposed for the condors of the late Pleis-
tocene-Holocene.

A number of different attempts have been made to explain such
stasis in the face of major climatic and ecological change. Clearly,
neontological concepts such as “stabilizing selection” (Estes and Arnold,
2007) are not applicable, because paleontological stasis operates on thou-
sand-year to million-year time scales, and also the environment is chang-
ing, not stabilizing (Lieberman and Dudgeon, 1996). Many biologists
have suggested that long-term stasis might be due to developmental
constraints and canalization (Eldredge and Gould, 1972), but the reality
is that recent organisms (such as domesticated dogs) are capable of a
great deal of variability and do not seem fully constrained by canalization
in development (Gould, 2002; Eldredge et al., 2005). Bennett (1990,
1997) argued that Pleistocene species might be more stable because the
climate changes of the glacial-interglacial cycles were too rapid for long-
term adaptation, but these glacial-interglacial cycles take tens of thou-
sands of years to cycle, well beyond normal biological time scales. In



568
addition, this is not consistent with the idea from the Galapagos finch
studies that birds can change in a matter of years and decades in response
to small-scale climatic change.

A currently popular mechanism is the idea that widespread organ-
isms are broken into many geographic subpopulations with a wide range
of ecological tolerances, so that no matter how severe the local environ-
mental changes are, there are places that are suitable (Eldredge, 1989;
Lieberman et al., 1995; Lieberman and Dudgeon, 1996; Eldredge et al.,
2005). This may be applicable to the golden eagle, which is distributed all
over Holarctica with significant geographic variation (Brown, 1968;
Johnsgard, 1990). However, environments changed all over Holarctica
during glacial advances and interglacial retreats, so it is hard to argue that
there were large areas of refugia that were unchanged during the Pleis-
tocene and Holocene. In addition, there was a striking change in the
ecosystem when the megamammals vanished in the end of the Pleis-
tocene, yet the late Pleistocene RLB specimens are statistically indistin-
guishable from the early Holocene (9 Ka) specimens. If there was any
change in golden eagles in the western U.S. at all, it came during the
Holocene (between 9 Ka and present), judging from our data (Fig. 3A-B).

This is similar to what was noted by Syverson and Prothero
(2010). In that study, the large RLB condors (Gymnogyps amplus) also
did not immediately shrink in size in the early Holocene when the
megamammal prey and carrion vanished, but may have lasted well into
the Holocene, or even overlapped in time with modern California con-
dors.

Finally, the idea that animals had broad geographic ranges with
many suitable subhabitats that buffered them against environmental change
does not work for smaller vertebrates, many of which show just as
prolonged episodes of stasis during major climatic change as do the larger
vertebrates (e.g., Prothero and Heaton, 1996; Barnosky, 2005; Blois et
al., 2010, and studies cited therein).

 CONCLUSION

Although previous authors have suggested that the RLB golden
eagles were slightly larger and more robust than modern Aquila chrysaetos,
this conclusion is not borne out by a rigorous statistical analysis of well-
dated samples from sequential pits through the entire span of the RLB
sequence. The RLB eagle skulls may have been more robust and strongly
built than modern golden eagles, but this is impossible to evaluate since
the differences are subtle, hard to quantify, and the sample sizes are too
small to rigorously test this hypothesis. In contrast to the size reduction
in the La Brea condor, there is no similar size reduction in eagles when
Holocene climate began and the megafaunal influence on the ecosystem
vanished. Thus, the golden eagles are good examples of a species that is
completely static despite major changes in climate, ecology and prey
species between 35 Ka and 9 Ka. Such stasis might be explained by the
idea that golden eagles are very generalized predators that live over a
wide range of habitats on a worldwide scale, and are not responsive to
small-scale local changes in environment. This may be true, but it is
surprising, since golden eagles demonstrate a tendency toward larger-
sized subspecies in high latitudes. In addition, it is very interesting that
(unlike the condors) the eagle showed no apparent response to the global
changes of climate at the end of the Pleistocene, nor to the major change
in the ecosystem when the Pleistocene megamammals vanished.
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