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Fossil vertebrates commonly are preserved in paleosols that
originally formed on the floodplains of ancient rivers. Lat-
erally adjacent paleosols that differ in terms of their chem-
istry and morphology due to geological and environmental
gradients on the ancient floodplain are called pedofacies.
Vertebrate fossil assemblages from the Willwood Formation
(Bighorn Basin, Wyoming) are investigated to determine if
there is a relationship between faunal composition and pe-
dofacies. This question is particularly important for the
Willwood Formation because it records dramatic temporal
changes in both faunal composition and pedofacies across
the Paleocene–Eocene boundary—an interval marked by
pronounced global warming. To understand the underlying
causes of these temporal patterns, it is important to know
the degree to which pedofacies and faunal composition are
linked. Two separate analyses are conducted to investigate
the relationship between pedofacies and faunal composi-
tion. Analysis 1 evaluates faunal compositions of estab-
lished localities that are stratigraphically adjacent but
characterized by different mean pedofacies. Results indi-
cate that faunal compositions of these localities are not re-
lated to pedofacies but instead correspond to differences in
the estimated body masses of the taxa. Results of Analysis
2, which evaluates new paleosol-specific collections from the
same stratigraphic interval, indicate that different pedofa-
cies are characterized by nearly identical faunas. The only
exception is lizards, which are significantly more abundant
in mature paleosols. Environmental gradients on the an-
cient floodplain seem to have exerted very little control on
faunal composition at this spatial scale, but size sorting
may have been an important taphonomic process in these
Willwood collections.

INTRODUCTION

Bown and Kraus (1987) introduced the concept of pedo-
facies based on their studies of paleosols in the Willwood
Formation in the Bighorn Basin of Wyoming. Pedofacies
are laterally contiguous paleosols that differ as a function
of their position on the ancient floodplain. Paleosol matu-
rity (degree of pedogenic development) is one common way

to recognize different pedofacies, although other factors
(e.g., drainage, substrate, vegetation) also are important
in pedofacies formation. More mature paleosols are
thought to represent areas that were distal to the main
channel where short-term sediment-accumulation rates
were low, whereas less-mature paleosols are thought to
have formed proximal to the main channel where short-
term sediment-accumulation rates were higher (Bown
and Kraus, 1981a; Kraus and Bown, 1988; see color photos
of different maturity paleosols in online supplementary in-
formation at http://www.sepm.org/archive/index.html).
Fossil vertebrates commonly are preserved in floodplain
paleosols and many studies have examined the taphono-
my of this depositional setting in the Bighorn Basin and
elsewhere (Winkler, 1980; Bown and Kraus, 1981b; Badg-
ley and Gingerich, 1988; Smith, 1993; Behrensmeyer et
al., 1995; Badgley et al., 1995; Cassiliano, 1997; White et
al., 1998).

The relationship between pedofacies and vertebrate fau-
nal composition, however, is poorly understood. Do fossil as-
semblages collected from paleosols that formed distal to the
main river channel show significantly different composi-
tions when compared to assemblages from paleosols that
formed adjacent to the ancient channel? In one study, Bown
and Beard (1990) found that different Willwood pedofacies
were characterized by vertebrate assemblages with differ-
ent compositions at both the species and ordinal levels. The
relationship between pedofacies and faunal composition
proposed by Bown and Beard (1990) is intriguing because it
suggests the possibility of determining habitat preference
for extinct taxa. If the distribution of vertebrate fossils in
different pedofacies does record habitat preferences, valu-
able information could be gained for assessing how the in-
teractions of organisms and their environments change
through time in terrestrial ecosystems. Such information is
particularly important for floodplain environments given
their diversity of ecological niches.

The relationship between pedofacies and faunal compo-
sition is also significant in the context of the Paleocene–
Eocene (P–E) boundary. Globally, the P–E boundary is
marked by a short-term perturbation to the carbon cycle
coincident with a brief yet intense global-warming event.
The Bighorn Basin preserves a very complete stratigraph-
ic record across this time interval and yields abundant ev-
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FIGURE 1—Map of the study area. Gray shaded region is the ex-
posed area of the Willwood Formation. Black dots represent the Was-
atchian-3 fossil localities sampled for this study.

idence for biogeochemical, climatic, and biotic change at
the boundary (Rose, 1981; Gingerich, 1989; Koch et al.,
1992, 1995, 2003; Clyde and Gingerich, 1998; Fricke et al.,
1998; Wing, 1998; Bowen et al., 2001; Wing and Harring-
ton, 2001). The boundary itself is marked in the Willwood
Formation by a series of very mature paleosols that are
characterized by unique faunal assemblages (Gingerich,
2003). If different pedofacies typically are characterized by
assemblages of different compositions, then the unique
faunal assemblages at the P–E boundary in the Bighorn
Basin simply may be the result of tracking different envi-
ronments on the ancient floodplain (Gingerich, 1989). Al-
ternatively, if there is typically little difference between
the faunal compositions of different pedofacies, then the
unique paleosols and faunas at the P–E boundary proba-
bly represent independent responses to the coincident
changes in climate.

Willwood Formation paleosols are classified mostly in
the Spodosol and Entisol groups, and fossil vertebrates
tend to be preserved in their grayish A horizons (see de-
tailed sedimentological, paleopedological, and taphonomic
description of Willwood paleosols in Bown and Kraus,
1981a, b; see also Appendix). This study evaluates the
compositional variability of isochronous vertebrate assem-
blages from Willwood paleosols in order to test the hypoth-
esis that different pedofacies are characterized by differ-
ent faunal compositions. Two separate analyses are con-
ducted. In both cases, samples are restricted to fossil as-
semblages recovered from the Wasatchian-3 (Wa-3)
faunal zone within the Willwood Formation (Fig. 1). This
interval represents less than 400 ky of time, and minimal

faunal change has been recorded within this period, so any
observable variation that does exist is likely to be associ-
ated with local environmental factors (Clyde, 2001). Anal-
ysis 1 evaluates relationships between pedofacies and fau-
nal composition using a set of 50 fossil localities with pre-
viously established collections. Analysis 2 evaluates rela-
tionships between pedofacies and faunal composition
using a set of paleosol-specific collections made during the
course of this study. The advantage of Analysis 1 is that
the collections of specimens from these localities represent
over 20 seasons of intensive collecting effort and thus are
characterized by large sample sizes. The drawback of
Analysis 1 is that these localities often encompass multi-
ple paleosol horizons, so the fossil collections come from a
variety of lithologies rather than an individual paleosol
horizon. Analysis 2 avoids the problem of combined lithol-
ogies by sampling from a single paleosol horizon. Howev-
er, the disadvantage of Analysis 2 is that the sample sizes
are considerably smaller than those in Analysis 1. Taken
together, these two approaches provide a rigorous test of
the idea that different Willwood pedofacies are character-
ized by faunal assemblages of different composition.

ANALYSIS I

Approximately 2200 designated fossil localities with
500,000 fossils are known from the Bighorn Basin (Gin-
gerich and Clyde, 2001). This collection represents over a
century of paleontological research, with particularly in-
tensive collection during the last three decades. Given the
relative rarity of fossil vertebrates, it usually takes this
kind of long-term effort to generate large sample sizes.
However, such large vertebrate samples often come at the
cost of stratigraphic and/or spatial averaging. In the case
of the Bighorn Basin, the designated fossil localities often
represent 5–15 meters of stratigraphic section and can en-
compass an area up to 2000 m2. In order to assess the re-
lationship between pedofacies and faunal composition in
these pre-existing localities, representative stratigraphic
sections were measured through each locality of interest.
The stratigraphic section from each locality provides the
distribution of pedofacies that is compared to the compo-
sition of the faunal assemblage from that locality. Because
there is significant variation in the distribution of pedofa-
cies in the various localities, it is possible to evaluate the
relationship between pedofacies and faunal-assemblage
composition using a multivariate statistical approach.

Methods

Representative stratigraphic sections were measured
through 50 localities with known Wa-3 fossil assemblages.
Paleosol maturities were coded in each section using the
scale devised by Bown and Kraus (1987), which is the
same scale used by Bown and Beard (1990). Sedimentary
information for each locality was summarized by calculat-
ing a weighted mean of paleosol maturity and the percent
sandstone for the representative section from each locali-
ty. The weighted mean of paleosol maturity was deter-
mined by multiplying the maturity of each paleosol by its
proportional thickness in the section, and then summing
across all paleosols in that section. This differentiated lo-
calities based on their differing pedofacies. The percent of
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sandstone in each section was calculated to quantify the
coarse-detrital fraction preserved in each locality. This
provides a separate, independently measured, paleoenvi-
ronmental variable that is also sensitive to a locality’s po-
sition on the ancient floodplain.

The compositions of assemblages from these localities
are detailed by Clyde (1997) and the specimens are housed
in the University of Michigan Museum of Paleontology. To
reduce the effects of rare taxa, only the abundances of
crocodiles and the ten most-common mammalian genera
were considered for this analysis. Each mammal genus is
represented by a single species in these assemblages, ex-
cept for Phenacodus, which includes several closely relat-
ed species. Crocodile specimens were not identified to ge-
nus due to the difficulty of working with fragmentary ma-
terial. Abundances were calculated using both the total
number of specimens and the minimum number of indi-
viduals in order to determine if the counting method had a
significant effect on the results. No significant differences
were observed between the two methods, so the results are
reported here in terms of the total number of specimens.

The statistical relationship between pedofacies and fau-
nal composition within this temporally constrained set of
localities was investigated in three different ways using
the program JMP.

Pairwise correlations between the relative abundances
of the taxa and measured lithological variables (weighted
mean paleosol maturity, percent sandstone) were evalu-
ated using the Pearson correlation coefficient (r), and the
statistical significance of each correlation was evaluated
using an F test.

A principal components analysis was performed on the
combined faunal and lithological data set to order the lo-
calities according to their main sources of variability.Prin-
cipal components analysis reduces the dimensionality of a
multivariate data set by taking linear combinations of the
original variables and plotting them on new axes that
maximize the observed variability. Because the original
variables were scaled differently, this analysis was per-
formed on the correlation matrix rather than on the co-
variance matrix.

Another principal components analysis was performed
only on the faunal compositions (excluding the lithological
variables). With the majority of the faunal variability of
the localities reduced to a few principal components, the
Pearson correlation between the lithological variables and
the localities’ scores on one or more of these principal com-
ponents was used to assess the relationship between pe-
dofacies and faunal composition. Because relative abun-
dances are all scaled the same, this principal components
analysis was performed on the covariance matrix. This ap-
proach revealed the extent to which pedofacies could ex-
plain the main components of faunal variability for these
localities.

Results

Absolute abundances of the ten most-common mammal
taxa and crocodiles as well as lithological variables for the
50 temporally restricted localities in this analysis are
shown in Table 1. Results of the three different statistical
treatments of the data are given in order. All pairwise cor-
relations between lithological variables and relative abun-

dances of taxa are insignificant, indicating no clear statis-
tical relationship between the abundance of individual
taxa and pedofacies (Table 2).

Results from the principal components analysis of the
combined data set show that the first principal component
explains only 20% of the observed variance, indicating lit-
tle structure to the data (Table 3). Although the lithologi-
cal variables (weighted mean maturity and percent sand-
stone) have relatively neutral PC-1 loadings, the PC-1
loadings for mammal taxa are closely correlated with their
estimated mean body masses (Fig. 2). Further, the faunal
compositions of the ten localities with the most-extreme
positive and negative PC-1 scores show that localities that
score high on PC-1 tend to preserve taxa of larger body
size and vice versa (Fig. 3). This is an interesting, and en-
tirely unexpected, result since no morphological data were
included among the input variables. The PC-1 loading for
crocodiles indicates that they cluster with the larger-body-
sized mammals. There is no clear interpretation of the
other principal components, which is not surprising given
the small amount of variance that they each represent.

Results of the principal components analysis performed
on the covariance matrix of the relative abundances (with-
out including the lithological variables) indicate that the
first principal component explains 46% of the observed
variance (Table 4). No significant correlations exist be-
tween lithological variables and the PC-1 scores of locali-
ties, suggesting that pedofacies is not significantly related
to the principal source of faunal variation in these locali-
ties. PC-1 loadings of the taxa are still correlated to esti-
mated mean body mass, although the relationship is not
as strong as in the previous analysis. PC-2 scores of local-
ities show a weak relationship with paleosol maturity, but
the correlation coefficient (r 5 0.24) is insignificant (p 5
0.10) and pedofacies only explains 5% of observed varia-
tion in PC-2.

Results from Analysis 1 show no clear relationship be-
tween faunal composition and pedofacies. However, Anal-
ysis 1 assemblages often were collected from fossil locali-
ties that encompassed several different pedofacies, so it is
possible that the averaging of collections from different li-
thologies has masked any relationship between pedofacies
and faunal composition. To explore the relationship be-
tween pedofacies and faunal composition further, a sepa-
rate experiment was devised (Analysis 2).

ANALYSIS 2

To test more rigorously for a relationship between pe-
dofacies and faunal composition, an experiment was de-
veloped that used paleosol-specific collections. By restrict-
ing fossil collections to small areas within a single paleosol
horizon, the lithological averaging problems of Analysis 1
were reduced, making it easier to test more directly the
hypothesis that different pedofacies are characterized by
different faunal assemblages.

Methods

Surface collections of fossils from small areas of Wa-3
Willwood exposure were made over the course of three
field seasons. Sites were chosen to ensure the resulting
collection was eroded from a single paleosol horizon (for
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TABLE 1—Raw data of taxonomic abundances (number of specimens) of the ten most abundant mammalian genera and crocodiles considered
in Analysis 1. Lithological variables: Paleosol 5 weighted mean of paleosol maturity; Sandstone 5 percent of section that is sandstone.

Locality

Taxonomic Raw Abundance

Diaco-
dexis

Hyop-
sodus

Haplo-
mylus

Ecto-
cion

Phena-
codus

Homo-
galax

Hyraco-
therium Cantius

Teton-
ius

Estho-
nyx

Croco-
dilia

indet. Sum

Lithology

Paleo-
sol

Sand-
stone

FG 083 2 9 0 1 2 0 17 1 1 0 9 42 1.76 5.94
FG 084 11 30 14 4 9 30 81 25 2 7 8 221 2.19 11.36
FG 085 1 3 1 3 1 4 15 1 0 2 0 31 2.64 10.42
FG 090 0 1 0 0 2 4 6 0 1 1 0 15 1.74 5.48
MP 023 12 28 20 1 5 4 43 10 0 2 19 144 1.00 11.95
MP 025 1 5 1 0 3 3 14 2 1 0 9 39 1.41 18.95
MP 034 1 23 5 0 2 0 11 4 0 1 2 49 2.13 0.95
MP 035 3 1 1 0 1 0 5 0 0 1 5 17 1.40 2.50
MP 046 2 7 1 0 1 1 3 6 0 0 1 22 1.74 9.82
MP 130 2 8 5 0 2 5 15 4 1 3 4 49 1.27 0.00
MP 131 0 4 1 0 0 0 0 0 0 0 0 5 1.59 4.21
MP 133 0 11 6 2 1 1 5 4 0 0 0 30 1.39 13.79
MP 149 9 28 5 1 6 13 31 4 0 2 26 125 1.48 7.46
MP 198 0 0 0 0 0 2 5 2 0 1 1 11 1.11 0.77
MP 199 2 0 2 1 2 0 2 1 0 0 0 10 1.52 5.70
MP 200 0 1 1 1 1 3 14 0 0 0 3 24 1.34 8.18
MP 201 5 25 11 2 1 3 35 6 2 1 10 101 1.44 15.05
MP 205 2 2 1 1 0 0 6 0 0 0 0 12 1.68 9.35
MP 206 5 7 0 1 1 0 6 0 0 0 1 21 1.04 1.67
MP 208 0 0 6 0 0 3 13 0 0 1 3 26 1.06 18.92
MP 213 5 6 3 3 2 4 21 2 0 0 3 49 1.74 16.47
MP 215 0 5 2 0 0 0 4 2 0 0 2 15 1.47 9.33
MP 220 0 1 0 0 1 3 7 1 0 1 7 21 1.27 11.30
MP 222 1 3 0 2 2 0 7 3 0 0 3 21 0.98 14.00
MP 223 11 40 20 4 9 4 105 13 0 10 21 237 1.38 10.80
MP 225 3 5 2 0 4 0 14 6 0 6 2 42 1.37 12.78
MP 226 7 9 6 2 0 0 9 6 1 2 3 45 1.35 6.67
MP 227 0 6 2 0 0 0 0 2 0 1 0 11 1.06 11.04
MP 228 6 13 1 4 3 2 32 1 1 1 4 68 2.05 8.73
MP 229 5 20 11 1 0 2 14 7 0 1 1 62 1.25 25.60
MP 230 0 0 1 0 0 0 1 1 0 0 0 3 1.48 10.00
MP 231 1 6 6 0 0 4 4 3 1 0 5 30 1.44 4.94
MP 232 0 3 0 1 0 0 3 1 0 0 0 8 1.22 13.33
MP 245 9 21 14 7 4 1 51 10 8 2 34 161 1.51 4.84
MP 246 2 1 1 0 0 0 2 1 0 0 0 7 1.10 0.00
MP 247 0 4 3 0 3 1 7 0 1 1 4 24 1.61 13.91
MP 250 0 2 1 3 1 1 14 0 0 0 3 25 2.18 2.13
MP 251 10 8 4 1 2 4 18 8 0 3 0 58 2.09 5.52
MP 252 5 3 6 4 4 4 23 4 0 2 8 63 0.98 10.26
MP 267 2 0 1 0 0 0 7 2 1 0 0 13 1.60 12.94
MP 269 2 1 4 3 1 3 5 1 1 1 0 22 1.41 18.97
MP 270 2 9 8 1 0 3 9 8 1 1 0 42 1.58 1.11
MP 273 4 6 9 4 0 2 27 6 2 3 8 71 1.71 15.53
MP 276 2 0 0 0 1 1 3 0 0 2 3 12 1.33 11.19
MP 277 2 10 4 2 1 0 24 7 1 2 0 53 2.13 8.21
MP 278 2 5 2 0 3 2 7 0 0 0 0 21 2.26 4.79
MP 279 0 2 0 0 0 3 4 0 0 0 1 10 1.87 7.46
MP 280 0 0 0 0 0 1 4 2 0 2 2 11 1.40 13.83
MP 283 3 5 2 0 0 0 6 2 0 1 0 19 0.97 9.33
MP 291 0 3 0 0 1 0 5 2 0 1 1 13 1.74 11.29
Sum 142 390 194 60 82 121 764 171 26 65 216 2231
Percentage

of total
6.4 17.5 8.7 2.7 3.7 5.4 34.2 7.7 1.2 2.9 9.7 100.0

example, by collecting a small hillock that exposed only a
single paleosol—because no other rocks were above it, any
fossils recovered from the slopes of the hillock could be as-
signed confidently to that particular paleosol). All fossil
material was collected and catalogued; mammalian fossils
were identified to species and reptilian fossils were iden-
tified to order (e.g., Crocodylia, Testudines [Turtles],
Squamata [Lizards]). Care was taken in the field to keep

elements from the same specimen together so they would
not be counted more than once. Paleosol maturity was cod-
ed according to the same system used in Analysis 1 and
the amount of time that the collector spent on the collec-
tion was noted in order to test the productivity of different
maturity paleosols. This information was entered into a
computerized relational database, and faunal information
was grouped according to the five paleosol maturity clas-
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TABLE 2—Pairwise correlation coefficients between lithological vari-
ables and taxon relative abundances for the ten most common mammal
taxa and crocodiles in Analysis 1. Original data is shown in Table 1.

Lithology Taxon Pearson R p

Paleosol Diacodexis 20.14 0.33
Paleosol Hyopsodus 0.01 0.92
Paleosol Haplomylus 20.18 0.20
Paleosol Ectocion 0.14 0.35
Paleosol Phenacodus 0.15 0.29
Paleosol Homogalax 0.17 0.23
Paleosol Hyracotherium 0.26 0.07
Paleosol Cantius 20.16 0.28
Paleosol Tetonius 0.11 0.47
Paleosol Esthonyx 20.11 0.45
Paleosol Crocodilia indet. 20.23 0.11
Sandstone Diacodexis 20.21 0.14
Sandstone Hyopsodus 20.12 0.43
Sandstone Haplomylus 0.11 0.46
Sandstone Ectocion 0.14 0.32
Sandstone Phenacodus 20.05 0.75
Sandstone Homogalax 20.02 0.90
Sandstone Hyracotherium 0.09 0.54
Sandstone Cantius 0.04 0.78
Sandstone Tetonius 0.05 0.73
Sandstone Esthonyx 0.08 0.57
Sandstone Crocodilia indet. 0.04 0.77

FIGURE 2—Results of principal components analysis for Analysis 1b.
Loadings of PC-1 for relative abundances of the ten most common
mammal taxa versus mean estimated body mass of those taxa. PC-
1 loadings of taxa are significantly correlated with body size even
though no morphological variables were included in the analysis, in-
dicating the existence of a relationship between faunal composition
and body-size distribution for these localities.

TABLE 3—Eigenvalues and eigenvector coefficients (loadings) for the principal components analysis of Analysis 1b. Input variables were taken
from the correlation matrix of the taxonomic relative abundances from Table 1 (see text for discussion).

Prin. Component 1 2 4 5 6 7

Eigenvalue: 2.63 1.72 1.36 1.13 1.08 0.95
Percent: 20.21 13.26 10.47 8.72 8.30 7.27
CumPercent: 20.21 33.47 54.83 63.55 71.85 79.12
Eigenvectors:
Diacodexis 20.07 0.20 0.34 0.28 0.02 20.16
Hyopsodus 20.42 0.07 20.47 20.32 0.00 0.07
Haplomylus 20.42 0.03 0.15 0.12 0.34 0.01
Ectocion 0.06 0.51 0.32 20.28 20.10 0.19
Phenacodus 0.23 0.13 20.02 0.08 0.32 0.64
Homogalax 0.35 20.13 20.30 0.14 0.12 0.02
Hyracotherium 0.43 0.21 0.21 0.01 20.32 20.30
Cantius 20.33 20.20 0.22 0.41 20.30 0.09
Tetonius 0.14 0.09 0.05 0.39 0.63 20.17
Esthonyx 0.16 20.48 0.07 0.25 20.27 0.41
Crocodilia indet. 0.30 20.40 20.01 20.35 0.19 20.24
Paleosol 0.17 0.40 20.40 0.23 20.19 0.21
Sandstone 0.02 20.12 0.43 20.39 0.14 0.35

ses (0–4). Finally, several statistical analyses were per-
formed to compare the faunal compositions of collections
from differing pedofacies.

Results

The database of 106 paleosol-specific collections (730
identifiable specimens) was evaluated for patterns in fau-
nal composition, species richness, and fossil productivity.
In order to reduce potential spurious effects caused by rare
taxa, some species were grouped into higher taxonomic
groups (e.g., Omomyidae, Mesonychidae) if they shared
close ecological and phylogenetic ties, however the results
did not change significantly by this grouping protocol.

Mammalian compositions from different pedofacies show
remarkable similarity (Fig. 4A). Bootstrapping (1000 iter-
ations) demonstrates that the assemblages are statistical-
ly indistinguishable, indicating that faunal composition is
not strongly related to pedofacies. The same analysis was
performed on the relative abundances of turtles, croco-
diles, and lizards. In this case, lizards show a significantly
higher relative abundance in the most-mature paleosols
(Fig. 4B).

Mammalian species richness also was compared among
different paleosol maturities. Species richness of reptiles
was not evaluated since it is difficult to identify fragmen-
tary material to the species level. Species were not
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FIGURE 3—Comparison of faunal composition from the ten localities with most positive (left) and most negative (right) PC-1 scores. Taxa are
ranked in order of estimated mean body mass (in parentheses), with smallest taxa at the top and largest taxa at the bottom. Localities with
high PC-1 scores tend to preserve taxa of larger body size whereas localities with low PC-1 scores tend to preserve taxa of smaller body size.
This is consistent with results shown in Figure 2 and the results do not change significantly if the two dominant taxa (Hyracotherium and
Hyopsodus) are removed. Mean estimated body masses for the taxa are from Clyde (1997).

TABLE 4—Eigenvalues and eigenvector coefficients (loadings) for the principal components analysis of Analysis 1c. Input variables were taken
from the covariance matrix of the taxonomic relative abundances from Table 1 (see text for discussion).

Prin. Component 1 2 4 5 6 7

Eigenvalue: 0.03 0.01 0.01 0.00 0.00 0.00
Percent: 46.49 14.28 8.40 6.39 5.37 2.69
CumPercent: 46.49 60.77 81.63 88.02 93.39 96.08
Eigenvectors:
Diacodexis 0.02 20.25 20.78 20.12 0.20 20.41
Hyopsodus 20.77 0.49 20.01 0.09 0.01 20.09
Haplomylus 20.17 20.47 0.17 20.22 20.71 20.09
Ectocion 0.03 0.00 20.11 20.08 20.08 0.41
Phenacodus 0.05 0.00 20.16 20.20 0.11 0.72
Homogalax 0.14 0.15 0.44 20.63 0.29 20.32
Hyracotherium 0.56 0.35 0.03 0.21 20.17 20.12
Cantius 20.09 20.49 0.35 0.54 0.36 20.03
Tetonius 0.02 20.01 0.02 20.05 20.02 0.01
Esthonyx 0.05 20.04 0.08 0.07 0.31 0.05
Crocodilia indet. 0.17 0.28 20.04 0.39 20.30 20.13

grouped into higher taxonomic groups for this analysis.
Rarefaction curves were generated for each paleosol ma-
turity and 95% confidence intervals were determined us-
ing bootstrapping. Again, no significant difference is ob-
served in species richness among different pedofacies (Fig.
5A).

Finally, fossil productivity was evaluated by dividing
the number of specimens collected from each pedofacies by
the total number of collector-hours dedicated to those col-
lections. This provides a fossil-productivity rate (speci-
mens/collector-hour) that represents a proxy for the rela-
tive preservation potential of different pedofacies. Results

of this analysis show that for both reptiles and mammals,
mature paleosols tend to be more productive than less-ma-
ture paleosols (Fig. 5B).

DISCUSSION

The combined results of Analysis 1 and Analysis 2 indi-
cate that different pedofacies from the same time interval
in the Bighorn Basin are characterized by statistically in-
distinguishable vertebrate faunal compositions. The only
exception is lizards, which are found more abundantly in
the most mature paleosols. This result may not be surpris-
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FIGURE 4—Faunal composition of paleosol-specific collections from Analysis 2. Different symbols represent collections from different-maturity
paleosols as shown in key. (A) Distributions of mammals for different-maturity paleosols. Bootstrapped confidence intervals (not shown) all
overlap, indicating these distributions are statistically indistinguishable. (B) Distributions of reptiles for different-maturity paleosols. These dis-
tributions are also indistinguishable using bootstrapping except for the high abundance of squamates (lizards) in stage-4 paleosols.

ing, considering the taphonomic context and geographic
scale of these assemblages.

Pedofacies are known to change laterally over the scale
of hundreds of meters to a few kilometers. Assuming that
other variables (e.g., climate, parent material) are rela-
tively constant, the maturity of the paleosol is thought to
be controlled primarily by its position on the ancient flood-
plain—more-mature paleosols formed distal to the chan-
nel where short-term sediment-accumulation rates were
low, and less-mature paleosols formed closer to the chan-
nel where short-term sediment-accumulation rates were
higher (Bown and Kraus, 1981a; Kraus and Bown, 1988).
The surface-collected assemblages used in this study pref-
erentially tend to sample mid- to large-sized animals
(.500 g). Such mid- to large-sized animals tend to have
broad geographic ranges that span various microenviron-
ments, so it is unlikely that they would be sensitive to
small-scale changes in floodplain environments.

Small animals may be more sensitive to microenviron-
mental variation. For instance, limestone lenses pre-
served throughout the Willwood Formation are interpret-
ed to represent small, freshwater-spring deposits (Bowen
and Bloch, 2002). These limestone deposits have well-pre-
served microfaunal fossil assemblages that are composi-
tionally different from the surrounding paleosols, suggest-
ing a strong microenvironmental influence (Bloch and
Bowen, 2001). Similarly, there also may be differences in
the composition of microfauna from different-maturity pa-
leosols, but this has yet to be tested. It is interesting to

note that the results presented here show that the most-
mature paleosols have an unusually high abundance of
lizards, which are part of the microfauna, and today prefer
the kinds of well-drained microenvironments where ma-
ture paleosols are thought to form.

Pedofacies also seem to show no relationship with spe-
cies richness when sample size is factored out through rar-
efaction. This result is consistent with the results of Clyde
(1997), which showed very little lateral variability in spe-
cies richness within faunal zones. It is very possible that
microfaunal assemblages would show a different pat-
tern—one that is characterized by significant spatial het-
erogeneity in composition and diversity—but such a study
has not yet been carried out.

Bown and Beard (1990) presented examples of coeval
fossil localities in the Willwood Formation that are char-
acterized by different pedofacies and by faunal assemblag-
es of different composition. Based on these examples, they
hypothesized a general relationship between pedofacies
and faunal composition that was due to environmental
gradients on the ancient floodplain—some taxa preferring
environments proximal to the ancient channel where im-
mature paleosols form and other taxa preferring environ-
ments distal to the ancient channel where mature paleo-
sols form. The results presented here, however, indicate
that there is no systematic, statistically significant rela-
tionship between faunal composition and pedofacies. A
close reevaluation of the Bown and Beard results shows
some striking similarities to the results presented here.
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FIGURE 5—Species diversity and fossil productivity of paleosol-spe-
cific collections from Analysis 2. (A) Rarefaction curves showing the
relationship between sampling and species richness for collections
from different paleosol maturities (P0 5 paleosol maturity stage 0, P1
5 paleosol maturity stage 1, etc.). The 95% confidence intervals de-
termined using bootstrapping for all curves overlap indicating no sig-
nificant differences among the observed diversities of the collections.
For clarity, only the 95% confidence interval for the largest size col-
lection (P1) is shown (shaded interval). (B) Bar graph showing the
average fossil productivity of different-maturity paleosols. Note that
more-mature paleosols (stages 2–4) tend to be more productive than
less-mature paleosols (stages 0–1).

For example, Bown and Beard (1990) noted several in-
stances where closely related species have different rela-
tive abundances in localities that come from the same
stratigraphic level but are characterized by different ma-
turity paleosols. In most of the examples they cite (e.g.,
Hyposodus), the species in question are almost identical
morphologically except for differences in body size. Those
observations also are consistent with results presented
here in Analysis 1.

Results of Analysis 1 indicate that body size rather than
pedofacies correlates most strongly with faunal composi-
tion of contemporaneous Willwood fossil localities. What is

the underlying cause of this pattern? An ecological cause
is possible, where mammals of the same body size tend to
inhabit the same areas and thus tend to be preserved to-
gether. For instance, large herbivores like Hyracotherium
may have inhabited open-woodland environments as com-
pared to smaller animals like Hyopsodus that may have
inhabited areas of more-secondary growth. However, if
this were the case, then these environmental differences
were not reflected in the resulting pedofacies because
there is no significant relationship between pedofacies
and faunal composition.

An alternative explanation is that the body-size pattern
is taphonomic in origin rather than ecological. The tapho-
nomic filter could be in the form of physical sorting during
or after deposition or some kind of subtle collection bias.
Unfortunately, the controlled collections of Analysis 2
were designed to test the influence of pedofacies and are
too small to perform a principal components analysis,
which could have recovered the body-size pattern ob-
served in Analysis 1. Instead, measurements were taken
of preserved specimens from the localities that were char-
acterized by the most extreme PC-1 scores from Analysis 1
in hopes of determining whether there was a difference in
the size distribution of fossil specimens that may have
been caused by physical sorting. In order to get sufficient
sample sizes (n ø 500), measurements were taken on the
collections from the five localities with the lowest PC-1
scores and the three localities with the highest PC-1
scores. Comparisons of major-, intermediate-, and minor-
axis measurements for all specimens in these collections
are given in Figure 6 and show a clear difference between
the size distributions of fossil specimens from these locali-
ties (T-test p , 0.01 in all cases). This result suggests that
the localities on the extreme ends of the PC-1 score spec-
trum from Analysis 1 are characterized by differential
physical sorting. Since small mammals are characterized
by relatively small elements, any winnowing of material
before or after deposition would tend to concentrate the
larger elements typical of larger-body-sized animals. Al-
though it is still possible that the observed size sorting is
ecological in nature rather than taphonomic, it is more
likely the result of some sort of depositional or post-depo-
sitional physical sorting mechanism.

One of the only variables measured in this study that is
related to pedofacies is fossil productivity. After account-
ing for collection intensity, more-mature paleosols tend to
yield more fossil specimens. This is consistent with the
idea that maturity is directly related to exposure time.
The longer a soil is exposed, the more pedogenesis takes
place, the more mature the soil becomes, and the more
time there is for potential fossils to accumulate within the
soil. Of course the process of pedogenesis itself may be de-
structive to fossils due to the chemical and physical re-
working of the soil material. Bown and Beard (1990) found
this when they evaluated fossil completeness in Willwood
paleosols and discovered that specimens were more com-
plete and better preserved in immature paleosols com-
pared to mature paleosols. The results on fossil productiv-
ity reported here, combined with the results of Bown and
Beard (1990) on fossil completeness, suggest that the
number of fossil specimens is generally higher in mature
paleosols, but those specimens are generally less com-
plete. Other factors, such as soil chemistry and stream
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FIGURE 6—Histograms of fossil specimen sizes for localities with ex-
treme PC-1 scores from Analysis 1. Long axis (X, top), intermediate
axis (Y, center), and short axis (Z, bottom) of specimens are plotted
separately. Asterisk denotes the mean of the distribution in each case.
Localities with the most-positive PC-1 scores preserve significantly
larger specimens than localities with the most-negative PC-1 scores
(T test; p , 0.01 in all cases). This suggests that the relationship
between faunal composition and estimated body mass observed in
Analysis 1 may be the result of a physical sorting process and there-
fore is taphonomic, rather than ecological, in origin.

avulsion, also could play a role in the relationship between
pedofacies and preservation.

The observed lack of relationship between pedofacies
and faunal composition is of particular importance in the
context of interpreting the dramatic temporal changes in
paleoecology across the Paleocene–Eocene boundary. The
P–E boundary interval in the Bighorn Basin is character-
ized by a sequence of very mature paleosols that contain
transitional faunas of high diversity and unusual compo-
sition (Gingerich, 1989; Clyde and Gingerich, 1998; Gin-
gerich, 2003). Diversity in the Bighorn Basin was ;15%
higher at the P–E boundary than it was at any other time
and the boundary fauna includes several unique taxa.
Given the results of the present study, it now seems un-
likely that the distinctive character of the boundary fauna

is an artifact of the unusual pedofacies. Rather, the un-
usually mature paleosols and exceptionally diverse fauna
seem to represent the independent sedimentologic and bi-
otic responses to the short-term global-warming event
that marks the boundary.

CONCLUSIONS

(1) Composition and diversity of surface-collected verte-
brate assemblages from the Wa-3 faunal zone of the Will-
wood Formation in the Bighorn Basin do not vary system-
atically with pedofacies. The largest proportion of varia-
tion in these assemblages is accounted for by the estimat-
ed body mass of the taxa rather than lithology.

(2) The observed relationship between body-size distri-
bution and pedofacies may be the result of ecological or
taphonomic factors. The size distribution of fossil speci-
mens from localities that show the most-extreme relation-
ship between body size and faunal composition is consis-
tent with physical sorting. In fluvial environments, the
lateral variability in surface-collected vertebrate faunas
seems to be controlled more by taphonomic processes such
as physical sorting than by ecological processes such as
habitat preference.

(3) Lizards show significantly greater abundance in the
most-mature paleosols, suggesting they preferred distal,
well-drained floodplain environments in the Eocene in the
same way they do today.

(4) Compared to immature paleosols, mature paleosols
tend to yield more vertebrate fossil specimens in terms of
fossils found per hour collected. This is consistent with the
notion that paleosol maturity is proportional to time of ex-
posure.

(5) Changes in faunal composition and diversity ob-
served across the Paleocene–Eocene boundary interval in
the Willwood Formation are not influenced strongly by
changes in pedofacies, but are more likely the result of co-
incident changes in climate.
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