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The paleodietary ecology of Late Pleistocene ungulate faunas of the Mammoth Steppe ecosystem was
investigated at Fairbanks (Alaska) and Brown Bank (North Sea) through dental mesowear and microwear
analysis. The purpose of the study is to address questions concerning the paleoecology of the Mammoth
Steppe, an ecosystem that has no extant analog. Dental wear patterns indicate that the niche partitioning at
Brown Bank (BB) region was consistent with ecosystem dynamics found in diverse ungulate faunas in recent
time. In contrast, despite the lower numbers of extinct taxa, the Fairbanks (FB) fauna is ecologically bizarre.
In general, the microwear of this fauna includes excessive numbers of very (narrow) fine scratches that are
atypical for extant mixed feeders and grazers. Moreover, the mesowear signal suggests unusual paleodiets
(niche dynamics), where low-crowned mixed-feeding cervids, Rangifer and Cervus, adopted diets that are
similar to Equus in terms of mesowear (abrasion) and much more abrasive than the diets of either Bison or
Ovis. We suggest that the anomalies may relate to unique, possibly disharmonious, ecosystem dynamics
during the Pleistocene–Holocene transition. In addition to these findings, it was discovered (found) that
dental wear patterns, particularly microwear variables such as scratch frequency and scratch width are
strongly affected by geographic region, irrespective of species-specific dietary preferences.
ll rights reserved.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The end of the Late Pleistocene was the time when species such as
giant deer, woolly mammoth and woolly rhinoceros became extinct
after having survived many climatic changes during several hundreds
of thousands of years (Lister and Sher, 1995; Stuart et al., 2004; Solow
et al., 2006; Buck and Bard, 2007; Nogués-Bravo et al., 2008). The
latest Pleistocene is also the period during which humans spread into
Northern Siberia and crossed Beringia into America (Hoffecker et al.,
1993; Yesner, 2001; Dixon, 2001). During the Late Pleistocene, the
environments of the middle and northern parts of Europe, northern
Asia, and northern North America were generally open, tending
toward steppic (Vereschagin and Baryshnikov, 1982; Guthrie, 1982,
1990, 2001; van Andel and Tzedakis, 1996). The steppe biome is a dry,
cold, grassland which may be semi-desert, or covered with grass or
shrubs or both, depending on the season and latitude. The term is also
used to denote the climate in regions too dry to support a forest, but
not dry enough to be a desert. Steppe is characterized by a continental
and semi-arid climate. The Mammoth Steppe (Guthrie, 1980) is an
extinct biotope remarkable for its unusual combination of mammal
species when compared to the present-day distribution of their
modern relatives. The ecosystem of the Mammoth Steppe collapsed
during the period that marks the Pleistocene–Holocene transition and
was replaced by the modern tundra, taiga, and steppe belts of Eurasia
and North America (Zimov et al., 1995; Guthrie, 1995). TheMammoth
Steppe was characterized by a diverse flora and fauna. During the
collapse of the steppe biome, the geographical ranges of several
species shrank and many were regionally extirpated, whereas others
went extinct.

The purpose of this study is to analyze the paleodietary ecology of
two fossil ungulate assemblages from Alaska and the North Sea using
two methods of dental wear analysis (dental mesowear and dental
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microwear). In addition to the unique paleoenvironment of the
Mammoth Steppe, the ( Mammoth Steppe) faunas contain associa-
tions of extinct and extant species as well as associations of extant
species that do not occur today. These unique faunal associations may
have created interspecies niche dynamics that are not analogous to
modern faunas from the same regions.

We propose to address the following questions:

(1) Is the dietary ecology of Mammoth Steppe faunas predictable,
given our current understanding of the autecologies of the
constituent species? For instance, are the dietary ecologies of
extant species in theMammoth Steppe similar to those today, or
do they differ due to the unique faunal and floral associations?

(2) Was the dietary ecology and interspecific niche dynamics of the
ungulates of the Mammoth Steppe homogeneous in every
region? or was it diverse with a significant regional effect?

(3) Is there any evidence that terminal Pleistocene faunas are
“disharmonious” or show ecologically anomalous interspecies
niche dynamics in comparison to earlier or later faunas?
2. Material

We analyzed material from two regions selected for their richness
in fossil ungulates, the Fairbanks (FB) area of Alaska, and the Brown
Bank (BB) in the North Sea (Fig. 1).
2.1. Fairbanks area, Alaska

We examined samples of late Pleistocene ungulates from open-pit
gold mines near Fairbanks (FB), Alaska (Fig. 1), housed in the Division
of Vertebrate Paleontology at the American Museum of Natural
History, New York. Massive dredges and extensive water pipelines
movedmillions of cubic meters of late Pleistocene silts to expose gold-
bearing gravels buried just above bedrock. The frozen deposits consist
of muck, gravels, sands, peat and other vegetation, volcanic ash and
ice (Wilkerson, 1932). Theminers used powerful jets of water to thaw
and erode deposits. They reshaped entire valleys in this search for
gold and exposed innumerable fossil bones and several frozen
mummies (Guthrie, 1968a).

Seven species from this region were analyzed: Mammuthus
primigenius (woolly mammoth), Equus ferus (horse), Cervus elaphus
(red deer), Alces alces (moose), Rangifer tarandus (caribou), Bison
priscus (bison), and Ovis dalli (Dall sheep). Large mammal fossils from
these beds have been dated to the Wisconsin (most recent) glacial
period (110 to 12kyrBP), fromMarine Isotopic Stage (MIS) 3-2 (60 to
12kyrBP) i.e. to the last glacial maximum (Guthrie, 2006). The
specimens sampled are from three basic collecting areas: Engineer
Creek, Cripple Creek, and Gold Hill. Radiocarbon dates for those areas
range from ca. 14 to 12kyrBP (Guthrie, 2006), i.e. the end of the very
cold and dry period of the Mammoth Steppe and the beginning of a
transitional period, warmer and more humid, with abundant
graminoids and woody plants (Anderson et al., 1991; Bigelow and
Powers, 2001). However, radiocarbon dates for Alces alces are
consistently younger than those of the other ungulates. Alces dates
range from 12 to 9kyrBP (Guthrie, 2006). Alces is also reported to be a
Holocene component of the fauna at other localities in Alaska, like at
Lost Chicken Creek (Porter, 1988). Those remains occur after the
transition of the Mammoth Steppe to the tundra and taiga vegetation
(Guthrie, 2006). This ungulate assemblage does not result from a
single depositional event, but, with the exception of Alces, the
radiocarbon range through a relatively short interval of time that
has been treated as an essentially contemporaneous latest Pleistocene
fauna (Guthrie, 1968a, 2003, 2004, 2006; Porter, 1988).
2.2. Brown Bank area, North Sea

In glacial times, the southern North Sea was above sea level and
contained abundant rivers and lakes. Many thousand fossil bones of
Pleistocene age mammals, both terrestrial and marine, have been
recovered from the bottom of the North Sea by fishermen using
beamtrawls in the Brown Bank (BB) area, between Great Britain and
The Netherlands (Fig. 1). Nine species were analyzed: Mammuthus
primigenius (woolly mammoth), Coelodonta antiquitatis (woolly
rhinoceros), Equus ferus (horse), Megaloceros giganteus (Irish elk),
Alces alces (elk/moose), Cervus elaphus (red deer), Rangifer tarandus
(reindeer), Bos primigenius (aurochs), and Bison priscus (bison).

Seventeen AMS radiocarbon dates were obtained from BB and
range from ca. 45,000 to 34,000BP (Mol et al., 2006). This range
corresponds to the MIS 3 (interstade during the last glacial period)
and more specifically to the Middle Pleniglacial (ca. 28,000–
50,000BP), during which three interstadials can be discerned. During
the cold periods the land was a steppe–tundra; during the
interstadials, it was mostly covered in low growth and birch (Mol
et al., 2006). Glimmerveen et al. (2006) suggested reindeer probably
inhabited the area only during the colder stadials. The fossil
assemblage does not result from a single depositional event (van
Kolfschoten and Laban, 1995; Mol et al. 2006), like at FB, but it gives
an overall view of the species and their dietary breadth of the late
Pleistocene interval for this region. The teeth were sampled in the
collections from Naturalis (National Museum of Natural History) at
Leiden (Netherlands).

It is evident that the samples from the two areas selected are
significantly separated in space (about 7000 km) and time (20 to
30kyr). It is also important to note that the two fossil assemblages do
not result from a single depositional event and that all the taxa
analyzed may not be exactly contemporaneous. However, the results
would provide an overall view of the dietary traits for these species
and the breadth of their dietary habits during the late Pleistocene.

3. Methods

3.1. Mesowear

Mesowear analysis, first introduced by Fortelius and Solounias
(2000), is a method of categorizing the gross dental wear of ungulate
molars by evaluating the relief and sharpness of cusp apices inways that
are correlatedwith the relative amounts of attritive and abrasive dental
wear. Mesowear has been successfully used to assign paleodiets to
extinct species and test hypotheses of dental/diet coevolution (Kaiser
et al., 2000; Kaiser and Solounias, 2003; Mihlbachler and Solounias,
2006; Semprebon and Rivals, 2007). Mesowear analysis is applicable to
selenodont and lophodont ungulates with a predominantly transverse
direction of shearingmastication,which includesmany artiodactyls and
perissodactyls. The mesowear technique is inapplicable to Proboscidea,
such as Mammuthus, and other mammal groups with functionally
different types ofmasticatory apparati. It is scoredmacroscopically from
thebuccal sideof uppermolars, preferably theparaconeofM2(Fortelius
and Solounias, 2000). Among taxa with the appropriate masticatory
apparatus, a dietwith low levels of abrasion, such as thebrowsingdiet of
themoose, maintains sharpened apices on the buccal cusps as the tooth
wears. In contrast, high levels of abrasion, associated with a diet of
siliceous grass and/or ahigh rate of soil or dustparticle ingestion, suchas
the coarse grazing diets of African zebra, results in more rounded and
blunted buccal cusp apices. Unworn (and marginally worn) teeth,
extremely worn teeth, and those with broken or damaged cusp apices
are omitted from mesowear analysis. Cusp sharpness is sensitive to
ontogenetic age among young individuals (who have not yet developed
substantial wear facets) and among dentally senescent individuals.
However, for intermediate age groups, which typically include the
majority of individuals in a fossil collection, mesowear was found to be



Fig. 1. Map showing the suspected extension of the Mammoth Steppe in Eurasia and North America (from Guthrie, 1990) and the location of Fairbanks and Brown Bank. The map of Alaska indicates the loess deposits compiled by Muhs and
Budahn (2006) from Hopkins (1963) and Sainsbury (1972) for the Seward Peninsula, and Péwé (1975) for all other parts of the region.
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less insensitive to age and more strongly related to diet (Rivals et al.,
2007a). To exclude potential interobserver error, mesowear was scored
by one investigator (FR).

In the original formulation of themethod,mesowearwas treated as a
bivariate phenomenon. Apices of molar cusps were scored as sharp,
rounded, or blunt, and the relief of the cusps ashighor low(Fortelius and
Solounias, 2000). However, the two variables, sharpness and relief, are
strongly interdependent. For instance, sharpened cusps have high relief
and completely blunted cusps have zero relief. Therefore, at least inmost
instances, mesowear is more appropriately treated as a univariate
phenomenon (Mihlbachler and Solounias, 2006). Here, the original data
of Fortelius and Solounias (2000) on extant ungulates were converted
into a more simplified univariate score representing a continuum of
mesowear stages from the highest and sharpest cusps (0) to cusps
that are completely blunted with little or no relief (3) (Rivals et al.,
2007b). Intermediate stages of mesowear consisting of more rounded
cusp apices with higher and lower levels of cusp relief were assigned 1
and 2, respectively.

3.2. Microwear

All available upper and lower second molars (M2 or m2) of
dentally adult individuals, whether isolated or in tooth rows were
sampled, following the methodology of Solounias and Semprebon
(2002). The occlusal surface of each tooth was molded using
polyvinylsiloxane dental impression material. Each mold was cast
with clear epoxy resin. Postmortem processes may affect dental
surfaces (taphonomic alterations, damages during the collection of
the specimens, or by the storage in the collections). All specimens
were carefully screened and those with badly preserved enamel or
extensive taphonomic defects (features with unusual morphology
and size, or fresh features made during collecting process or during
storage) were removed from the analysis (King et al., 1999). At BB
(North Sea), from the 532 molded specimens, 137 specimens were
discarded from the microwear analysis, i.e. 25.7% of the total number
of specimens. The percentage of specimens excluded is quite high,
probably due to the taphonomic conditions of preservation but also to
the collecting process. At FB (Alaska), 174 casts of fossil ungulates
were collected, out of which 24 specimens were discarded, i.e. 13.8%
of the total number of specimens.

Microwear analysis was performed using low-mag stereomicro-
scopy followingmethods outlined by Solounias andSemprebon (2002),
and Semprebon et al. (2004). Further discussion of this methodology
Table 1
Mesowear and microwear summary data for the modern ungulates. Abbreviations: n = numb
number of scratches; %LP=percentage of specimenswith large pits; %CS= percentage of spec
width score (from 0 = fine scratches only to 2 = coarse scratches only); %0–17 = percentage

Mesowear Microw

Species n MWS Ref. n

Alces alces — North America AA-na 30 0.00 (1) 10
Alces alces — Europe AA-eu 10 0.25 n.d. 10
Bison bison athabascae Bba-m 11 1.00 (3) 8
Bison bison bison Bbb-m 15 2.73 (1) 18
Bison bonasus Bbo-m 7 1.57 n.d. 7
Ceratotherium simum Cs-m 24 2.33 (1) 10
Cervus canadensis CE-na 19 0.53 (1) 28
Cervus elaphus CE-eu 33 0.86 n.d. 28
Diceros bicornis Db-m 34 0.06 (1) 10
Elephas maximus Em-m NA 7
Equus burchelli Eqb-m 121 2.34 (1) 51
Equus grevyi Eqg-m 29 2.24 (1) 11
Ovis ammon darwini Oad-m 12 0.54 n.d. 11
Ovis ammon poli Oap-m 16 1.09 n.d. 22
Ovis canadensis Oc-m 29 0.62 (1) 19
Rangifer tarandus Rt-m 102 0.80 (4) 66

(1) Fortelius and Solounias (2000); (2) Solounias and Semprebon (2002); (3) Rivals et al. (
and its application toward dietary reconstruction can also be found in
Godfrey et al. (2004) and Palombo et al. (2005). High-resolution epoxy
casts of the teeth were examined at 35x magnification using a Leica
MZ16 stereomicroscope. Light was shone onto surface of the casts,
i.e. by adjusting the angle of incident light beam and its intensity.
Examination of microwear was done on the enamel band of the
paracone of the upper second molar or alternatively the protoconid of
the lower secondmolar. Microwear features are identified, counted and
classified on the basis of differential light refraction properties as
outlined by Solounias and Semprebon (2002) and Semprebon et al.
(2004) and assigned to four categories: small pits, large pits, fine
(narrow) scratches and coarse (wide) scratches. Counts of microwear
features were made on a standard 0.16 mm² square area on each tooth.
Usingmodern species of known diets, counts of the numbers of pits and
scratches in the counting area at a constant magnification of 35x are
capable of discriminating three main recognized dietary categories
within the herbivore dietary continuum, fruit browser, woody browser,
and grazer (Solounias and Semprebon, 2002; Semprebon et al., 2004).

To minimize interobserver error, the microwear data were
collected by a single investigator (FR), except for those of the horse
from Alaska (collected by GMS). Moreover, our fossil data were
superimposed over previously published microwear data from
Solounias and Semprebon (2002). We also included additional
microwear data on modern European and Asian ungulates species
for better comparison including, Alces alces, Cervus elaphus, Ovis
ammon, and Bison bonasus (Table 1). Those specimens were molded
from the collections of the Natural History Museum in Vienna and
microwear was recorded for these species by FR.

Because some of our data were collected by different individuals,
this brings about the possibility that some of the patterns in the data
may be an artifact of interobserver error. Semprebon et al. (2004)
have suggested that intra-observer and interobserver errors are low
using the low-magnification stereomicroscopy microwear method.
We consider the microwear data collected from the FB and BB regions
to be to be equivalent and statistically comparable.

3.3. Statistical methods

Statistical tests were performed on SPSS v14.0. For analyses
involving two independent samples of species (either from different
regions or within the same region) we used non-parametric Mann–
Whitney U test. We used Kruskal–Wallis tests for intra-regional tests
when three or more independent samples of species were included.
er of specimens; MWS = mesowear score; NP = average number of pits; NS = average
imens with cross scratches; %G=percentage of specimens with gouges; SWS= scratches
of specimens with between 0 and 17 scratches; and n.d. = new data (unpublished).

ear

NP NS %LP %CS %G SWS %0–17 Ref.

13.2 10.9 20.0 10.0 40.0 1.00 100 (2)
25.9 10.4 0.0 40.0 0.0 0.70 100 n.d.
21.3 19.8 0.0 0.0 0.0 0.50 12.5 (3)
3.5 24.8 38.9 94.4 5.6 1.06 5.6 (2)

23.2 18.7 71.4 14.3 57.1 1.14 28.6 n.d.
95.9 18.6 40.0 40.0 30.0 0.3 30.0 n.d.
18.6 30.6 42.9 96.4 21.4 0.36 10.7 (2)
13.3 13.4 32.1 25.0 35.7 1.46 89.3 n.d.
88.6 11.5 90.0 50.0 40.0 0.2 90.0 n.d.
9.9 28.1 71.4 85.7 71.4 1.71 0.0 (2)

11.5 21.7 49.0 60.0 52.9 1.10 16.3 (2)
7.9 26.1 63.6 66.7 54.5 1.33 1.6 (2)

14.1 16.7 90.9 0.0 91.0 1.09 45.5 n.d.
13.3 26.3 22.7 4.5 9.1 0.86 0.0 n.d.
13.2 16.7 42.1 31.6 47.4 1.53 47.4 (2)
26.9 23.3 62.1 0.0 69.7 0.96 9.1 (4)

2007b); (4) Rivals and Solounias (2007).



Fig. 2. Mesowear scores (MWSs) for Fairbanks, Alaska (black squares) and Brown Bank,
North Sea (grey squares) compared to their modern relatives (white squares).
Abbreviations: eu: Europe; na: North America; Bbi: Bison bison athabascae; Bbi: Bison
bison bison; Bbo: Bison bonasus; Cs: Ceratotherium simum; Db: Diceros bicornis; Eqb: Equus
burchelli; Eqg: Equus grevyi; Oad: Ovis ammon dalli; Oap; Ovis ammon poli; and Oc: Ovis
canadensis. Error bars = standard error of the mean.
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Because of their small size, the turnover rate of microwear features
is very high (hours to days), whereas mesowear requires more dental
wear and represents a longer-term diet signal (months to years).
Keeping in mind that mesowear and microwear provide clues to diet
on different time scales, we combined the results of both methods by
running a principal components analysis (PCA) on the correlation
matrix of six variables, including the mesowear score and the six
microwear variables.

Comparisons with modern ungulates are realized using the
databases from Fortelius and Solounias (2000) and Solounias and
Semprebon (2002). We selected the extant relatives for each fossil
species at FB and BB, and we exclusively choose specimens from
restricted geographic areas, others were excluded.

4. Results

4.1. Mesowear

The mesowear data from the FB and BB collecting areas reveal a
seemingly unpredictable variety of similarities and dissimilarities to
each other and tomodern samples (Fig. 2, Tables 1–3). Among the five
taxa shared by FB and BB for which mesowear is applicable, Alces and
Equus, do not show region-specific differences (p=0.053 and 0.311
respectively). Rangifer, Bison and Cervus have significantly different
mesowear between regions (p=0.000 for the three species). At FB
Bison have sharper cusp apices than at BB, whereas Rangifer and
Cervus show the opposite pattern with blunter apices at FB and
sharper apices at BB.
Table 2
Mesowear and microwear summary data for the samples from Fairbanks, Alaska. Abbreviatio
analysis); B = leaf browser; BMF = browse-dominated mixed feeder; G = grazer; GMF =

Species Mesowear Microwear

n MWS n NP NS

Alces alces AA 89 0.39 25 42.7 12.5
Bison priscus BI 251 1.10 27 11.4 27.9
Cervus elaphus CE 13 2.23 8 14.6 21.7
Equus ferus EF 228 2.18 14 17.0 26.3
Mammuthus primigenius MP – n/a 32 10.1 26.4
Ovis dalli OD 5 1.20 5 12.9 28.0
Rangifer tarandus RT 193 2.62 15 10.7 22.6
The fossil cervid samples exhibit a very broad range of abrasion
from low to high (low-abrasion and high abrasion types of dental
wear). Alces has substantially sharper cusp apices than other cervids
and values of fossil andmodern samples are similar. The cusp apices of
Cervus, and Rangifer from FB (Table 2) are extremely blunt compared
to modern cervids. With the exception of Alces, the BB cervids, Cervus,
Rangifer and the extinct Megaloceros, tend to be somewhat blunter
than modern samples, but not to the same extreme as the Fairbanks
cervids. Equus mesowear from both fossil regions is blunted and not
unusual compared to modern Equus. Bison from both fossil regions
show rounded mesowear unlike the more excessive blunted cusps of
the North American plains bison (Bison bison bison) and more like the
rarer woodland bison taxa, Bison bison athabascae and Bison bonasus.
Ovis cusps are rounded and not much different from modern samples
of the same genus.

4.2. Microwear

Comparisons of microwear data for six taxa common to FB and
BB indicate substantial region-specific differences for nearly every
microwear variable between these two collecting regions (Figs. 3 and4A
and B; Table 4). Scratch frequency and scratch width, in particular, are
strongly affected by region regardless of the dietary preferences of each
species (Fig. 5). The FB species consistently have more scratches and
finer (narrower) scratches compared to BB. Other variables differwithin
taxa between the two regions, but lack the consistent region-specific
trend seen in the scratch data. For example, large pits occur are more
frequent on the teeth of the BB samples. At FB, large pits are completely
absent in some taxa, but occur frequently in others. Large pitting is
generally indicative of either fruit consumption or encroachment of grit
on food items. In the context of theMammoth Steppe open habitat, fruit
browsing is not likely to occur. Large pitting is seen more frequently in
open habitat taxa that feed close to the ground and related to grit
encroachment.

Diet is often inferred from microwear data via a scratch vs. pit plot
such as those in Figs. 3 and 4, where modern species form a “trophic
triangle” of browsers, grazers, and fruit browsers (Semprebon et al.,
2004). While most of the FB taxa (except Alces) plot near modern
grazers in a scratch versus pit plot in Fig. 3, other aspects of the
microwear are dissimilar to the microwear of many modern grazers.
Modern grazers tend to have a higher frequency ofwide coarse-natured
scratches, whereas those of the FB fauna are narrower and have a finer
appearance (Fig. 5).

Superposition of the BB microwear data over those of extant
species in a scratch vs. pit plot (Fig. 4) suggests a greater diversity of
microwear patterns within the BB fauna compared to the FB fauna.
Alces, again is an outlier, with low numbers of scratches and excessive
numbers of pits. Most other BB species samples have pit and scratch
frequencies clustering in a portion of the plot between browsers and
grazers, with some slight overlap with the modern browser and
modern grazer areas, predominantly suggesting various degrees of
mixed-feeding diets for the BB species (except Alces). There is also an
ns see Table 1, and DW= dental wear (i.e. dietary category resulting from dental wear
grass-dominated mixed feeder; and MF = mixed feeder.

Dietary category

%LP %CS %G SWS %0–17 Expected From DW

96.0 12 0 1.0 93 B B
7.4 100 3.7 0.1 0 G G?

75.0 37.5 0 0.8 12.5 MF GMF?
0 7.1 0 0.1 20 G G?
0 93.8 12.5 0.4 0 G G?
0 60 0 0.4 0 G G?
0 13.3 0 0 0 MF G?



Table 3
Mesowear and microwear summary data for the samples from Brown Bank, North Sea. Abbreviations see Table 1, and DW= dental wear (i.e. dietary category resulting from dental
wear analysis); B = leaf browser; BMF = browse-dominated mixed feeder; G = grazer; GMF = grass-dominated mixed feeder; and MF = mixed feeder.

Species Mesowear Microwear Dietary category

n MWS n NP NS %LP %CS %G SWS %0–17 Expected From DW

Alces alces AA 6 0.8 6 43.4 8.2 0 33.3 0 1.8 100 B B
Bison priscus BI 24 1.6 22 12.7 22.5 4.5 0 0 0.6 0 G GMF
Bos primigenius BO 10 1.2 10 17.2 14.8 50.0 0 40.0 1.2 90.0 G MF, BMF
Cervus elaphus CE 13 1.0 9 14.4 15.4 55.6 11.1 0 1.0 77.8 MF MF
Coelodonta antiquitatis CA 46 2.8 64 17.1 14.0 54.7 25.0 0 1.2 89.1 G GMF
Equus ferus EF 98 2.4 96 18.1 22.2 34.4 3.1 7.3 1.0 5.2 G G
Mammuthus primigenius MP – n/a 127 13.3 18.6 11.0 60.6 0.8 1.1 31.5 G GMF
Megaloceros giganteus MG 24 1.4 28 13.6 13.0 78.6 53.6 39.3 1.4 100 MF BMF
Rangifer tarandus RT 6 1.5 6 20.6 15.3 50.0 0 0 1.2 100 MF GMF
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overall higher frequency of wide coarse scratches in the BBmicrowear
data. In this respect, the microwear of this region is more similar to
microwear of modern species, unlike the fine narrow scratches found
on FB teeth that are unusual compared to modern grazing and mixed-
taxa.

4.3. Principal component analysis

Multiple components are necessary to account for all of the
significant variation in the mesowear and microwear data. PC1
explains 32.26% of the variance, PC2 19.11%, PC3 17.88%, and PC4
12.04%. PC1 is most heavily influenced by the scratch width and,
negatively, by the number of scratches (Table 5). However,most of the
other variables also load fairly highly on PC1, so high scores also
suggest a tendency for high percentages of gouges, high percentages of
large pits, high number of pits, and low number of scratches, low
percentages of cross scratches, and lowmesowear scores. On PC2, high
scores indicate a tendency for low numbers of pits and higher values
for all the other variables. On the plot of PC1 and PC2 (Fig. 6), PC 2 best
separates modern examples of browsers, grazers and mixed feeders.
Modern equids and bison are on the right and modern browsers such
as Alces and Diceros are on the left.

The PCA clearly illustrates the unique and homogenous nature of
dental wear within the FB fauna. Most of the FB samples, including
Equus, Ovis, Rangifer, and Bison form a tight cluster and score lower on
the first component than any extant samples. Cervus and Alces from
FB exhibit more normal overall wear patterns and plot more closely to
extant samples of the same taxa. The BB samples tend to cluster more
Fig. 3. Bivariate plot of the average number of pits versus average number of scratches for
the ungulates from Fairbanks. Gaussian confidence ellipses (p=0.95) on the centroid are
indicated for the fossil species (black circles) and the extants browsers (B) and grazers
(G) (grey areas) adjusted by sample size (extant data from Solounias and Semprebon,
2002). Abbreviations: AA: Alces alces; BI: Bison priscus; CE: Cervus elaphus; EF: Equus ferus;
MP:Mammuthus primigenius; OV: Ovis dalli; and RT: Rangifer tarandus.
centrally within the region of the plot surrounded by extant samples,
indicating overall dental wear patterns similar to mixed feeders.

5. Discussion

5.1. Summary of results

The following patterns in the data are most compelling: (1) Most of
the statistical comparisons of microwear and mesowear data are
significant in separating the various species and the two regions.
Differences between species within a single region relate to species-
specific dietary preferences and dietary behaviors within that region.
(2) We find that each region has a characteristic local vegetational
Fig. 4. Bivariate plot of the average number of pits versus average number of scratches
for the cervids (A) and the other ungulates (B) from Brown Bank. Gaussian confidence
ellipses (p=0.95) on the centroid are indicated for the fossil species (black circles) and
the extants browsers (B) and grazers (G) (grey areas) adjusted by sample size (extant
data from Solounias and Semprebon, 2002). Abbreviations: AA: Alces alces; BI: Bison
priscus; BO: Bos primigenius; CA: Coelodonta antiquitatis; CE: Cervus elaphus;
EF: Equus ferus; MG: Megaloceros giganteus; MP: Mammuthus primigenius; and RT:
Rangifer tarandus.



Table 4
P values for non-parametricMann–WhitneyU test (for differences between two samples)
and Kruskal–Wallis test (for tests with 3 or more samples). Bold indicates significant
differences. Abbreviations see Table 1.

MWS NP NS %LP %CS %G SWS

Inter-region comparisons
Alces vs. Alces 0.053 0.803 0.000 0.000 0.209 1.000 0.000
Rangifer vs. Rangifer 0.000 0.000 0.000 0.004 0.359 1.000 0.000
Bison vs. Bison 0.000 0.212 0.000 0.681 0.000 0.367 0.000
Cervus vs. Cervus 0.000 0.923 0.003 0.417 0.214 1.000 0.121
Mammuthus vs. Mammuthus NA 0.000 0.000 0.050 0.000 0.001 0.000
Equus vs. Equus 0.311 0.346 0.027 0.009 0.000 0.299 0.000

Intra-region comparisons
All North Sea 0.000 0.000 0.000 0.000 0.000 0.000 0.000
North Sea (without Alces) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
North Sea cervids (without Alces) 0.007 0.000 0.001 0.231 0.010 0.021 0.041
All Alaska 0.000 0.000 0.000 0.000 0.000 0.184 0.000
Alaska (without Alces) 0.000 0.020 0.005 0.000 0.000 0.297 0.000
Alaska cervids (without Alces) 0.009 0.010 0.974 0.000 0.191 1.000 0.000

Table 5
Loadings of each variable of the PCA on the components.

Components

1 2 3 4

MWS −0.479 0.410 −0.073 0.741
NP 0.312 −0.781 0.297 0.354
NS −0.749 0.298 0.413 −0.027
LP 0.678 0.191 0.473 0.300
CS −0.355 0.087 0.665 −0.265
G 0.621 0.343 0.474 −0.053
SWS 0.632 0.556 −0.311 −0.063
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signature and the diet of species from that region is affected by the local
vegetation independently to what an ideal expectation for each species
would be. There are consistent differences between samples of the same
species between the region, suggesting that localized environmental
conditions exerted strong influences on feeding behaviors and/or diet.
In particular, some aspects of the microwear appear to have a strong
regional influence, such as the number and widths of scratches,
suggesting there localized environmental conditions are influencing at
least these aspects of dental wear regardless of species-specific food
preferences. (3) Despite having a greater number of extinct taxa, the BB
fauna exhibits mesowear and microwear patterns that more closely
match dietary predictions and more closely resemble microwear
patterns that are typical of modern grazers and mixed feeders. This
finding suggests that the ecology of this ungulate fauna is more
comparable to modern ecosystems, at least in terms of dental wear.
(4) On the other hand, the FB ungulate fauna is peculiar, with unique
and atypical microwear and mesowear patterns in many species, that
renders dietary interpretation difficult. Scratch numbers andwidths are
atypical in comparison to extant grazers and mixed feeders. Mesowear
patterns are inconsistent with modern ecological systems, where
normally browsing and mixed-feeding deer (Rangifer and Cervus)
Fig. 5. Average number of scratches vs. scratches width scores (SWSs) for Fairbanks
(FB), Alaska (black squares) and BrownBank (BB), North Sea (grey squares) compared to
their modern relatives (white squares). Abbreviations: eu: Europe; na: North America;
Bbi: Bison bison athabascae; Bbi: Bison bison bison; Bbo: Bison bonasus; Eqb: Equus
burchelli; and Eqg: Equus grevyi. Error bars = standard error of the mean. Dashed lines
connect pairs of species from the two localities.
have excessively blunted cusps, indicating levels of dietary abrasion that
are similar to or exceed those of species known to be grazing specialists,
such as Equus and Bison. It is interesting to compare our data with the
analysis of stable isotopes by Fox-Dobbs et al. (2008) which also
identified Rangifer as having a different isotopic signature than Equus,
Bison and Mammuthus. This study (Fox-Dobbs et al., 2008) interpreted
the diet of Rangifer in terms of the consumption of mostly tundra plants
including lichen and mosses, whereas Equus, Bison, and Mammuthus
were portrayed as most likely focusing primarily upon grasses, sedges,
and herbaceous plants. Consequently, feeding on tundra plants near the
groundwith a concomitant ingestion of soil particles or the ingestion of
a very coarse browse (i.e., Equisetum) may explain the high abrasive
mesowear pattern observed for the cervids at FB (which have an
extremeand abrasivemesowear pattern) rather than feeding on grasses
which is more likely for Equus and Bison.

5.2. Interpretation of the diets of steppe ungulates via dental wear

We did find significant statistical differences in the dental wear
patterns for each taxa at both FB and BB, suggesting the dental wear
Fig. 6. PCA on mesowear scores (MWSs) and the six microwear variables for Fairbanks,
Alaska (black squares) and Brown Bank, North Sea (grey squares) compared to their
modern relatives (white squares). Proboscideans were excluded because lacking
mesowear data.Abbreviations: eu: Europe;na:NorthAmerica;Bbi:Bisonbisonathabascae;
Bbi: Bison bison bison; Bbo: Bison bonasus; Cs: Ceratotherium simum; Db: Diceros bicornis;
Eqb: Equus burchelli; Eqg: Equus grevyi; Oad:Ovis ammon dalli; Oap;Ovis ammon poli; and
Oc: Ovis canadensis.
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patterns are not homogeneous within these two areas and that species
were partitioning their diets. In order to derive ecological interpreta-
tions from the microwear data it is worth reviewing what is known of
the habitats and dietary preferences of these species and then to
compare them to the microwear and mesowear data. Equus and Bison
are known tobe grazing specialists, basedon theirmorpho-physiological
adaptations, recent habitats, and apparent dietary preferences (Meagher,
1986; Eisenmann, 1998; Nowak, 1999; Cannon; 2001). However, both
exhibit somedegree of dietary plasticity that allows them to incorporate
various quantities of browse in their diets, particularly during colder
seasons, when grass is in shorter supply. Some modern Bison forage on
forbs and woody browse although they generally prefer low-growth
grasses in open habitats (Meagher, 1986; Guthrie, 1990). Bison
introduced into Alaska in the 1930s eat predominantly grass although
somepopulations seasonally consume50%–75%browse (Waggoner and
Hinkes, 1986; Guthrie, 1990). Rivals et al. (2007b) previously examined
the microwear and mesowear patterns of late Pleistocene Bison from
several regions of North America and found dental wear patterns that
are roughly consistent with primarily grazing, but with degrees of
dietary abrasion much lower than recent Bison on the Great Plains of
North America, suggestive of mixed feeding.

The microwear of the BB Bison sample is consistent with a
primarily grazing diet (or perhaps grass-dominated mixed feeding),
with a degree of dietary abrasion lower than North American plains
Bison and more similar to the European Bison (Bison bonasus). The
European Bison is primarily a grazer, but will browse if that resource is
available (Borowski et al., 1967; Borowski and Kossak, 1972; Pucek,
2004) which supports the diet observed for the European fossil Bison
at BB. In contrast, the fossil Bison from FB have somewhat rounder
cusps and abnormally fine scratches in comparison to modern grazers
and other fossil Bison samples (Rivals et al., 2007b). This microwear
pattern suggests a finer and less abrasive diet, and although we find it
difficult to interpret this wear pattern (see below), histological
examination of plant fragments trapped in the infundibulum of Bison
teeth of FB fossil bison suggest a grass-dominated mixed-feeding diet,
80% composed of graminoids; the remaining 20% are dicot forbs,
woody plants, and cryptogams (Guthrie, 1990).

Wild horses and zebras prefer grass, but are known to broaden their
diet to include many species of forbs and woody browse (including
roots) when grass is scarce (Grubb, 1981; Houpt, 2006; St-Louis
andCôté, 2009). Free-ranging horses have been observed to consume
up to 50% browse during seasons when grasses are in short supply
(Putman, 1996). The dental wear patters of the BB Equus sample are
consistent with a predominantly grazing or grass-dominated mixed-
feeding diet similar to that observed in modern Equus. The blunted
cusps of the FB Equus sample suggest a highly abrasive diet, like
modern Equus. However, like Bison, the microwear of the FB Equus
sample is characterized by exceedingly fine narrow scratches that
are not common among modern grazing specialists. At FB, the horse,
with large confidence ellipse, has a microwear more variable than
the other species at the same area (Fig. 3). However, this is because
two specimens have very low scratches numbers that fall in the
browsing range. The others have a microwear signal typical of
regular grazers or hyper-grazers. Was the horse more opportunist
than the others ungulates and was feeding on any kind of vegetation
available? That could be related to high competition with other
species for vegetal resources. It is also possible that some specimens,
in particular the two browsing specimens, are from Holocene age (as
the Alces) and would feed on more browse than during the Late
Pleistocene.

Although Mammuthus is extinct, stomach contents of mummies
(Guthrie, 1990; van Geel et al., 2008) of Mammuthus primigenius and
other studies of dental microwear and stable carbon isotopes suggest
a grass-dominated diet for Mammuthus, but with small amounts of
browsing (Olivier, 1982; Vereschagin and Baryshnikov, 1982; Mead
et al., 1986; Bocherens et al., 1996; Koch et al., 1998; Bocherens,
2003).Mammuthus from BB has as relatively high frequency of coarse
scratches, a microwear pattern that resembles many extant grazers,
although the density of scratches appears to be rather low, suggesting
the possibility of a more mixed-feeding diet for Mammuthus in this
particular region. Again, at FB, fine scratches are unusually abundant,
coarse scratches are relatively uncommon and atypical for modern
grazers.

Compared to FB, the BB fauna is themore diverse and likely includes
taxa that were grazing specialists. These include both Coelodonta and
Bos. Less is known of the paleoecology of Coelodonta, although the
hypsodont and complex nature of its cheekteeth suggest a grazing
preference. Stomach contents and plant remains pulled from the
infundibula ofmolars suggest a diet largely composed of grass (Guthrie,
1990). In comparison to extant African rhinos, the mesowear of the BB
Coelodonta sample suggest a high abrasion diet, similar to the grazing
white rhino. However, in the microwear plots, Coelodonta appears to
plot closer to the browsers, suggesting a more mixed diet.

Species of Bos show preferences for grass and consume lesser
amounts of other plants (Leslie and Schaller, 2009). The cusps or BB
Bos are less blunt than Bison from the same region, and microwear
scratches are less frequent, strongly suggesting a less abrasive mixed
feeding, possibly even browse-dominated, diet. Both mesowear and
microwear point out more browsing for the extinct Bos primigenius
than its modern relatives. Using mesowear, Holocene populations of
extinct Bos from Scandinavia were found to be grazers or mixed
feeders indicating an ecological plasticity for that species (Schulz and
Kaiser, 2007).

Ovis dalli and Ovis canadensis, the two extant North American
sheep species, are mixed feeders or grass-dominated mixed feeders.
They mainly select grass, use forbs when available, and shrubs can
be seasonally important (Kasworm et al., 1984; Shackleton, 1985;
Bowyer and Leslie, 1992). The fossil species, O. dalli, from FB is found
to be probably a grazer. However the sample is small and the pop-
ulation sampled may reflect a seasonal diet, when Oviswas grazing in
the area.

Despite their brachydont dentitions, cervids adopt a diverse
variety of diets spanning the browser-grazer continuum although
they lack the extreme grazing adaptations seen in Equus and Bison
(Geist, 1998). Alces is a dedicated woody browser that favors highly
nutritious low-toxin foliage and browse including submerged plants
(Franzmann, 1981; Geist, 1998). Microwear and mesowear of Alces
from both the FB and BB areas are consistent with a strictly non-
abrasive browsing diet. The dental wear of Alces is very different from
the remainder of the cervids in these two faunas. Alces from FB was
also found to have a different diet based on the analysis of stable
isotopes. Bocherens (2003) reported lower δ15N values which are
consistent with a diet of leaves identified by microwear for the moose
from the FB area. The discrepancy in microwear results between Alces
and the other ungulates studied here may possibly be explained by
the fact that at the two areas, Alces is not contemporaneous with the
other ungulates and existed during a time when these areas more
readily supported browsing specialists.

Rangifer tarandus is a mixed feeder with highly variable diets with
preferences for forbs, shrubs, and lichens (White and Trudell, 1980;
Geist, 1998; Ihl and Klein, 2001; Bjørkvoll et al., 2009). The mesowear
of the BB sample suggests a higher abrasion diet than our modern
sample although themicrowear suggests a mixed diet. Themicrowear
of the FB sample seems to suggest a grass-dominated diet, although
like many of the other FB taxa, it also has unusually fine scratches,
complicating dietary interpretation. Additionally, the mesowear of FB
Rangifer is extreme, suggesting a very highly abrasive diet, similar to
Equus and modern North American Plains Bison. However, such
highly abrasive diet in Rangifer is different from that of Equus or Bison,
and might be related to the ingestion of soil particles when feeding on
tundra plants or coarse plants such as Equisetum, rather than feeding
on grass.
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Cervus elaphus is a browse-dominated mixed feeder that favors
forbs, foliage, and browse, while grasses make up a lesser part of its
diet (Geist, 1998; Gebert and Verheyden-Tixier, 2001). Themicrowear
and mesowear of the BB Cervus sample are consistent with a mixed-
feeding diet. The FB Cervus sample is less unusual than the other fauna
from this area because wide coarse scratches are more frequent.
However, the mesowear is unusual, with exceedingly blunt cusps,
similar to hypergrazing taxa such as Equus.

Megaloceros only occurs at BB. Based on numerous lines of evidence,
Geist (1998) suggests that Megaloceros was primarily a concentrate
selector, perhaps similar to Cervus, feeding on foliage and browse,
although aspects of its dental morphology suggest some grazing.
Mesowear and microwear of this taxon from BB are consistent with
this interpretation, suggesting a browsing or browse-dominated type of
mixed-feeding diet.

5.3. Explaining dental wear patterns of the Mammoth Steppe

At the two regions, Alces is probably not a contemporaneous
member of the Mammoth Steppe fauna, thus it will not be considered
below.

5.3.1. Brown Bank
The BB assemblage is older than FB, it was dated around 45 to

34kyrBP (Mol et al., 2006). With the exception of Alces, the ungulate
faunas fromboth regions appear tohavebeenamixtureofmixed feeders
and grazers, with little evidence of highly concentrated browsing diets.
However, the dental wear patterns at BB are more readily interpreted
than those of FB. Plots of pit versus scratch counts suggest a greater
ecological diversity at BB. Moreover, the dental wear patterns are more
or less consistent with niche partitioning expectations. For instance,
many of the hypsodont grazing specialists such as Bison, Equus, and
Mammuthus have dental wear patterns that are considerably more
grazing-like than the cervids of this fauna. The cervids all have cusps of
intermediate sharpness and microwear patterns indicative of mixed
feeding. Grazing specialists havemicrowear andmesowearpatterns that
are indicative of a more abrasive grazing diet.

Both Equus and Coelodonta have the bluntest cusps in the BB fauna,
suggesting a highly abrasive diet. Both Equus and Coelodonta are
perissodactyls and, consequently, they are hindgut fermenters. They
are metabolically suited to a less selective diet, consuming higher
quantities of the toughest, most abundant, and most accessible plants
or plant parts, whereas ruminants, such as Bison, must feed more
selectively on plants or plant parts with higher protein content
(Stevens and Hume, 1995). The more hyper-abrasive nature of the
diets of Equus and Coelodonta are likely to be a consequence of less
selective feeding strategies. The mesowear suggests that Bison and
other ruminants may have selectively grazed on less abrasive plants
or plant parts. For instance, in the African savanna, zebra consume the
tougher upper strata of the foraging layer, while other ruminants feed
from lower to the ground vegetation (strata). Mesowear was actually
found to mirror the grazing succession of the African savanna, where
zebras have the bluntest cusps, large ruminants have considerably
rounder cusps, and the smallest most selective ruminant have the
sharpest cusps (Fortelius and Solounias, 2000). The fact that the two
hindgut fermenters of the BB fauna show more blunted mesowear in
comparison to the ruminants suggest a similar type of grazing suc-
cession at BB.

Unlikemesowear, the microwear data of the BB fauna does separate
the hindgut fermenters from the ruminants. However, microwear
reflects diet on a much shorter time scale (weeks, days, or hours) while
mesowear, due to its gross nature, reflects diet over longer intervals of
time (months to years). Therefore, while mesowear represents
something closer to an annual average, microwear represents diet
near the timeof death. In highly seasonal environments, two factorswill
contribute to mesowear–microwear disagreement. (1) Diets are likely
to fluctuate seasonally in terms of both type of food available and
amount of food available. Microwear is more sensitive to such short-
term fluctuations than mesowear. (2) Natural deaths are most
concentrated in the harshest season (winter) (Post and Stenseth,
1998; Uno et al., 1998; Forchhammer et al., 1998; Forchhammer et al.,
2002). Therefore, microwear will more strongly represent winter diet,
where as mesowear will represent something closer to an annual
average. Despite having very different mesowear, Bison and Equus have
very similar microwear patterns, suggesting that their diets have
converged in times of food shortage, when grass was more limited and
diets were less selective overall.

There are other noteworthy discrepancies between the mesowear
andmicrowear data from BB. For instance, the dental wear patterns of
Bos primigenius from BB appear to be more indicative of mixed
feeding, though Bos is generally known to be a grazing specialist.
Coelodonta mesowear is extremely blunt, suggesting a grazing diet,
although its microwear is more suggestive of browsing or mixed
feeding. It is entirely possible that the inconsistencies between the
mesowear andmicrowear of Coelodonta are a consequence of seasonal
dietary fluctuation. When grass is seasonally available, animals that
otherwise prefer grass, such as horses and bison, are known to utilize
woody browse during times of shortage, particularly in the colder
months. If deaths are seasonally concentrated, typically during the
colder months, it is likely that the microwear will more strongly
reflect a browsing or mixed-feeding type of diet, whereas mesowear
will suggest a greater concentration of grass. The very bluntmesowear
observed in Coelodonta molars suggest levels of dietary abrasion
indicative of primarily grazing while the microwear suggest the use of
more browse. This discrepancy suggests one or more of the following
possibilities: (1) that Coelodonta deaths were more highly seasonal
than other species, (2) that Coelodontawas more sensitive to seasonal
fluctuations in food availability, (3) or that Coelodonta occupied the
region during time(s) when grass availability was more seasonally
limited.

5.3.2. Fairbanks
The dental wear patterns of the FB fauna are more perplexing and

difficult to interpret. In a plot of scratch and pit frequency, the
microwear of the FB fauna, with the exception of Alces, is more
homogenous than the BB microwear data. Generally, the pits and
scratch frequencies of the FB ungulates overlap with modern grazers
in terms of scratch and pit density. Stable isotopes results on the
Fairbanks ungulates (Fox-Dobbs et al., 2008) suggest the existence of
dietary niche overlap among some herbivores, like Equus and Bison.
Based on the frequency of scratches and pits, it is probable that these
species were either grazers or grass-dominated mixed feeders.
However, other aspects of the microwear and mesowear data are
perplexing, rendering dietary interpretation difficult. The majority of
the FB ungulates have a much higher frequency of finer scratches, an
aspect of the microwear that is unusual. The microwear patterns of
the majority of modern grazers are characterized by coarser scratches
or a more heterogeneous mixture of coarse and fine scratches that are
probably caused by a combination of contributing factors, including a
high concentration of plant phytoliths and/or soil, sand, dust, and
other incidental particles that are ingested when feeding low to the
ground. Browsers, on the other hand, experience fewer and finer
scratches either due to the less abrasive nature of the plant parts they
consume and/or the higher cleaner feeding conditions. The combina-
tion of a high frequency of fine scratches and very few coarse
scratches appears to be rare among extant ungulates (see data in
Solounias and Semprebon, 2002) but is the pervasive pattern at FB.
Extant grazers and mixed feeders with mostly fine scratches and high
scratch frequencies include Tetracerus quadricornis (four-horned
antilope), Cervus canadensis (wapiti), Capricornis sumatrensis
(serow), and Llama glama (llama). These species inhabit forest, forest
edges, and/or mountainous environments (Harper et al., 1967;
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Schaller, 1977; Nowak, 1999; Krishna et al., 2009), although we are
not certain if it is some shared characteristics of these habitats that
produce the microwear similarities or if some other shared aspect of
the dietary preferences of this species is the cause. The microwear
suggests that the majority of the species, with the possible exception
of Cervus, which has a somewhat higher frequency of coarse scratches,
adopted a fairly homogenous diet containing a high concentration of
an unknown fine-grained abrasive.

The finer, more homogenous nature of the microwear scratches in
the majority of the FB fauna seem to suggest cleaner feeding con-
ditions and reduced consumption of soil or dust. However the
mesowear patterns found at FB strongly contradict this interpretation
and suggest that the diets of most of these species were actually much
more abrasive. Unlike BB, the mesowear patterns at FB are not
consistent with niche partitioning expectations where hypergrazing
specialists, such as Equus and Bison would be expected to have
blunter cusps than mixed-feeding cervids. The most unusual meso-
wear patterns are the excessively blunt mesowear patterns of the two
cervids, Rangifer and Cervus. Rangifer cusps are actually blunter than
Equus. Cervus mesowear is similar to that of Equus, but other
ruminants, Bison and Ovis, have more intermediate mesowear values.
The FB mesowear seems to show a greater degree of dietary diversity,
at least in terms of abrasion, than the microwear, which is fairly
homogenous. Themesowear, being a more long-term dietary average,
may reveal overall roughly annual differences in the average diets of
these species. On the other hand, the microwear, which is relatively
homogeneous, suggests that diet was more homogenous during the
winter, and that animals may have less selectivity during this season,
probably due to greater food limitations. Even if seasonal fluctuation
in dietary selectivity explains the comparatively homogeneous nature
of the microwear in comparison to the mesowear, the mesowear
itself, is very difficult to explain. As noted above, the dental wear
patterns of this fauna are inconsistent with niche partitioning
expectations. There is apparently no relationship of the dental wear
with the apparent adaptation of these species or the different
digestive physiologies of horses and ruminants. Mesowear values
for Equus and Bison from FB are not much different from the BB
sample ormodern samples. However, the excessively blunted cusps of
the two cervids, Rangifer and Cervus are at odds with their ruminant
physiology, dental morphology, and feeding patterns of modern
populations; they are expected to have less abrasive diets than Bison
or Equus. However, if stable isotopes data are considered (Fox-Dobbs
et al., 2008), the dental wear data for Rangifer are consistent with
feeding on tundra plant (which may include high quantities of dirt
and grit) or coarse vegetation.

In a graphic sense (Fig. 2), based on the mesowear, the dietary
ecology of the FB ecosystem appears to be nearly inverted, with
suspected brachydont mixed-feeding specialists having coarser, more
abrasive diets than the grazing specialists. However, the causes of
these dental wear patterns are uncertain, but because the microwear
of the FB fauna is nearly homogeneous, the extremely bluntmesowear
is likely due to some aspect of diet that did not necessarily occur
during the winter-kill season because it does not appear to be
recorded by the microwear. The hyper-abrasive nature of their
mesowear is not necessarily indicative of extreme grazing, and we
find it unlikely that these cervids would have adopted coarser more
unselective grazing diets than either Equus or Bison, nor do we believe
that a high rate of soil or dust ingestion would have been the cause,
because that would also have affected the mesowear of the other taxa
to an equal degree. A variety of other possible explanations exists. For
instance, competition may have forced these two cervids to feed on
very low-quality browse. For instance, Takahashi et al. (1999)
reported that dental wear rates increased in a population Cervus
nippon (sika deer) as the population overexploited grasses and began
feeding on greater quantities of low-quality browse. Interestingly,
some herbs are known to have very high amounts of phytoliths, such
as the horsetail (Equisetum). It contains the highest amount of silica of
all known herbs (Bonnett, 1972) and was very common in the
Pleistocene in Alaska and the North Sea habitats (Guthrie, 1968b;
Muhs et al., 2001; Oswald et al., 2003; Matheus et al., 2003; Mol et al.,
2006). Modern cervids, like Rangifer for example (Veiberg et al.,
2007), are reported to use such plants in their diet. Such plants are
known in the environment at both regions and could be part of the
resources used by the cervids. If there was competition for food and
habitat among the herbivores, it would result in resource partitioning
where cervids may have been forced to feed on large amounts of those
very abrasive plants. While we do not fully understand the cause of
the excessively worn cervid dentitions at FB, it is certainly noteworthy
that, among this fauna, the two species to survive the Pleistocene
extinctions show the most extreme response to ecological conditions
in the latest Pleistocene, whereas two species that went extinct (Bison
latifrons and Equus ferus), show essentially no response to the unusual
ecological conditions. Several fossil species were found to have had
highly variable feeding habits, reflecting broad ecological tolerances.
It is the case for the Late Pleistocene Rangifer tarandus in Western
Europe (Rivals and Solounias, 2007), Bison priscus in Northern
America (Rivals et al., 2007b), or Bos primigenius in Northern Europe
(Schulz and Kaiser, 2007). Those species survived the Pleistocene–
Holocene transition, and Rangifer is still present today. Species with
broad ecological tolerances will not be as prone to extinction as
species with narrow requirements (Maurer, 1999; Alroy, 1999).

5.3.3. Regional effects on microwear
Dental wear patterns are biased pictures of food availability

filtered through the differential selective preferences of species. In
that sense, they tell us both about the environment and the selective
preferences of species. Miscellaneous non-dietary factors, such
unavoidable ingestion of dust or pathological teeth grinding (e.g.
cribbing in horses) are contributing factors that are also ecologically
relevant. However, teasing apart the influence of animal and
environment is not easy, though in this case, regional effects are
separable from species' effects to some extent. Significant differences
were found between the species within each fauna. Assuming that
these species were contemporaneous (which is questionable in the
case of Alces), these intrafaunal dental wear differences within both
the FB and BB faunas are a strong indicator that some aspects of dental
wear are influenced by species-specific behaviors, even if we are
uncertain, as is the case with FB, what behaviors or diets those specific
wear patterns represent. However, comparisons of the shared taxa
between the two regions suggest that some of the variation in the
data, particularly microwear, appears to be strongly related to
localized environmental influences, regardless of species-specific
preferences or behaviors. Microwear scratches appear to be more
sensitive to regional environment than pits. There is not a consistent
difference in the density of size of pits among species shared between
these regions. On the other hand, the frequency and width of
scratches has a clear and consistent regional effect. For taxa common
to both regions, including Alces, the FB sample has an increased
number of scratches and much lower frequency of wide coarsely
textured scratches. This effect is clearly regional in nature and not
temporal, because Alces shows the same effect, despite the fact that it
is occurs later than the other FB ungulates and probably occurs earlier
than the other BB fauna. As noted above, the microwear of the BB
fauna is more consistent with that of extant grazers and mixed
feeders, while the FB microwear has a distinct texture that is rare
among modern extant grazers and mixed feeders.

At this point we do not understand the cause, but it appears that
something about the FB region has a consistent influence on the
microwear of different species, independent of their species prefer-
ences. This suggests that the effect is environmental in nature, but
without further investigation we cannot say what is the cause.
However, this clear and consistent regional effect on the microwear
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signals of FB fossil samples suggests that microwear is a complex
process, affected by both animal and environmental influences.
Microwear data are most frequently used to interpret the paleodiets
of species, typically by directly comparing fossil microwear data to the
microwear of extant species from a variety of habitats. It is normally
presumed that variations in the microwear data are a result of dietary
differences and/or differences in the abrasive nature of other material.
However, comparison of the FB and BB data demonstrate quite clearly
that regional influences can have a highly significant impact on
microwear. Simply superimposing such data over extant microwear
data, or statistically analyzing raw microwear data (such as a
hierarchical cluster analysis, where extant and extinct species from
variable regions are included), does not give the whole picture where
dietary reconstruction is concerned.

6. Conclusion

Two conclusions can be made: (1) concerning the comparative
ecologies of the FB and BB faunas and ecological dynamics in
Mammoth Steppe in the late Pleistocene, and secondly (2) concerning
regional effects on dental wear, and their bearing on the interpreta-
tion of diet from microwear data.

(1) Dental wear patterns in the BB and FB steppe faunas offer two
ecologically contrasting regions of the late PleistoceneMammoth
Steppe ecosystem. The BB region is the taxonomically and
ecologically more diverse of these two faunas, with a range of
dental wear patterns that are typical for a variety of mixed-
feeding and grazing diets. Despite the greater diversity of extinct
taxa, ecosystem dynamics are not unusual compared to modern
ungulate-rich ecosystems. The dental wear of the BB fauna is
consistent with a feeding succession such as that of the African
savanna, where larger hindgut fermenting species adopt less
abrasive diets than ruminants. Among the ruminants, cervids
appear to adoptmore diversemixed-feeding diets in comparison
to the more grass-dominated Bison diets. In contrast, despite the
lower numbers of extinct taxa, the FB fauna is ecologically
unusual. In general, the microwear of this FB fauna includes
excessive numbers of very narrow scratches that are atypical for
mixed feeders and grazers. Additionally, the mesowear suggests
unusual niche dynamics, where low-crowned mixed-feeding
cervids, Rangifer and Cervus, adopted diets that are similar to
Equus in terms of abrasion and much more abrasive than the
diets of eitherBisonorOvis. Althoughwedonot know specifically
what aspects of diet created these unusual dental wear patterns
at FB, we suggest that the anomalies may relate to unique,
possibly disharmonious, ecosystem dynamics during the Pleis-
tocene–Holocene transition. While we would have expected
Pleistocene survivors tohave been less dramatically affected than
extinct taxa by the transitional ecological conditions of the
terminal Pleistocene,we note that two surviving species,Rangifer
andAlces, appear to show the strongest andmost peculiar dietary
response. On the contrary taxa that suffered extinction, Bison and
Equus, appear to have had normal dental wear patterns and
continuedwith their expected diet during the transitionwhereas
Rangifer and Cervus did not. Perhaps that is why the former went
extinct at the terminal Pleistocene.

(2) In addition to these findings, it was found that dental wear
patterns, particularly microwear variables such as scratch
frequency and scratch width are strongly influenced by
environment. The microwear patterns of all species shared by
these two faunas shows the identical trends of more scratches
and narrower scratches at FB. The consistency of this trend
among species and its very strong regional correlation suggests
that this aspect of variation in the microwear data is not tied to
a specific trophic habit, such as grazing or browsing. It could
reflect the nature of food items available, i.e. C3 grasses or a
different type of grasses and browse. We do not know the
specific cause of this regional effect, although it might relate to
different varieties or different quantities of extrinsic dust or soil
particles at each locality that are involuntarily ingested by all
species. Microwear data are most frequently used to interpret
paleodiets, either by (1) plugging the raw data into a cluster
analysis with numerous extant species, or (2) plotting raw
numbers of pits and scratches over a “trophic triangle” ofmodern
fruit browsers,woody browsers, and grazers. It is clear in ourdata
that region-specific causes of dental wear can have substantial
effects on microwear data and could lead to misinterpretation of
diet. It is becoming increasingly clear thatmicrowear is the result
of a variety of dietary and non-dietary factors and interpretation
of paleodiet from microwear data is not necessarily a simple
process. Examination of dentalmicrowear patternswithin faunas
and between faunas is necessary to understand regional non-
dietary effects on microwear data, and any paleodietary inter-
pretations made of fossil species much consider the possibility of
such effects.
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