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A B S T R A C T   

In contrast to the modern Arctic, high-latitude ecosystems of the Late Pleistocene supported a diverse range of 
large mammalian herbivores, including abundant bison (Bison priscus) and horses (Equus sp.). This ‘mammoth 
steppe’ biome has no extant analog and modern tundra vegetation is likely incapable of supporting such a high 
density of large mammals. Compared to modern Arctic ecosystems, higher diversity and biomass of Late Pleis-
tocene large mammal populations may have been sustained by more nutritious forage and/or dietary niche 
partitioning. We used dental microwear texture analysis and dental mesowear analysis of bison and horses (Bison 
priscus, Equus sp.) to characterize diet and assess the degree to which dietary differences supported co-existence 
of these dominant and likely competing herbivores on the mammoth steppe. Additionally, we compared 
microwear and mesowear of Late Pleistocene specimens to modern Alaska bison (reintroduced Bison bison 
athabascae and introduced Bison bison bison) and published microwear and mesowear data for extant bovids and 
equids. Our results demonstrate that Late Pleistocene bison and horses had less abrasive diets than modern 
obligate grazers, suggesting that these “grazers” of the mammoth steppe likely incorporated more forbs in their 
diets than modern grazers. Furthermore, Late Pleistocene bison and horses ate foods with similar textures, 
indicating that dietary niche partitioning alone cannot explain their co-occurrence. However, taphonomic dif-
ferences between bison and horse specimens indicate potential spatial or temporal niche partitioning during the 
Late Pleistocene.   

1. Introduction 

High-latitude environments of the far north have undergone dra-
matic ecological restructuring during the last 50,000 years (Bigelow 
et al., 2003; Guthrie, 2001; Lanoë et al., 2017; Mann et al., 2019, 2015; 
Schwartz-Narbonne et al., 2019). Today, the diversity of mega-
herbivores in northern Alaska (herbivores larger than 44 kg; Martin and 
Klein, 1989; Koch and Barnosky, 2006) is dominated by seasonally 
abundant migratory caribou with rare moose and musk oxen, the latter 
having been reintroduced in the 1970s after extirpation in the 1800s 
(Klein, 1996; Tape et al., 2016). However, modern megaherbivore 

diversity in Alaska, particularly across the North Slope (Fig. 1; the region 
bounded to the south by the Brooks Range mountains and to the north by 
the Arctic Ocean), has not always been so low. Late Pleistocene mammal 
assemblages of the North Slope, which included equids (Equus sp.), bison 
(Bison priscus), mammoth (Mammuthus primigenius), caribou (Rangifer 
tarandus), saiga (Saiga tatarica), and musk oxen (Ovibos moschatus), were 
richer and had more even species abundance distributions than modern 
ecosystems (Mann et al., 2013). In addition to higher diversity, Late 
Pleistocene megaherbivores also appear to have been more abundant, 
with estimated population densities roughly six times higher on the 
North Slope (Mann et al., 2013) compared to modern populations and 
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ten times higher in parts of Siberia (Zimov et al., 2012). 
The mechanisms by which Arctic ecosystems of the Pleistocene 

supported such diverse and apparently abundant megafaunal pop-
ulations remains an actively debated question. Though anthropogenic 
impacts are thought to be broadly responsible for Late-Pleistocene 
megafaunal declines globally, extinctions and extirpations in Beringia 
are more closely associated with climate and environmental shifts (Koch 
and Barnosky, 2006; Zazula et al., 2017, 2014). Vegetation during the 
Late Pleistocene may have provided more nutritious forage, thus sup-
porting a more abundant and diverse megafauna assemblage (Guthrie, 
1990; Zimov et al., 2012). Fossil macroflora (Kienast et al., 2005; Zazula 
et al., 2003), ancient DNA (Willerslev et al., 2014) and megaherbivore 
gut-content analysis (Guthrie, 1990) all indicate that high latitude 
vegetation of the Late Pleistocene was more protein-rich and forb- 
dominated, more analogous to modern steppe environments (Guthrie, 
2001; Willerslev et al., 2003; Zazula et al., 2003; Zimov et al., 2012). 
Pollen data also indicate more productive, steppe-like environments in 
the Late Pleistocene high latitudes (Blinnikov et al., 2011; Eisner and 
Colinvaux, 1990). Resource partitioning may also have contributed to 
high megafauna diversity (Mann et al., 2015; Schwartz-Narbonne et al., 
2019). Because segregation of dietary resources may facilitate the co- 
occurrence of multiple competing megaherbivore species in a shared 
geographic range, such niche partitioning is often considered an 
important driver of high local and regional diversities in communities of 
Late Pleistocene megafauna (Bocherens, 2003; Fox-Dobbs et al., 2008; 
Guthrie, 1984; Rivals et al., 2007; Schwartz-Narbonne et al., 2015; 
Smith and DeSantis, 2020). 

However, assessing the degree to which more nutritious forage op-
portunities and niche partitioning contributed to high diversity on the 
North Slope first requires a detailed understanding of Late Pleistocene 
megafauna diets. Megaherbivore dietary niches are typically described 
along a grazer – browser continuum (Fortelius and Solounias, 2000; 
McNaughton and Georgiadis, 1986). In this framework, herbivores 
classified as “obligate grazers” eat monocot graminoids (grasses and 
sedges), “obligate browsers” feed on forbs, shrubs and trees (generally 
dicot), and “mixed feeders” eat a combination of both. Though the term 

“grazer” is sometimes used to broadly describe diets including both 
graminoids and herbaceous forbs, here we use the term strictly to refer 
to primarily graminoid diets. Obligate frugivory may also be included as 
a third end-member in temperate and tropical environments (Bodmer, 
1990), but this dietary niche was likely not significant on the mammoth 
steppe. 

Here, we focus on two of the most abundant megaherbivores of the 
Pleistocene North Slope, B. priscus and Equus sp.. Species level desig-
nations for North Slope equid specimens are currently unavailable, but 
metacarpal measurements indicate they likely belong to the Equus ferus 
species complex (Mann et al., 2013) and we refer to all North Slope 
equid specimens as Equus sp.. Although B. priscus and Equus sp. are 
typically grouped with mammoths as the “Big Three” grazers of the 
mammoth steppe (Guthrie, 1990), temporal and geographic offsets in 
peak abundances of Beringian B. priscus and Equus sp. are consistent 
with differences in ecological niches between the two taxa. On the North 
Slope, Equus sp. were more abundant during the Last Glacial Maximum 
(LGM), while B. priscus were more abundant during the slightly warmer 
interval from ca. 45–35 ka (Fig. 2; Mann et al., 2019, 2015, 2013). 
Extant bison often incorporate woody browse in their diets and have 
broad dietary niches at seasonal-, population-, and species-scales 
(Campbell and Hinkes, 1983; Jones and DeSantis, 2017; Larter and 
Gates, 1991; Rivals et al., 2007). Since migrating to North America ca. 
195 ka (Froese et al., 2017), bison have occupied both grazing and 
mixed-feeding dietary niches (Jones and DeSantis, 2017; McDonald, 
1981; Rivals et al., 2007). In contrast, horses evolved to be grazing 
specialists, though modern wild horses are also known to at least 
seasonally incorporate non-grass forage in their diets (Crane et al., 1997; 
Salter and Hudson, 1979), and some populations from Pleistocene 
Europe are thought to have been primarily mixed feeders (Rivals, 2012; 
Rivals et al., 2015, 2009). Guthrie and others have suggested that horses 
were more tolerant of harsher conditions because large equid hindguts 
may more efficiently extract nutrients from poorer quality forage than 
ruminants like bison (Duncan et al., 1990; Guthrie, 2006, 2003; Kuntz 
et al., 2006). Thus, identifying the degree to which both taxa subsisted 
on available graminoid vs. herbaceous or shrubby plants on the North 
Slope and how much their dietary niches overlapped is integral to un-
derstanding the mammoth steppe ecosystem on the North Slope. 

Stable isotope studies have provided some dietary insight and sug-
gest potential dietary niche differences (Fox-Dobbs et al., 2008; Mann 
et al., 2013; Schwartz-Narbonne et al., 2015), yet two factors of the Late 
Pleistocene far north complicate the resolution with which we interpret 
ecological niche from isotopic data. First, the carbon isotopic variation 
in plant material is relatively low due to the lack of C4 plants at high 
latitudes (Wooller et al., 2007). Second, nitrogen isotopes in ecosystems 
can be influenced by moisture availability and there were large changes 
in aridity throughout the Late Pleistocene (Rabanus-Wallace et al., 
2017). Additionally, physiological differences between species may lead 
to predictable offsets in stable isotope values. For example, ruminant 
artiodactyls (e.g., bison) may lose more isotopically light carbon during 
digestion than hindgut-fermenting perissodactyls (e.g., equids; Cerling 
and Harris, 1999; Codron et al., 2018, 2012; Hedges, 2003; Passey et al., 
2005). Due to these environmental and physiological complexities, it is 
difficult to link isotopic signals preserved in enamel and collagen 
directly to dietary content. Additional independent proxies of dietary 
niche are necessary to characterize diet and assess niche partitioning at 
high latitudes. 

Here, we use dental (tooth) wear techniques to characterize the diets 
of B. priscus and Equus sp. along the grazer-browser continuum. Patterns 
of dental wear have generated multiple widely used proxies for evalu-
ating diet of extant and extinct vertebrates (Fortelius and Solounias, 
2000; Teaford and Walker, 1984; Ungar et al., 2003). Dental wear can be 
subdivided into mesowear, the macroscopic profile of a molar tooth that 
arises from chewing food (Fortelius, 1985; Fortelius and Solounias, 
2000), and microwear, microscopic features such as pits and scratches 
that develop on enamel chewing surfaces during mastication (DeSantis, 

Fig. 1. Map of Alaska showing locations of fossil and modern specimens. Open 
squares indicate approximate regions of Pleistocene fossil surveys along 
Ikpikpuk and Titaluk rivers (Mann et al., 2013). Filled circles show locations of 
the Delta and Farewell B. b. bison herds and the reintroduction site of Wood 
Bison, B. b. athabascae. Shading identifies the North Slope, which is bounded by 
the Brooks Range mountains to the south and the Arctic Ocean to the north. 
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2016; Teaford and Walker, 1984). Grazing diets are especially abrasive 
due to high phytolith (biogenic plant silica) content in graminoids and 
possibly greater overall prevalence of grit and dust (Ackermans et al., 
2020b; Merceron et al., 2016a, 2016b). This abrasiveness contributes to 
blunter mesowear profiles and more scratched microwear textures 
(Bezeau et al., 1966; Fortelius, 1985; Merceron et al., 2016a, 2016b). 
When diet is less abrasive, tooth-on-tooth attrition may be a more sig-
nificant source of wear; browsing diets are correlated with sharper 
mesowear profiles and enamel surfaces with more pits and fewer 
scratches (Fortelius, 1985; Fortelius and Solounias, 2000; Scott, 2012a). 

Both microwear and mesowear signals are dependent on the textures 
of food (and other particles) consumed and the animal doing the 
chewing, and thus there is the potential for phylogenetic differences to 
impact results (Fraser et al., 2018; but see DeSantis et al., 2018). How-
ever, bovids and equids have both evolved to chew via a primarily 
single-phase transverse shearing motion and have similar, flat occlusal 
planes on their molars, suggesting wear signals may be comparable if not 
perfectly analogous (Fortelius and Solounias, 2000; Mihlbachler et al., 
2016). As is true for many proxies (e.g., stable isotopes), within-taxon 
comparisons may provide more readily interpretable results than com-
parisons between taxa. Thus, while we directly compare Beringian 
B. priscus to Equus sp., we also perform within-genus comparisons using 
a range of published microwear and mesowear data for bovids and 
equids. 

Mesowear, similar to stable isotopes from bone collagen, provides a 
more time-averaged dietary proxy for diet than microwear because it is 
an accumulative signal of food-on-tooth and tooth-on-tooth wear 
(Ackermans et al., 2020a; Fortelius and Solounias, 2000). Modern bison 
from Wood Buffalo National Park (Canada) have molar wear rates of 
about 1.7 mm per year, suggesting that mesowear signals may show 
annual resolution (Haynes, 1984). Microwear, on the other hand, re-
cords information across shorter timescales because “damage” can be 
worn away and overprinted over time (Hoffman et al., 2015; Rivals 
et al., 2007; Teaford and Walker, 1984). Thus, microwear is generally 
considered a record of diet over the last few days to months of life 
(Hoffman et al., 2015; Merceron et al., 2016a, 2016b; Teaford and Oyen, 
1989; Winkler et al., 2020). While this can increase the inherent 

variability of microwear data because of potential short-term stochastic 
variation in diet, it provides opportunities to evaluate diet and dietary 
partitioning at finer temporal scales. 

Dental microwear, including the semi-automated and standardized 
dental microwear texture analysis (DMTA), has proven useful for 
discriminating grazing, browsing, and a range of intermediate diets in 
modern and fossil bovids and other ungulates (Non-DMTA: Rivals et al., 
2007; Rivals and Semprebon, 2011; Semprebon et al., 2016; DMTA: 
Bignon-lau et al., 2017; Jones and DeSantis, 2017; Merceron et al., 2014, 
2016a; Scott, 2012a; Ungar et al., 2003, 2007). Previously, dental 
microwear and mesowear have been utilized to study the megaherbivore 
assemblage of the Late Pleistocene near Fairbanks, Alaska (Rivals et al., 
2010). Results indicated unusual wear patterns in interior Alaska during 
this time: microwear textures were characterized by especially fine 
scratches that are atypical for extant mixed feeders and grazers. Further, 
mesowear data suggested that bison diets were less abrasive than horse 
diets (Rivals et al., 2010). The growing “library” of standardized DMTA 
data for modern and ancient ungulate populations provides a useful 
reference for studying diet, but DMTA has only rarely been applied to 
studying past and present megaherbivores from the far north (but see 
Bignon-lau et al., 2017). 

Here, we use DMTA and mesowear analyses to infer the diets of Late 
Pleistocene bison and horses of Alaska’s North Slope between >50 ka 
and circa 12.5 ka to assess differences in diet and the potential for niche 
partitioning. We also use these proxies to quantify the diets of two 
populations of modern Alaska bison using specimens from a free 
roaming herd of reintroduced wood bison (Bison bison athabascae) and a 
herd of introduced plains bison (Bison bison bison). These populations 
provide a valuable modern analog to the Pleistocene specimens and also 
add to the growing atlas of DMTA data for modern species and pop-
ulations with observable diets. Additionally, we compare microwear and 
mesowear of our modern and fossil specimens with previously published 
data from fossil and extant bovids and equids across a spectrum of 
grazing to browsing diets (Jones and DeSantis, 2017; Merceron et al., 
2014; Rivals et al., 2010; Scott, 2012a, 2012b). Finally, we evaluate the 
taphonomy of North Slope specimens. Taphonomic analysis can provide 
data on the ecological or biological processes impacting preservation of 

Fig. 2. Age frequency distribution of calibrated radiocarbon dates (IntCal 09) for Bison and Equus bones collected from the North Slope. Specimens with insufficient 
14C for accurate dating are designated as “Inf” (“Infinite dates”). Data depicted here represent all Bison and Equus bones published by Mann et al. (2013). Most dates 
are from bones other than mandibles and maxillae. Mandibles and maxillae assessed for micro- and/or mesowear (this study) and also dated by Mann et al. (2013) are 
shown as shaded portions of bars (nBison = 2, nEquus = 14). 
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biological hard parts (Behrensmeyer and Kidwell, 1985), and thus 
taphonomic differences between taxa may be indicative of differing 
modes of mortality or landscape use. 

2. Materials and methods 

2.1. Specimens 

Quaternary megafauna have been a focus of collection efforts on 
Alaska’s North Slope for decades. One of the most geographically 
extensive efforts focused on fossil-rich sections of the Ikpikpuk and 
Titaluk rivers (Fig. 1), the collections of which are curated in the Earth 
Sciences Collection at the University of Alaska Museum (UAMES). 
Across several decades, over 4000 specimens have been collected 
directly from permafrost bluffs in the upper reaches of these rivers or, 
more commonly, downstream along riverbanks and bars (Mann et al., 
2013). Accelerator Mass Spectrometry radiocarbon dating by Mann 
et al. (2013) of a subset of these remains reveals bison and horse spec-
imens range from >50  cal. kyr B.P. (“infinite” radiocarbon dates) to ca. 
12.5  cal. kyr B.P. (Fig. 2). In this study, we focused on specimens likely 
to provide representative data on diet of the broader population. To this 
end, we selected all available mandibles and maxillary fragments from 
the collection with adult or near-adult dentition (third molar erupting or 
in wear), in addition to well-preserved isolated molars. We excluded 
specimens with maloccluded teeth (where the worn profile of the teeth 
indicated misalignment) or teeth worn to the gumline in order to avoid 
teeth with potential for non-representative wear. A total of 37 B. priscus 
and 45 Equus sp. specimens were initially selected for study. 

To provide a modern comparison to Pleistocene B. priscus, we 
sampled teeth of 18 wood bison (B. b. athabascae) from the herd rein-
troduced to Alaska in 2015 by the Alaska Department of Fish and Game 
(ADF&G). Specimens represent individuals culled from the herd prior to 
release and specimens that died after release. Additionally, we sampled 
eight plains bison (B. b. bison) from the Delta (n = 7) and Farewell (n =
1) herds. These plains bison were first introduced to the Delta Junction 
region of central Alaska in 1928. Individuals from the Delta herd were 
used to establish a separate Farewell herd in 1968 (Campbell and 
Hinkes, 1983). Delta and Farewell herd specimens represent hunted 
individuals and those that died from unknown causes. Modern Bison 
specimens are curated in the Mammalogy Collection at the University of 
Alaska Museum (UAM; Delta herd and some B. b. athabascae specimens) 
and the offices of the ADF&G (B. b. athabascae specimens, one Delta B. b. 
bison and one Farewell B. b. bison). Dates of death recorded for four 
individuals curated at University of Alaska Museum indicate bison pri-
marily died in the fall and winter. 

2.2. Taphonomic analysis 

The weathering stage of each fossil mandible and maxilla was scored 
using the standard six weathering stages (WS), such that WS 0 is un-
weathered bone and WS 5 is heavily weathered bone (Behrensmeyer, 
1978). Weathering stages were identified by visual inspection of each 
specimen. Due to available sample sizes, we combined weathering 
stages 0 and 1 into a “minimally weathered” category. We used Chi- 
square (χ2) tests to evaluate differences in weathering stage distribu-
tions between taxa. None of the modern specimens were visibly tapho-
nomically altered (some tool marks due to specimen preparation and 
preservation were observed) and were not assessed for weathering stage. 

2.3. Dental Microwear Texture Analysis (DMTA) 

Dental Microwear Texture Analysis (DMTA) is a highly standardized 
method of microwear analysis that also reduces some observational 
biases that can be more pronounced when counting pits and scratches in 
two-dimensional images (DeSantis et al., 2013; Scott et al., 2006; Ungar 
et al., 2003). DMTA uses scale-sensitive fractal analysis to assess the 

textures of high-resolution 3-dimensional maps of tooth wear surfaces 
produced by confocal microscopy (Fig. 3). First and second molars were 
preferentially targeted for analyses (per Kaiser and Fortelius, 2003). For 
specimens with weathered or otherwise degraded first or second molars, 
we focused on the third or fourth premolar. Only one tooth from each 
individual was evaluated for DMTA to avoid pseudo-replication. Teeth 
that appeared to have glue or sealants on the occlusal surfaces were 
excluded. Following these criteria, B. priscus (n = 16), B. b. athabascae (n 
= 9), B. b. bison (n = 8), and Equus sp. (n = 35) were chosen for dental 
microwear texture analysis. 

For each fossil and modern specimen with the appropriate quality of 
preservation, microwear was evaluated using DMTA. Due to space 
constraints of the microscope, microwear textures of large mammal 
teeth were observed from high fidelity epoxy casts (Epotek 301), opti-
mized for imaging. Specimen preparation of the casting procedures 
entailed cleaning, molding, and casting steps: the occlusal surface of one 
molar was cleaned with a cotton swab dipped in acetone, molded using 
polyvinylsiloxane dental impression material (President’s Jet, Coltene- 
Whaledent Corp), and subsequently cast using epoxy (Epotek 301, 
Epoxy Technology) that set for at least 72 h. 

Prior to microwear scanning, the occlusal surface of the enamel cast 
was visually inspected for taphonomic alteration. Acid etching and 
abrasion are known to degrade wear surfaces; acid etching may increase 
the roughness of the texture and abrasion may remove all surface fea-
tures in characteristic ways (King et al., 1999). Macroscopic taphonomic 
alteration was identified by visual inspection of specimens prior to 
molding. Additionally, prior to scanning, the cast of each enamel surface 
was visually inspected at 20× using a stereomicroscope. Specimens were 
excluded if their enamel textures were exceptionally rough and 
appeared similar to acid-etched specimens (King et al., 1999). The 
buccal protoconid facet (lower molars) and lingual paracone facet 
(upper molars) were targeted for DMTA (Mihlbachler et al., 2016). 

High resolution 3-dimensional maps of the specimens’ enamel tex-
tures were made using a Sensofar PLu neox optical profiler (Solarius 
Development) at Vanderbilt University. For consistency with previous 
studies (e.g., Jones and DeSantis, 2017; Ungar et al., 2003), each tooth 
was scanned nine times, with a resulting scan of 204 × 276 μm area; this 
surface was subsequently divided into four quadrants. The microwear 
textures of each quadrant were quantified using standard DMTA metrics 
(see below) via ToothFrax and SFrax software (Ungar et al., 2003). 

Following Scott (2012a), the DMTA metrics assessed for each spec-
imen were textural complexity, heterogeneity, anisotropy, and textural 
fill volume. These metrics are summarized here; for a more detailed 
discussion, see Scott et al. (2006) and DeSantis (2016). Complexity 
(Asfc) measures the maximum change in surface roughness as the scale 
of observation increases. Textures with lots of pits of varying sizes or pits 
(especially deep pits) and scratches overlying each other have higher 
complexity values. Heterogeneity (HAfc) measures the variation of 
complexity across the surface. The surface is split into subregions (here, 
equally spaced grids of 3 × 3 and 9 × 9) and the heterogeneity is 
quantified as the absolute deviation in complexity divided by the me-
dian complexity. Anisotropy (epLsar) measures the “directionality” of 
the texture, such that lots of parallel scratches yield higher anisotropy 
values. Textural fill volume (Tfv) measures the volume required to fill 
the “damaged” enamel surface. This estimate is calculated by summing 
the number of cubes required to fill the surface. To accommodate the 
overall geometries of tooth surfaces (e.g., the slight curve of the enamel 
ridge) the final textural fill volume estimate measures the general shape 
of the scan with large cubes (10 μm3) and subtracts this value from the 
detailed volume estimate produced by measuring with small cubes (2 
μm3). 

For most subsequent analyses, we summarized microwear metrics for 
each individual as the median of the four quadrants of the scan. We used 
Mann-Whitney U tests to evaluate differences in dental microwear tex-
tures between taxa (Mann and Whitney, 1947), similar to Jones and 
DeSantis, 2017); Levene’s Test was used to evaluate differences in 
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variance of DMTA attribute values between taxa (Levene, 1960). Non- 
parametric tests were preferable because they can better accommo-
date non-normal distributions that often characterize DMTA data and 
are preferable when dealing with small sample sizes (Gotelli, 2008), as is 
the case for available specimens from extant Alaska bison populations. 
Because comparisons among species and populations are partially nes-
ted, rather than strictly pairwise, we do not employ Bonferroni correc-
tions and instead report raw p-values (Cabin and Mitchell, 2000). To 
supplement these summary analyses, we incorporated the four scans 
generated per specimen to compare taxa using mixed models. In this 
context, each specimen is treated as a random effect: a “grouping” 
variable that allows for non-random replicate data to be appropriately 
incorporated into the model (Bates et al., 2015). 

We also compared DMTA results collected for this study with pub-
lished DMTA results for other fossil and modern bison and equid species, 
specifically Late Pleistocene Bison antiquus and Equus occidentalis spec-
imens collected from the La Brea tar pits and modern plains B. b. bison 
and modern zebra (Equus burchelli and Equus zebra) published by Jones 
and DeSantis (2017) and modern European wood bison (Bison bonasus) 
published by Merceron et al. (2014). For these analyses, we only per-
formed Mann-Whitney U tests and Levene’s test of variance because only 
median DMTA data for each specimen were reported. We restricted 
analyses to anisotropy and complexity because these DMTA measures 
are the most useful for segregating herbivores along the grazer-browser 
continuum (Scott, 2012a). 

Finally, we compared our DMTA data to Scott’s 2012 dataset of 
extant African bovids (Scott, 2012b) using discriminant function anal-
ysis (Davis, 2002) to test how well DMTA measures (epLsar, Asfc, Tfv, 
HAsfc3x3, HAsfc9x9) group specimens and species into dietary categories. 
For this analysis, Scott’s 2012 dataset of African bovids is especially 
useful because it includes multiple species for multiple dietary cate-
gories. We used a simplified version of Scott’s dietary categories: 
excluding frugivores and grouping generalists and browser-grazer in-
termediates together. The predictive accuracy of the discriminant 
function was evaluated using the leave-one-out (jacknife) method, and 
then applied to our data. We also tested the discriminant function on 
modern zebra DMTA values (Jones and DeSantis, 2017) to assess its 
predictive ability when applied to North Slope Equus sp.. We ran two 
discriminant analyses. The first grouped individual specimens into their 
dietary categories; we selected a quadratic discriminant function for this 
analysis because of large available sample sizes and better model per-
formance (i.e., the model correctly categorized more specimens during 
the leave-one-out evaluation). Our interest in this analysis was to 
quantify variability within populations rather than the dietary category 

of particular specimens. To this end, we summarized results as the 
proportion of specimens in each dietary class. For the second analysis, 
we focused on species means of DMTA metrics and their associated di-
etary categories; sample sizes of individuals per species ranged from 20 
to 25. At the species level, we used a linear discriminant function 
because sample sizes for this second analysis were too low to use a 
quadratic discriminant function. 

2.4. Dental mesowear 

Mesowear analysis was conducted on lower molars because available 
fossil material was dominated by lower teeth. Upper and lower molars 
wear differently, so it is not appropriate to combine them in a single 
analysis without correction (Kaiser and Fortelius, 2003). Mesowear 
observations were performed on photographs of specimens. While 
specimens selected for mesowear analysis generally overlapped those 
described above for microwear analysis, there were a few exceptions. 
For example, some specimens were coated with epoxy or glue and 
therefore were unsuitable for microwear analysis but viable for meso-
wear analysis. Some specimens chosen for microwear analysis had 
broken cusps making them unsuitable for mesowear analysis. Ulti-
mately, B. b. athabascae specimens (n = 15), B. b. bison (n = 4), and 
B. priscus (n = 15) specimens were selected for mesowear analysis, in 
addition to Equus sp. (n = 20) specimens. For each specimen, M1 and M2 
were assessed, though some specimens did not retain both teeth. 

Following established protocols (Fortelius and Solounias, 2000; 
Kaiser and Fortelius, 2003; Kaiser and Solounias, 2003), tooth cusp 
shape was scored as “sharp,” “round,” or “blunt”, with either “high re-
lief” or “low relief”. Equid molars were also given an overall mesowear 
value using the mesowear ruler developed by Mihlbachler et al. (Lof-
fredo and DeSantis, 2014; Mihlbachler et al., 2011). For clarity, we refer 
to this overall value as the “Mesowear Numerical Score” (MNS) per 
Loffredo and DeSantis (2014). An MNS score of 0 is a maximally sharp 
equid cusp and 6 is a completely blunted or flattened cusp. “High relief” 
molars have an MNS score between 0 and 3, and “low relief” molars have 
an MNS score ≥ 4. To address inter-observer variability in mesowear 
scoring, each molar was scored independently by six graduate student 
observers (Loffredo and DeSantis, 2014). Bison and Equus sp. teeth were 
scored during separate sessions, and observers were trained for 5–10 
min using example photographs of the relevant taxa before scoring 
mesowear. Observers had no prior experience scoring mesowear, which 
is reasonable as it is a teachable method where the power of the analysis 
comes from multiple individuals scoring the same specimens (Loffredo 
and DeSantis, 2014). 

Fig. 3. Example of 3D surface models of dental microwear textures of Bison and Equus sp. specimens. Scanned area is 204 × 276 μm. Color scale indicates height of 
tooth wear surface – note the different scales in (A) and (B). A) Consistent parallel scratches (largely oriented upper left to lower right quadrants) yields relatively 
high anisotropy: epLsar = 4.676 × 103 in this specimen (UAMES 36096; Equus sp.). B) Scratches and pits of varying sizes yield relatively high complexity values: Asfc 
= 2.291 in this specimen (UAMES 23488; Bison priscus). Lower left insets show simplified cartoons of (A) high anisotropy and (B) high complexity surfaces. 
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For statistical analysis, shape and relief scores were translated into 
numerical values. For mesowear shape: “blunt” = 1, “round” = 2, and 
“sharp” = 3. For mesowear relief: “blunt” = 1 and round = “2”. 
Following Jones and DeSantis (2017), based on assignments from all six 
evaluators, each tooth was assigned a median score for all three metrics 
(shape, relief, and MNS). North Slope Pleistocene B. priscus mesowear 
shape and relief scores were compared to modern Alaska bison (both 
B. athabascae and B. b. bison binned together) using Mann Whitney tests. 
For each test, the same tooth was compared between groups (e.g., 
B. priscus M1 to extant Bison M1). 

Finally, because visual assessment suggested that there might be 
differences in bison tooth relief between modern and Pleistocene spec-
imens, we also assessed differences in mesowear relief for statistical 
significance by comparing observed results to a modeled null expecta-
tion using randomization (Kowalewski and Novack-Gottshall, 2010). 
For our test statistic, we focused on the difference between the pro-
portion of modern and Pleistocene bison that were scored as having 
“high” relief. To calculate this for each observer, we first calculated the 
proportion of teeth they scored as “high” for modern bison (hmodern) and 
Pleistocene bison (hPleist). We then calculated the differences in these 
proportions (hdiff) between modern and Pleistocene bison. To calculate 
our final test statistic, we summarized data from all observers by 
calculating the mean observed difference in “high” teeth between 
modern and Pleistocene bison (hdiff). We compared our observed data to 
a modeled null expectation to test the significance of observed differ-
ences between Pleistocene and modern bison, given our sampling. Our 
null model was generated by maintaining the total “high” and “low” 
scores for each observer but randomizing how the scores were assigned 
to each specimen. We calculated the modeled test statistic 10,000 times, 
which established a null distribution centered around the null expecta-
tion of 0.0 (no difference between groups), with positive values indi-
cating Pleistocene bison teeth are sharper than modern teeth, and 
negative values indicating modern bison teeth are sharper.We assessed 
statistical significance by calculating the proportion of hdiff_modeled values 
equal to or more extreme than our observed hdiff (both positive and 
negative); this is equivalent to a two-sided p-value (Kowalewski and 
Novack-Gottshall, 2010; Miller et al., 2014). 

All statistical analyses were carried out in R (version 3.5.1, R Core 
Team, 2018). Mixed models and discriminant analyses were built using 
the lme4 (Bates et al., 2015) and MASS (Venables and Ripley, 2002) 
libraries, respectively. Figures were built using the cowplot wrapper for 
the ggplot2 library (Wilke, 2019; Wickham, 2016). DMTA data for each 
dietary category were visually summarized using ggplot2’s ‘stat_ellipse’ 
function, which plots a 95% confidence ellipse around the species means 
(Wickham, 2016). Spline curves were built using the ‘geom_smooth’ 
function in the ggplot2 library (Wickham, 2016). 

3. Results 

3.1. Taphonomy 

Out of the 36 Pleistocene B. priscus specimens initially selected for 
this study, only 16 (44%) had no visible evidence of taphonomic alter-
ation, thus meeting the criteria for inclusion. Of the 45 Equus sp. spec-
imens, 38 (84%) met the criteria for inclusion. Bison priscus specimens 
were significantly more likely to have weathered or degraded microwear 
textures than Equus sp. specimens (χ2 = 8.15, df = 1, p-value = 0.004). 
There was no significant difference in bone weathering stage distribu-
tions between B. priscus and Equus sp. (χ2 = 4.62, df = 4, p-value = 0.33). 
For both B. priscus and Equus sp., teeth from mandibles or maxillae with 
higher weathering stages were more likely to have wear facets that were 
degraded by post-mortem weathering; the trend was especially pro-
nounced for bison specimens in weathering stage 3 or higher (Fig. 4). 
Isolated molars for both bison and horses were more likely to have 
degraded microwear; again, this trend was more pronounced for bison 

specimens (Fig. 4). For all DMTA analyses (below), only data from 
specimens with preserved antemortem microwear are presented. 

3.2. Microwear 

The dental microwear textures of Pleistocene bison and horses from 
the North Slope were indistinguishable from one another for the DMTA 
measures of anisotropy, complexity, and textural fill volume (Fig. 5 
A–C), though bison had higher heterogeneity values at both the 3 × 3 
and 9 × 9 scales (Fig. 5 D–E, Table 1). Additionally, variances between 

Fig. 4. Weathering stage distributions and counts of isolated teeth. Data 
illustrated for all specimens initially selected for this study (top), specimens 
showing preserved tooth wear facets (middle), and the proportion of specimens 
with taphonomically degraded microwear facets (bottom). Only specimens with 
well-preserved microwear facets (middle plot) were used for dental microwear 
analyses. No Pleistocene specimens examined here were in weathering stage 5. 
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bison and horses were not significantly different for any DMTA attribute 
(Levene’s test, p > 0.10, Table 1). 

Modern B. athabascae were indistinguishable from modern B. b. bison 
for all DMTA measures (Fig. 5, B. b. athabascae and B. b. bison), though 
B. b. bison had slightly higher anisotropy values on average, as supported 
by both Mann Whitney tests and mixed model results (Table 1, Table 2). 
Two B. b. bison specimens from the Delta herd had especially high het-
erogeneity values at both the 3 × 3 and 9 × 9 scales, but median values 
were similar between the two modern bison subspecies. The B. b. bison 
specimens had significantly higher variance in textural fill volume than 
B. b. athabascae specimens (Table 2). No other DMTA attribute had 
significantly different variances between modern Alaska bison. 

Late Pleistocene B. priscus had significantly lower anisotropy values 
than modern Alaska bison (Fig. 5, Table 2, p = 0.014), though not when 
accounting for within-specimen variation (the mixed model). B. priscus 
also had marginally lower anisotropy values than modern Montana 
plains bison (Fig. 6A, Table 3; Mann-Whitney test, p = 0.055). Compared 
to modern European wood bison (B. bonasus), B. priscus had significantly 
lower complexity values (Mann-Whitney test, p < 0.001) and similar 
anisotropy values (Fig. 6A, Table 3). 

North Slope Equus sp. had significantly lower complexity (p < 0.001) 
than Equus occidentalis from the La Brea tar pits dating to the Late 
Pleistocene, but statistically indistinguishable anisotropy (Fig. 6B, 
Table 3). Compared to modern zebra, North Slope Equus sp. fossils had 

significantly lower anisotropy (p < 0.001) but similar complexity values 
(Fig. 6B, Table 3). All microwear data newly reported here are available 
in Supplemental Table 1. 

The quadratic discriminant function for African bovid DMTA suc-
cessfully classified the dietary guild of 86% of extant African specimens 
using leave-one-out cross validation. This same model classified most 
specimens of modern Alaskan bison and Pleistocene bison and horses as 
either generalists or variable grazers, though modern zebra were clas-
sified as mixed feeders (Table 4). When performed using species me-
dians rather than individual specimen DMTA values, leave-one-out 
linear discriminant analysis was 100% successful at assigning extant 
African species to their known dietary categories. This discriminant 
function classified the reintroduced B. b. athabascae and B. b. bison as 
variable grazers and North Slope Pleistocene bison and horses as 
generalists. 

3.3. Mesowear 

The majority of B. priscus M1 teeth were scored as “round” with “low” 
relief, and majority bison M2 teeth were scored as “round” with “high” 
relief (Figs. 7, 8). For both M1 and M2, there were no significant dif-
ferences between modern Alaska bison and North Slope Pleistocene 
bison for mesowear scores of shape and relief (Mann Whitney tests, p >
0.1). Though molars of Pleistocene B. priscus were qualitatively more 

Fig. 5. Boxplots comparing distributions of DMTA metrics between Pleistocene Equus sp. and B. priscus from the North Slope and modern B. b. athabascae and Delta 
B. b. bison. Median values for each specimen overlay boxplots summarizing results for each taxon: A) anisotropy, B) complexity, C) heterogeneity at the 3 × 3 scale, 
D) heterogeneity at the 9 × 9 scale, and E) textural fill volume. Boxplots show median value for each taxon (midline) bounded by the 1st and 3rd quartiles (colored 
box); whiskers extend to farthest point within 1.5 times the interquartile range. 
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likely to be scored as “high” relief than modern bison molars, we found 
that this tendency was also non-significant using our modeled null 
expectation (p = 0.19; Fig. 7). 

The majority of all assessed Equus sp. teeth (PM1, M1, M2, and M3) 
were scored as “round” or “blunt” with “low” relief (Fig. 7). The MNS 
scores were 5.8, 5.5, 4, and 5 for PM1, M1, M2, and M3 respectively. 
Mesowear data are available in Supplemental Table 2. 

3.4. Dietary signal through time 

Fourteen of the Equus sp. specimens selected for this study were 
previously radiocarbon dated by Mann et al. (2013). Evaluating DMTA 
complexity values through time, we find a decrease between 50 and 30 
ka before increasing again (Fig. 9), though with such limited data these 
trends cannot be rigorously tested. Anisotropy values are generally 
higher around 30 ka. Though two of the bison selected for this study 
were radiocarbon dated by Mann et al. (2013; Fig. 2), both yielded 
infinite dates and therefore were not useful for evaluating change in 
microwear through time. 

4. Discussion 

4.1. Taphonomic signal 

We found that occlusal surfaces of B. priscus were significantly more 
likely to have taphonomically altered microwear surfaces than Equus sp., 
despite overall similarity in bone weathering. While a detailed tapho-
nomic analysis of this weathering paradox is beyond the scope of this 
work, substantial differences in enamel damage between North Slope 
B. priscus and Equus sp. teeth warrant preliminary discussion. All spec-
imens were collected from similar sedimentary facies and extensive 

radiocarbon dating of the fossil collection (including specimens other 
than mandibles and maxillae) suggests B. priscus and Equus sp. have 
broadly overlapping age ranges (Fig. 2). Thus, it is most likely that the 
observed taphonomic disparity in enamel preservation arises from either 
(1) physical and/or chemical differences in the enamel, or (2) different 
pathways to preservation. 

While the chemical makeup of dental enamel is highly conserved 
across mammals (Koenigswald and Clemens, 1992), there are known 
phylogenetic differences in enamel microstructure, likely related to diet 
(Pfretzschner, 1993; Sathe, 2000; Vislobokova and Dmitrieva, 2000). It 
is possible that differences in enamel microstructure could contribute to 
the observed difference in enamel weathering between horse and bison 
specimens. However, while hypsodont dentition developed separately in 
these two lineages, convergent evolution appears to have resulted in the 
development of similar enamel microstructures. In horses, the evolution 
of hypsodont cheek teeth was associated with modification of enamel 
microstructures, likely a response to the increased abrasion of grazing 
diets (Pfretzschner, 1993); similar modified radial enamel evolved in 
artiodactyl hypsodonts including bison (Sathe, 2000). Without experi-
mental data comparing enamel weathering between these groups, we 
cannot definitively rule out a phylogenetic signal reflected in 
taphonomy. However, it should be noted that enamel preservation is 
often similar between horses and bison in North American fossil deposits 
(e.g. Rancho La Brea in California, Leisey 1A in Florida), suggesting that 
differences observed here are taphonomic in origin. 

Observed differences in enamel taphonomy likely reflect different 
preservation pathways. The similar weathering stage distribution be-
tween horse and bison specimens would initially suggest similar post-
mortem histories, yet it is possible that enamel breakdown responds to 
different weathering processes and/or occurs at a different rate than 
bone. Differences in enamel vs. bone preservation are not uncommon 

Table 1 
Summary statistics for DMTA metrics for taxa assessed in this study and modern species with known diets for comparison.  

Taxon Diet N epLsar*103 (med., sd) Asfc 
(med., sd) 

HAfsc 3 × 3 (med., sd) HAfsc 9 × 9 (med., sd) Tfv (med., sd) 

B. b. athabascae – 9 4.44, 1.92 1.52, 0.67 0.29, 0.11 0.50, 0.14 8634, 3224 
B. b. bison – 8 5.25, 1.43 1.49, 1.16 0.24, 0.22 0.44, 0.50 9667, 4821 
B. priscus – 16 2.79, 1.81 2.23, 1.21 0.29, 0.11 0.50, 0.19 8610, 3654 
Equus sp. – 38 2.50, 1.34 1.68, 0.75 0.22, 0.09 0.39, 0.11 9292, 4073 
Bison antiquus1 – 44 3.20, 1.29 2.36, 1.70 0.50, 0.25 0.80, 0.40 13,303, 1548 
Equus occidentalis1 – 33 3.00, 1.56 3.36, 1.83 0.47, 0.19 0.83, 0.29 13,883, 1847 
Bison bison1 – 27 4.00, 1.78 1.85, 0.55 0.30, 0.19 0.57, 0.25 12,790, 1830 
Equus burchelli1 – 21 4.50, 1.65 2.22, 0.84 0.30, 0.11 0.59, 0.16 13,940, 1730 
Equus zebra1 ob. grazer 21 4.80, 1.59 1.97, 0.52 0.40, 0.15 0.66, 0.25 13,212, 1273 
Aepyceros melampus2 generalist 20 3.75, 1.84 1.81, 0.48 0.46, 0.14 0.75, 0.24 5720, 1062 
Antidorcas marsupialis2 generalist 21 3.63, 1.22 2.06, 1.14 0.48, 0.14 0.80, 0.14 5734, 1269 
Damiliscus lunatus2 ob. grazer 22 6.60, 0.78 0.91, 0.25 0.44, 0.07 0.67, 0.07 1912, 945 
Damiliscus pygargus2 var. grazer 22 5.15, 1.40 1.26, 0.39 0.39, 0.09 0.61, 0.08 4917, 1664 
Gazella granti2 var. grazer 25 4.30, 0.84 1.82, 0.45 0.36, 0.07 0.69, 0.12 3070, 1243 
Hippotragus niger2 var. grazer 23 6.34, 1.29 1.53, 0.48 0.54, 0.09 0.74, 0.10 4929, 1048 
Kobus ellipsyprymnus2 var. grazer 22 6.07, 0.85 1.36, 0.45 0.54, 0.27 0.80, 0.77 3474, 1077 
Kobus leche2 ob. grazer 24 5.75, 0.77 0.95, 0.27 0.38, 0.06 0.75, 0.12 2975, 981 
Litocranius walleri2 browser 25 2.40, 0.59 3.26, 1.10 0.70, 0.18 0.99, 0.20 10,685, 1875 
Neotragus batesi2 browser 23 2.10, 0.52 4.12, 1.10 0.60, 0.11 0.93, 0.13 9875, 1604 
Oreotragus oreotragus2 generalist 24 3.66, 0.74 2.22, 0.57 0.45, 0.08 0.74, 0.18 8587, 1851 
Raphicerus campestris2 generalist 21 2.55, 0.91 2.35, 0.54 0.49, 0.09 0.87, 0.16 8421, 1617 
Raphicerus sharpei2 generalist 25 4.10, 1.20 2.52, 0.43 0.58, 0.10 0.93, 0.15 4863, 1355 
Redunca arundinum2 ob. grazer 25 6.20, 0.88 0.87, 0.22 0.37, 0.04 0.79, 0.09 3497, 1001 
Redunca fulvorfula2 ob. grazer 23 7.55, 1.91 1.19, 0.25 0.42, 0.10 0.62, 0.09 1677, 517 
Sylvicapra grimmia2 browser 25 2.76, 0.74 3.20, 0.77 0.61, 0.29 0.88, 0.16 11,599, 3233 
Synceros caffer2 var. grazer 22 5.03, 1.21 1.48, 0.45 0.44, 0.08 0.73, 0.14 2873, 1185 
Taurotragus oryx2 generalist 21 3.80, 1.19 2.13, 0.45 0.50, 0.16 0.84, 0.22 6830, 1290 
Tragelaphus angasi2 generalist 22 3.78, 1.28 1.88, 0.73 0.44, 0.09 0.79, 0.15 9882, 1506 
Tragelaphus euryceros2 browser 22 1.92, 0.46 3.80, 0.82 0.62, 0.11 0.97, 0.18 12,741, 2306 
Tragelaphus imberbis2 generalist 23 3.92, 1.35 1.96, 0.61 0.46, 0.09 0.87, 0.23 7128, 2063 
Tragelaphus spekii2 var. grazer 22 4.33, 1.42 1.88, 0.45 0.40, 0.06 0.88, 0.13 2546, 1020 
Tragelaphus strepsiceros2 generalist 25 4.56, 0.91 2.39, 0.65 0.47, 0.07 0.87, 0.18 9027, 1914 

1Data from Jones and DeSantis (2017). 2Data from Scott (2012b). Diets of living species are based on feeding observations as classified by Gagnon and Chew (2000) and 
reported by Scott (2012a, 2012b). N = total individuals, epLsar*103 = anisotropy, Asfc = complexity, Hafsc 3 × 3 = Heterogeneity at 3 × 3 scale, Hafsc 9 × 9 =
Heterogeneity at 9 × 9 scale, Tfv = textural fill volume, med. = median, sd = standard deviation. 
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(Behrensmeyer, 1978). Importantly, the scale of evaluation between 
bones (visual study) and teeth (microscopic study) was very different 
and may highlight different taphonomic processes such as UV break-
down and/or wet-dry cycling (bones) versus microscopic abrasion and/ 
or acid etching (teeth). Thus, differences in enamel preservation be-
tween horse and bison specimens may reveal differences in how they 
were incorporated into the fossil record that are not captured by bone 
weathering stage data. 

One possible explanation for taphonomic distinction between 
B. priscus and Equus sp. is different pre-burial histories, possibly gener-
ated by different patterns of landscape use. The progression of tapho-
nomic alteration is related to the length of subaerial exposure prior to 
burial and to a lesser degree, the transport distance prior to final burial 
(Aslan and Behrensmeyer, 1996; Miller, 2012; Miller et al., 2013; Miller 
et al., 2021; Rogers et al., 2007; Behrensmeyer, 1990). Carcass disar-
ticulation and consumption by carnivores, exposure durations of skeletal 
remains to sunlight, freeze-thaw cycles, wet-dry cycles, exposure to 
organic acids above the permafrost, and the frequency of final burial 
events are all taphonomic processes that could vary across microhabitats 
(Behrensmeyer, 1978; Haynes, 1982; Hill, 1979; Mech and Peterson, 
2003; Oliver and Graham, 1994; Pokines et al., 2016). If B. priscus and 
Equus sp. populations used the landscape differently and were more 
likely to die in different microhabitats (e.g., lowland tundra versus up-
land stream valleys; wet vs. dry; shaded vs. exposed), then the differing 
pre-burial weathering rates and frequency of final burial events could 
contribute to the taphonomic distinction we observed between B. priscus 
and Equus sp.. Finally, radiocarbon dates suggest slightly different 
relative abundances through time: B. priscus specimens are on average 
more likely to be older than Equus sp. specimens, though the distribu-
tions are highly overlapping (Fig. 2). Since climate could impact both 
pre-burial conditions and the frequency of final burial events, 

differences in the temporal distribution of B. priscus and Equus sp. could 
contribute to the observed taphonomic differences. 

4.2. Diet 

4.2.1. Late Pleistocene diet 
We found that Pleistocene B. priscus had values of dental microwear 

anisotropy and complexity between modern bison with obligate/vari-
able grazing diets (Alaska B. b. athabascae and B. b. bison, and mid-
continent B. b. bison) and the more browse-enriched diets of European 
bison, B. bonasus (Campbell and Hinkes, 1983; Coppedge et al., 1998; 
Kerley et al., 2012; Larter and Gates, 1991; Peden et al., 1974; Waggoner 
and Hinkes, 1986). Further, we found that B. priscus mesowear profiles 
had marginally higher relief than modern Alaska bison, also suggesting a 
less graminoid-rich diet for Pleistocene B. priscus compared to modern 
Alaska bison. Previous microwear studies (low-magnification) have also 
demonstrated that Pleistocene bison populations occupied a wider 
spectrum of dietary niches than modern Plains bison, and generally 
consumed less abrasive diets, though diets varied significantly between 
geographic and temporal populations (Rivals et al., 2007). Rivals et al. 
(2010) found that in central Alaska, Late Pleistocene B. priscus had 
similar numbers of microwear pits and scratches to modern grazers, but 
inexplicably narrow scratches unlike any documented modern 
herbivores. 

We found that Equus sp. specimens from the North Slope exhibited 
significantly lower anisotropy values compared to modern equid grazers 
(zebras), indicating a less graminoid-dominated diet. North Slope Equus 
sp. specimens had significantly lower complexity values than Pleisto-
cene E. occidentalis from Rancho La Brea, indicating that they may have 
consumed less woody material than contemporaneous horses at Rancho 
La Brea, though horse at Rancho La Brea varied the amount of woody 
material consumed through time (Jones and DeSantis, 2017). Thus, as 
we found for B. priscus, our results show that North Slope Pleistocene 
Equus sp. have dental microwear textures indicative of the consumption 
of both grass and browse. For mesowear, we found that the majority of 
Equus sp. lower molars were blunt with low relief and had MNS values 
between 4 and 6. In upper molars, these values would be indicative of 
grazing or variable grazing diets (Mihlbachler et al., 2011). Lower mo-
lars are known to be blunter than upper molars (Kaiser and Solounias, 
2003), but our mesowear results are consistent with North Slope Equus 
sp. specimens foraging on more than just graminoids. 

While the above within-genus comparisons offer the most conser-
vative dietary inferences, Scott’s (2012a, 2012b) DMTA study of African 
bovids across the grazing-browsing spectrum provides an additional 
useful reference. Compared to African bovids, Pleistocene B. priscus 
DMTA values are most similar to African bovids that occupy a more 
generalist dietary niche (Scott, 2012a, 2012b; Fig. 6). The same 
discriminant function classified Alaskan B. b. athabascae and B. b. bison 
as variable grazers. This finding aligns well with independent assess-
ments of herd diets, which suggest they seasonally incorporate >50% 
non-monocot shrubs, forbs and lichens (Larter and Gates, 1991; Wagg-
oner and Hinkes, 1986). Thus, despite potential differences between 
African and far northern vegetation textures, it appears that the African 
bovid-trained discriminant function may be an informative tool for 
interpreting bison diet from DMTA. While North Slope Equus sp. speci-
mens are also most similar to African bovid mixed-feeders and gener-
alists in the discriminant function, African bovids are likely a less- 
appropriate comparative framework for interpreting equid diets. 
Notably, this discriminant function classified modern zebras as mixed 
feeders when they are known to have a more grass-dominated diet 
(McNaughton and Georgiadis, 1986; Owaga, 1975). Thus, our direct 
comparisons to other Equus species (North Slope Equus sp. versus 
E. occidentalis, E. burchelli and E. zebra) likely provide more robust di-
etary information. 

Our results show that B. priscus and Equus sp., the dominant 
morphologically inferred “grazers” of the North Slope, were more 

Table 2 
Significance estimates (p-values) for tests comparing DMTA metrics between 
taxa.   

DMTA 
metric 

Mann 
Whitney 

Mixed 
Model 

Levene’s 

North Slope B. priscus (n 
= 16) vs. Equus sp. (n =
38) 

Asfc 0.127 0.055 0.115 
epLsar 0.887 0.830 0.212 
Tfv 0.348 0.229 0.707 
Hasfc 3 
× 3 

0.004* B. 
priscus 

0.002* B. 
priscus 

0.734 

Hasfc 9 
× 9 

0.015* B. 
priscus 

0.001* B. 
priscus 

0.196 

Alaska B. b. bison (n = 8) 
vs. B. b. athabascae (n =
9) 

Asfc 0.888 0.609 0.386 
epLsar 0.815 0.897 0.430 
Tfv 0.606 0.529 0.041* B. 

b.bison 
Hasfc 3 
× 3 

0.888 0.569 0.268 

Hasfc 9 
× 9 

0.963 0.291 0.179 

North Slope B. priscus (n 
= 16) vs. modern AK 
bison (grouped; n = 17) 

Asfc 0.053 0.074 0.370 
epLsar 0.014* 

Modern 
bison 

0.008* 
Modern 
bison 

0.999 

Tfv 0.488 0.367 0.494 
Hasfc 3 
× 3 

0.763 0.873 0.199 

Hasfc 9 
× 9 

0.986 0.490 0.266 

Tests shown are Mann-Whitney U tests (performed on median values for each 
specimen), Linear Mixed Models, and Levene’s test of variance (performed on 
median values for each specimen) comparing Pleistocene B. priscus with Equus 
sp.; modern Alaskan B. b. athabascae (Wood bison) with the Delta herd of B. b. 
bison (Plains bison); and Pleistocene B. priscus with all modern Alaskan bison 
pooled together. Asterisks highlight statistical significance at the p < 0.05 level; 
in cases of significant differences, the species with the higher value is listed 
(median and standard deviation are reported in Table 1). DMTA abbreviations as 
in Table 1. 
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dietarily similar to modern mixed feeders than modern grazers. Rather 
than subsisting on a graminoid-dominated diet, Late Pleistocene bison 
and horses of the North Slope likely incorporated a wider variety of 
protein-rich forbs and/or shrubs in their diets than modern grazers. 
DMTA-based dietary estimates also agree with other lines of evidence, 
including gut content analysis, ancient DNA, and plant macrofossils that 
suggest forb-rich diets for Late Pleistocene bison and horses (Guthrie, 
1990; Kienast et al., 2005; Willerslev et al., 2014, 2003; Zazula et al., 

2003; Zimov et al., 2012). These results support differences in available 
Late Pleistocene forage on the North Slope of Alaska compared to today; 
a likely contributor to higher diversity and population densities of 
megafauna in the Late Pleistocene than supported by modern tundra 
floras. 

4.2.2. Niche partitioning 
B. priscus and Equus sp. specimens from the Pleistocene North Slope 

Fig. 6. Comparison of DMTA results with previously published DMTA data. Data and comparisons summarized for (A) Bison, (B) Equus sp.. Alaska bison and horse 
(our results) also compared to DMTA values from (C) modern African bovids (Scott, 2012b) corresponding to a continuum of dietary niches from obligate grazing to 
obligate browsing. Ellipses show 95% confidence around the dietary category means for complexity and anisotropy. All horizontal and vertical error bars show one 
standard error on either side of the population mean. Data on Modern Plains Bison, Bison occidentalis, and Equus occidentalis from Jones and DeSantis et al. (2019), 
Bison bonasus from Merceron et al. (2014), and modern African bovids from Scott (2012b). 
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have very similar dental microwear textures, indicating that they 
consumed vegetation with similar textural properties and likely had 
significant overlap in their diets. Additionally, both taxa had similar 
variability in microwear textures, suggesting similar dietary niche 
breadth. Our DMTA results do not support the hypothesis that the 
coexistence of bison and horses was driven by dietary niche partitioning. 

At face value, our mesowear results do support niche differences 
between B. priscus and Equus sp.. Equus sp. teeth were blunter with lower 
relief compared to B. priscus teeth, indicating that Equus sp. may have 
had an overall more abrasive diet than B. priscus. However, direct 
comparisons of Bison and Equus mesowear scores may be problematic 
due to gross differences in dental morphology. While both taxa have 
hypsodont molars, Bison molars have a selenodont morphology while 
Equus molars have a plagiolophodont morphology (Janis, 2008). Thus, 
we view the differences in mesowear scores between B. priscus and Equus 
sp. with caution. In other studies (Jones and DeSantis, 2017; Rivals 
et al., 2010) comparing Bison and Equus species, mesowear results have 
contrasted with DMTA and stable isotope results. In a comparison of 
E. occidentalis and B. antiquus from the La Brea tar pits, Jones and 
DeSantis (2017) found that, while both taxa had DMTA values most 
similar to mixed feeders or browsers, E. occidentalis had blunter meso-
wear indicating a more abrasive diet than bison. Further, both taxa had 
stable isotope values indicative of C3 and C4 dominant vegetation 
(DeSantis et al., 2019; DeSantis et al., 2020). Additional experimental 
work exploring how identical diets are reflected in mesowear across 
artiodactyl and perissodactyl groups is necessary for more confident 
interpretation of these results. 

It is also possible that the different temporal scales recorded by 
mesowear and microwear may explain the contrasting results. Meso-
wear represents an integrated signal of several years of wear (Fortelius 
and Solounias, 2000), while depending on the abrasiveness of their diet, 
dental microwear textures can reflect diet over the past few days to 

months (Merceron et al., 2016a, 2016b; Teaford and Oyen, 1989). 
Therefore, the dietary record as inferred via dental microwear can be 
biased towards recording diet just prior to death (e.g., season of death). 
If diets vary seasonally and the fossil assemblage is also seasonally 
biased, the resulting microwear record may not be representative of 
annual diets. High seasonal dietary variability is common among un-
gulates in the far north (Forchhammer and Boomsma, 1995; Larter and 
Nagy, 2004; Thompson and McCourt, 1981). Extant bison in Alaska and 
Canada are known to eat more sedges in winter and consume more 
shrubs, forbs and lichens in late summer (Campbell and Hinkes, 1983; 
Larter and Gates, 1991). 

While it is not known if North Slope permafrost records are seasonal 
biased, mortality rates of adult ungulates in living temperate and Arctic 
populations are often highest in the winter (Wolfe, 1977; Houston, 1978; 
Lubinski and O’brien, 2001). Thus, it is possible that dental microwear 
primarily reflects winter diets as suggested by Rivals et al. (2010). While 
the different timescales recorded in microwear and mesowear provide 
valuable and nuanced records of how dietary niches may vary at sea-
sonal scales, an improved understanding of the seasonal biases of 
permafrost records is necessary to more fully interpret the record. 

In addition to potential seasonal variation in diet, seasonal differ-
ences in landscape use and the microhabitats occupied prior to death 
could also contribute to differences between microwear and mesowear. 
Observed differences in enamel taphonomy (Equus sp. enamel facets 
were more likely to show preserved antemortem microwear than 
B. priscus facets) may also support differences in landscape use between 
taxa. Both the B. b. bison herds and the newly introduced B. b. athabascae 
herd vary their landscape use seasonally (AK Department of Fish and 
Game, 2018; Campbell and Hinkes, 1983; Funck et al., 2020a; Waggoner 
and Hinkes, 1986), and it is likely that Late Pleistocene Alaskan un-
gulates did as well (Funck et al., 2020b, 2020c). 

Previous efforts to characterize the niche partitioning and paleo-
ecology of the North Slope megafauna have focused on stable isotopes. 
For example, Mann and colleagues showed that bison δ13Ccollagen values 
are on average 1‰ higher than horse values, and bison δ15Ncollagen 
values are on average 1.5‰ lower than horse values (Mann et al., 2013). 
While this may suggest differences in diet, linking isotopic values to 
actual diets poses several challenges. First, there is essentially no C4 
vegetation in Alaska (Blinnikov et al., 2011; Wooller et al., 2007); 
consequently, unlike in lower latitude environments where C4 graze 
contributes a unique isotopic signal, the difference between graminoid 
and non-graminoid herb δ13C values are minimal. In general, modern 
steppe and tundra plants have δ13C pattern of shrub < herb (graminoid 
and forb) < lichen, though herbs and shrubs overlap and sometimes do 
not differ significantly (Drucker et al., 2010; Kohn, 2010; Kristensen 
et al., 2011; Munizzi, 2017; Schwartz-Narbonne et al., 2019; Song et al., 
2008; Tahmasebi et al., 2017). For individuals of the same plant species, 
microhabitat differences in water and nutrient availabilty can also shift 
carbon and nitrogen isotopes by magnitudes similar to isotopic differ-
ences observed between different plant taxa (Chen et al., 2005; Toft 
et al., 1989; Wooller et al., 2007). Because of these complex factors, in a 
review of isotopic analyses of mammoth steppe paleoecology, Schwartz- 
Narbonne et al. (2019) cautioned “against direct use of the plant isotopic 
compositions to calculate herbivore diets.” 

Table 3 
Significance estimates (p-values) for tests comparing taxa assessed in this paper 
with previously published data.   

DMTA 
Metric 

Mann 
Whitney 

Levene’s 

North Slope B. priscus (n = 16) vs. 
La Brea B. antiquus (n = 44)1 

Asfc 0.292 0.157 
epLsar 0.408 0.130 

North Slope B. priscus (n = 16) vs. 
modern plains B. b. bison (n =
27)1 

Asfc 0.390 0.038* 
B. b. bison 

epLsar 0.055 0.818 
North Slope B. priscus (n = 16) vs. 

modern European B. bonasus (n =
45)2 

Asfc < 0.001* 
B. bonasus 

0.019* 
B. bonasus 

epLsar 0.254 0.765 
North Slope Equus sp. (n = 38) vs. La 

Brea E. occidentalis (n = 33)1 
Asfc < 0.001* 

E. occidentalis 
< 0.001* 
E. occidentalis 

epLsar 0.489 0.401 
North Slope Equus sp. (n = 38) vs. 

modern zebras (n = 42)1 
Asfc 0.058 0.960 
epLsar < 0.001* 

Zebras 
0.315 

1Data from Jones and DeSantis (2017). 2Data from Scott (2012b). Asterisks 
highlight statistical significance at the p < 0.05 level; in cases of significant 
differences, the species with the higher value is listed (median and standard 
deviation are reported in Table 1). DMTA abbreviations as in Table 1. 

Table 4 
Dietary predictions of Alaska Bison and Equus sp. and modern zebra as evaluated by the quadratic discriminant analysis.   

Modern 
B. b. athabascae 

Modern 
B. b. bison 

Pleist.B. priscus Pleist.Equus sp. Modern 
E. burchelli 

Modern 
E. zebra 

% browser 0 0 6.2 0 0 0 
% generalist 0 50.0 18.8 22.0 0 0 
% variable grazer 77.8 37.5 56.2 75.6 81.0 90.5 
% obligate grazer 0 12.5 18.8 2.4 19.0 9.5 

Results shown are percentages of individuals from each taxon classified to each dietary category. The quadratic discriminant algorithm was trained using all published 
DMTA metrics (Asfc, epLsar, HAsfc 3 × 3, HAsfc 9 × 9 and Tfv) for African bovids and their known dietary categories (Scott, 2012b). "Pleist." = Pleistocene. 
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Differences in δ13Ccollagen values between North Slope bison and 
horses is also within the predicted range of fractionation differences 
between hindgut versus ruminant digestion (Cerling and Harris, 1999; 
Codron et al., 2012; Hedges, 2003). Differences in body size can also 
contribute to δ13C offsets between bison and horses (Tejada-Lara et al., 

2018), as bison may have been more than twice the body mass of horses 
leading to marginally higher fractionation coefficients (female B. b. 
athabascae ≈ 540 kg, male B. b. athabascae > 910 kg, Beringian Equus sp. 
≈ 290 kg; Guthrie, 1968; AK Department of Fish and Game, 2018). 
Differences in δ15Ncollagen are also challenging to interpret. Precipitation 
and aridity can affect vegetation and megafaunal diet δ15N values, so it 
is possible that differences between B. priscus and Equus sp. δ15Ncollagen 
values represent different habitat choices: lower bison δ15Ncollagen values 
support a preference for vegetation growing in wetter conditions 
(Ambrose, 1991; Drucker et al., 2003; Heaton et al., 1986; Rabanus- 
Wallace et al., 2017). However, animal δ15N values can also increase 
during times of nutritional or physical stress (Hobson et al., 1993; 
Kempster et al., 2007; Mosbacher et al., 2016; Polischuk et al., 2011), 
such as seasonal migration or starvation as demonstrated in Alaskan B. b. 
athabascae (Funck et al., 2020c). While δ15Ncollagen values likely repre-
sent an integrated lifetime signal, it is unclear how much periods of 
nutritional stress influences δ15Ncollagen values. Alternative approaches 
to successfully achieve finer temporal resolution include analyses of 
incremental layers of bison horn sheaths or hair samples (Funck et al., b, 
c). Ultimately, no dietary proxy is perfect, and all methods depend to 
varying degrees on the physiology and behavior of the organism of in-
terest and the specific characteristics of their habitat and even preser-
vation histories. While some differences in mesowear and isotope 
geochemistry may suggest some dietary partitioning between these 
dominant herbivores, the data are not overwhelming. Despite the 
complexities of available proxy data, the composite picture emerges that 
Late Pleistocene bison and horses on the North Slope consumed broadly 
similar diets that included forbs as well as grasses. 

4.2.3. Niche shifts through time 
Changes in horse DMTA complexity values through time (Fig. 9) may 

indicate dietary change, though these results should be treated as pre-
liminary due to the low sample size of dated specimens. At the onset of 
increasingly glacial conditions circa 29 ka, complexity values are 
generally low while anisotropy values are generally high, indicating 
more abrasive, graminoid-dominated diets. Interestingly, this also oc-
curs at a time of higher Equus sp. abundance (Fig. 2), hinting that higher 
Equus sp. population density coincided with, and may have been driven 
by, a period of graze-rich forage. During this time, bison were relatively 
less abundant, perhaps suggesting that though the diets of these two 

Fig. 7. Frequency of mesowear shape scores for teeth of (A) Pleistocene Equus 
sp., and (B) Pleistocene B. priscus and modern Alaska bison (combined B. b. 
athabascae and B. b. bison). For each molar (all M2), the mesowear value is the 
median score for all six observers. 

Fig. 8. Mesowear relief results for modern Alaskan bison (B. b. athabascae and B. b. bison) and Pleistocene B. priscus for (A) lower first molar and (B) lower second 
molar. Points show the proportion of specimens scored as having “high” relief (as opposed to “low” relief) for each of six observers. Values are slightly offset along the 
x-axis to make overlapping points visible. Boxplots show median value for each taxon (midline) bounded by the 1st and 3rd quartiles (colored box); whiskers extend 
to farthest point within 1.5 times the interquartile range. 
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herbivores were similar overall, changing vegetation regimes altered the 
competitive advantage of B. priscus and Equus sp. through time. Future 
work increasing the dated sample size of large mammals of the North 
Slope is necessary to fully explore dietary trends over time. These efforts 
should focus on mandibles and maxillae because these elements contain 
information on diet, body size, maturity, mobility and other facets of the 
organism’s paleoecology. 

5. Conclusions 

Dental wear of Late Pleistocene bison and horses on the North Slope 
of Alaska suggests that both taxa incorporated forbs and grasses into 
their diets. The dental microwear textures of both B. priscus and Equus 
sp. are most similar to the microwear textures of mixed-feeder un-
gulates. Our mesowear and DMTA results support previous microwear 
and isotope work and are consistent with the body of work indicating 
that the North Slope of Alaska had a broader mix of vegetation (i.e., 
more forbs and shrubs) during the Late Pleistocene than exists today. 
Dental microwear does not indicate disparate diets between bison and 
horses, nor does it indicate that either taxa occupied a broader dietary 
niche than the other. However, as DMTA records dietary information 
just prior to death, these results may reflect increased competition be-
tween bison and horses during the season of highest mortality. Dental 
mesowear suggests some dietary differences may have manifested be-
tween bison and horse, though these results are complicated by dental 
morphology differences between Bison and Equus sp. teeth. While we do 
not find strong evidence of dietary partitioning between species, taph-
onomic differences between bison and horse tooth enamel preservation 
may indicate spatial or temporal niche partitioning, either due to 
different patterns of seasonal landscape use and migration or through 
differing habitat preferences. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2021.110394. 
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Lanoë, F.B., Reuther, J.D., Holmes, C.E., Hodgins, G.W.L., 2017. Human paleoecological 
integration in subarctic eastern Beringia. Quat. Sci. Rev. 175, 85–96. https://doi. 
org/10.1016/j.quascirev.2017.10.003. 

Larter, N.C., Gates, C.C., 1991. Diet and habitat selection of wood bison in relation to 
seasonal changes in forage quantity and quality. Can. J. Zool. 69, 2677–2685. 
https://doi.org/10.1139/z91-376. 

Larter, N.C., Nagy, J.A., 2004. Seasonal changes in the composition of the diets of Peary 
caribou and muskoxen on Banks Island. Polar Res. 23, 131–140. https://doi.org/ 
10.1111/j.1751-8369.2004.tb00003.x. 

Levene, H., 1960. Robust tests for equality of variances. Ingram Olkin, Harold Hotelling, 
et alia. In: Contributions to Probability and Statistics: Essays in Honor of Harold 
Hotelling. Stanford University, pp. 278–292. 

Loffredo, L.F., DeSantis, L.R., 2014. Cautionary lessons from assessing dental mesowear 
observer variability and integrating paleoecological proxies of an extreme generalist 
Cormohipparion emsliei. Palaeogeogr. Palaeoclimatol. Palaeoecol. 395, 42–52. 

Lubinski, P.M., O’brien, C.J., 2001. Observations on seasonality and mortality from a 
recent catastrophic death assemblage. J. Archaeol. Sci. 28, 833–842. https://doi. 
org/10.1006/jasc.2000.0603. 

Mann, H.B., Whitney, D.R., 1947. On a test of whether one of two random variables is 
stochastically larger than the other. Ann. Math. Stat. 18, 50–60. https://doi.org/ 
10.1214/aoms/1177730491. 

Mann, D.H., Groves, P., Kunz, M.L., Reanier, R.E., Gaglioti, B.V., 2013. Ice-age 
megafauna in Arctic Alaska: extinction, invasion, survival. Quat. Sci. Rev. 70, 
91–108. https://doi.org/10.1016/j.quascirev.2013.03.015. 

Mann, D.H., Groves, P., Reanier, R.E., Gaglioti, B.V., Kunz, M.L., Shapiro, B., 2015. Life 
and extinction of megafauna in the ice-age Arctic. PNAS 112, 14301–14306. https:// 
doi.org/10.1073/pnas.1516573112. 

Mann, D.H., Groves, P., Gaglioti, B.V., Shapiro, B.A., 2019. Climate-driven ecological 
stability as a globally shared cause of Late Quaternary megafaunal extinctions: the 
Plaids and Stripes Hypothesis. Biol. Rev. 94, 328–352. https://doi.org/10.1111/ 
brv.12456. 

Martin, P.S., Klein, R.G., 1989. Quaternary Extinctions: A Prehistoric Revolution. 
University of Arizona Press. 

McDonald, J.N., 1981. North American bison: their classification and evolution. Univ of 
California Press. 

McNaughton, S.J., Georgiadis, N.J., 1986. Ecology of African grazing and browsing 
mammals. Annu. Rev. Ecol. Syst. 17, 39–66. https://doi.org/10.1146/annurev. 
es.17.110186.000351. 

Mech, L., Peterson, R., 2003. Wolf-Prey Relations. USGS Northern Prairie Wildlife 
Research Center. 
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