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Highlights

1. Herbivores across the mammoth steppe had broadly homogenous isotopic niches.
2. Some species shifted their niche in response to environmental conditions.
3. Overlap between species’ isotopic niches suggests functional redundancy.

4. Functional redundancy made the mammoth steppe a highly resilient ecosystem.
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Highlights

1. Herbivores across the mammoth steppe had broadly homogenous isotopic niches.
2. Some species shifted their niche in response to environmental conditions.
3. Overlap between species’ isotopic niches suggests functional redundancy.

4. Functional redundancy made the mammoth steppe a highly resilient ecosystem.

Abstract

Woolly mammoth (Mammuthus primigenius), horse (Equus spp.) and bison (Bison spp.)
coexisted with a variety of mammalian megafauna across the Pleistocene mammoth steppe — a
megacontinental ecosystem that spanned northern Eurasia and northwestern North America.
Previous research has suggested that highly conserved niches with minimal niche overlap
allowed high levels of species diversity on the mammoth steppe. Here we evaluate previously
published and some new collagen carbon and nitrogen isotope data (6'3C, 6'°N) for mammoth
steppe megaherbivores using Stable Isotope Bayesian Ellipses in R (SIBER) and linear
regression models to determine isotopic niches for individual species during broad time intervals
(pre-, during and post-Last Glacial Maximum (LGM)) at multiple geographic regions across the
mammoth steppe. Individual species maintained relatively consistent isotopic niche positions at
different geographic locations and during different times. Diet and habitat niches for any given
species appear to have been similar across the mammoth steppe. Between some regions and
times, however, species’ isotopic niches changed, suggesting adaptation to local climatic
conditions and/or changes in the nitrogen isotope patterns at the base of the food web. Isotopic

niche overlap, including at the level of core niche overlap (>60 % overlap), was observed in at
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least one time and region for most species. This overlap suggests high levels of functional
redundancy in the ecosystem, whereby one species could fulfil another’s ecological role in the
latter’s absence. Despite spatial and temporal environmental variation, species’ adaptability and
functional redundancy within the ecosystem would have made the mammoth steppe a highly

resilient ecosystem.
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1. Introduction

1.1. The Pleistocene mammoth steppe

1.1.1. Ecological characteristics

The mammoth steppe was the largest continuous ecosystem on Earth during the Pleistocene. It
formed around 460 kyr BP (Kahlke, 2014; Kahlke and Lacombat, 2008) and extended from
northwestern Canada (Yukon), Alaska and northern Asia to western Europe (Bocherens, 2003;
Guthrie, 1982, 1984, 1990). This ecosystem was characterized by megaherbivores such as
woolly mammoth (Mammuthus primigenius), horse (Equus spp.) and bison (Bison spp.)
(Guthrie, 1968; Mann et al., 2013; Markova et al., 2015; Mol et al., 2006; Zimov et al., 2012)
and herb-steppe-tundra flora (Bocherens, 2003; Guthrie, 1982, 1990, 2001). This diversity and
association of megafaunal and floral elements do not occur in modern high-latitude ecosystems
(Guthrie, 1982, 1990, 2001). Some researchers consider the mammoth steppe to have had animal
and plant productivity similar to the modern African savannah (Zimov et al., 2012). Whether the
mammoth steppe was unique to cold intervals of the Pleistocene and the mammoth steppe fauna
were constrained to refugia during interglacials, at which times species such as the mastodon
emigrated to the region (Zazula et al., 2014), is unknown. Likewise, it is unknown if the basic
character of the mammoth steppe persisted through time with increases in floral and faunal
diversity during interglacials as the boundaries of the mammoth steppe moved (Kahlke, 2014;
Kahlke and Lacombat, 2008). Understanding how this ecosystem persisted through climatic
changes is vital to reconstructing Pleistocene ecology, and to assessing risk factors for modern
ecosystems facing significant changes from climate and anthropogenic activities (Barnosky et

al., 2017; Dietl et al., 2015). To make this evaluation, we used tools from modern ecological
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studies to assess the adaptability of individual species from the mammoth steppe and the

resilience of the ecosystem as a whole.

0° 60°E 120°E 180° 120°W 60°W

Figure 1. Regions examined in this study. Darker shades represent higher elevations. From left to
right, regions are: Iberian Peninsula (IBR), Jura mountains (JUR), northwestern Europe (NWE),
northeastern Europe (NEE), Russian plain (RSP), Gydan Peninsula (GDP), south central Siberia
(SCS), Taymyr Peninsula (TYM), Yakutia (YKA), eastern Beringia (EBR), North Slope Alaska

(NSP), Alberta (ALB) and Great Lakes Area (GLA).

Pollen, plant macrofossil and ancient DNA studies suggest that the mammoth steppe was a
highly productive herb-steppe-tundra environment, dominated by grasses, sedges, forbs and
herbaceous species, with some shrubs such as willow also present. There is little evidence for
trees during stadials; however the region contained forests during interstadial and interglacial
times (Binney et al., 2017; Blinnikov et al., 2011; Burns, 1991; Goetcheus and Birks, 2001;

Guthrie, 1990, 1982; Castaiios et al., 2014; Huntley et al., 2013; Mandryk, 1996; Muhs et al.,
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2001; Schweger et al., 2011; Strong and Hills, 2005; Willerslev et al., 2014; Zazula et al., 2011;
Zimov et al., 2012). Plant species were unevenly distributed across the mammoth steppe due to
local effects such as topography, drainage and latitude, and thus formed a “vegetational mosaic”
(Guthrie, 1982). Nonetheless, similar vegetation characteristics were present at broad scales at
different mammoth steppe sites, particularly prior to the Last Glacial Maximum (pre-LGM;
Willerslev et al., 2014), and during the LGM (Binney et al., 2017). Megafauna may have
encouraged rapid plant growth by fertilizing with feces and urine, and trampling and grazing, all
of which can promote faster-growing flora (Blinnikov et al., 2011; Guthrie, 1982; Willerslev et

al., 2014; Zimov et al., 2012).

Several other areas may have contained similar floral and faunal elements as the originally
defined mammoth steppe during parts of the Pleistocene (Guthrie, 1982). Alberta is not
traditionally considered part of the ecosystem but has been reconstructed to have been cold and
arid, with herb-steppe-tundra flora during the periods where it was not glaciated. Alberta also
contained similar fauna, including the woolly mammoth, as traditionally defined mammoth
steppe regions (Burns, 1991, 2010; Burns and Young, 1994; Heintzman et al., 2016; Jass et al.,
2011; Jass and Barron-Ortiz, 2017; Kahlke, 2015; Mandryk, 1996). Further, the southernmost
woolly mammoth remains in Europe occurred on the Iberian peninsula where mammoths lived
during periods of dry, steppe conditions and in association with other mammoth steppe
herbivores (Alvarez-Lao and Garcia, 2011; Garcia-Alix et al., 2012; Kahlke, 2015). Such areas
are consistent with current definitions of the mammoth steppe during those times. Thousands of
kilometers southeast of the mammoth steppe, reaching through Ontario and Quebec to the

periglacial environment on the edge of the Laurentide Ice Sheet (LIS), there are also sites where
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post-LGM Pleistocene woolly mammoth, horse and bison remains have been found (Harington,
2003; Kahlke, 2015). These remains occur in areas previously determined to be mesic, forested
landscapes, though the mammoths may have selected for more steppe-like environments within
this habitat and/or inhabited the area during the initial stages of deglaciation, before forests were
established (Metcalfe et al., 2013; Metcalfe and Longstaffe, 2014; Saunders et al., 2010).
Unequivocal mammoth remains have not been found from earlier in the Pleistocene in the Great
Lakes area (Harington, 1990). The boundaries of mammoth skeletal remains, linked to time
periods during the Pleistocene, were mapped by Kahlke (2015). Here, we consider Alberta, Great
Lakes and Iberian Peninsula populations populations within the context of the other regions
examined, while acknowledging this difference in floral elements at times. As well, we rely on
pre-existing woolly mammoth identification based on paleontological evidence, while
acknowledging that interbreeding occurred between Columbian and woolly mammoths (Enk et

al., 2011).

The majority of mammoth steppe species (e.g., mammoth, horse, bison, muskox (Ovibos sp.),
caribou (Rangifer tarandus), saiga antelope (Saiga tatarica)), were able to cross the Bering Land
Bridge between Eurasia and North America during stadials, when reduced sea levels created a
terrestrial connection between Eurasia and North America (Bocherens, 2015; Guthrie, 1968,
2001; Mann et al., 2013; Mol et al., 2006; Shapiro et al., 2004; Zimov et al., 2012). Not all
megafauna, however, were represented at all locations or all times across the mammoth steppe.
The woolly rhinoceros (Coelodonta antiquitatis) and cave bear (Ursus spelaeus, Ursus ingressus
and U. kudarensis) were significant species in Eurasia but have not been found in North America

(Kahlke, 2014; Knapp, 2019; Stuart and Lister, 2011). Elk (Cervus elaphus) was present in
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Europe throughout the Pleistocene but did not migrate to North America until ~13,000 '#C years
BP, likely responding to warmer and wetter conditions in post-LGM North America (Guthrie,
2006; Meiri et al., 2014). Fossils of American mastodon (Mammut americanum), for which no
finite radiocarbon dates were measured in eastern Beringia (Zazula et al., 2014), are common in
North America but they are not found in Eurasia (Guthrie, 2001). This likely reflects
submergence of the Bering Land Bridge during interglacial periods when mastodon was likely
present in the Arctic (Zazula et al., 2014). Vegetation differences are also observed over the late
Pleistocene, with woodlands becoming more prevalent in parts of the mammoth steppe during
warmer periods (Binney et al., 2017; Castafios et al., 2014; Schweger et al., 2011). A change
from herb-steppe-tundra to bogs, wetlands and forests occurred post-LGM, as the climate shifted
to warmer and wetter conditions. Fewer floral species were present at each site and there was
less similarity of plant species among sites in post-LGM than during the pre-LGM (Barnosky et
al., 2004; Binney et al., 2017; Edwards et al., 2001; Guthrie, 1982, 2001, 2006; Willerslev et al.,

2014).

Multiple species extinctions occurred during the Pleistocene. For example, the cave bear has not
been documented in post-LGM northwestern Europe, and likely went extinct at the beginning of
the LGM (Baca et al., 2016; Knapp, 2019; Mackiewicz et al., 2017; Miinzel et al., 2011; Terlato
et al., 2018). A combination of human activity with increased climatic stressors was implicated

in its extinction (Fortes et al., 2016; Knapp, 2019; Mackiewicz et al., 2017; Terlato et al., 2018).
Despite extinctions and extirpations leading to a reduction in species richness in Europe during

the LGM, species richness partially recovered post-LGM (Puzachenko and Markova, 2019). The

majority of the extinction and extirpation events occurred during the terminal Pleistocene. In



158  North America alone, 35 genera of animals were extirpated, and 29 of those went extinct

159  globally (Faith and Surovell, 2009), including the majority of the megaherbivore and

160  megacarnivore species on the mammoth steppe. The exact timings of the extinctions are not
161  resolved for all species (Broughton and Weitzel, 2018; Faith and Surovell, 2009; Guthrie, 2006;
162  Gill et al., 2009). It is widely considered that human hunting, climate change or a combination of
163  these factors led to the megafauna extinctions, though an extraterrestial impact has also been
164  posited (Barnosky et al., 2004; Broughton and Weitzel, 2018; Cooper et al., 2015; Koch and
165  Barnosky, 2006).

166

167  The extent that human hunting versus climate change was responsible for the megafauna

168  extinctions may have varied between regions and between species (Barnosky et al., 2004;

169  Broughton and Weitzel, 2018; Cooper et al., 2015; Koch and Barnosky, 2006). In North

170  America, high species richness of mammoth steppe fauna may have made that ecosystem

171  particularly vulnerable to disruption by human hunting (Pires et al., 2015). As well, many

172 extinctions were considered to be approximately synchronous with Clovis habitation in North
173 America (Faith and Surovell, 2009; Guthrie, 2006), though there is mounting evidence for pre-
174  Clovis occupation of the Americas (e.g., Bourgeon et al., 2017; Halligan et al., 2016; Waters et
175  al., 2011). The population reductions and environmental stress experienced by multiple species
176  of North American megafauna, however, indicate that they may have already been in decline
177  prior to arrival of clearly established populations of humans in North America (Faith, 2011;
178  Guthrie, 2003; Shapiro et al., 2004; Zazula et al., 2014, 2017).

179
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In Eurasia, Homo sapiens sapiens and their predecessors coexisted with Pleistocene megafaunal
species for ~2 million years (Barnosky et al., 2004; Koch and Barnosky, 2006), and humans may
have prefered habitats with warm-adapted species rather than the cold-adapted species that
characterize the mammoth steppe (Carotenuto et al., 2018). As well, extinctions and extirpations
were staggered over millennia among species (Stuart and Lister, 2011). Expanding forests and
increased precipitation causing deeper snow cover during the terminal Pleistocene would have
put increased stress on mammoth steppe grazers. Climate, rather than human hunting, is
therefore generally considered the likely driving factor of the Eurasian Pleistocene extinctions
(Barnosky et al., 2004; Carotenuto et al., 2018; Ri¢ankova et al., 2018). Alternatively, a wave of

human migration post-LGM may have triggered a set of European extinctions (Haynes, 2018).

1.1.2. Niche separation and functional redundancy

Niche separation, or resource partioning, is commonly used to explain species richness of the
mammoth steppe, whereby diversity is maintained through lack of competition between species
for resources (Graham and Lundelius, 1984; Guthrie, 1982, 1984). Dietary niche differences
could have resulted from partitioning of habitats or forage (Guthrie, 1982), though the exact
mechanisms of niche separation are not fully understood, and may have varied regionally
(Bocherens, 2003; Garcia-Vazquez et al., 2018; Guthrie, 2001). The niche feeding hypothesis
was supported by an early isotopic metastudy of mammoth steppe herbivores (Bocherens, 2003)
and is now commonly accepted in mammoth steppe literature. The same concept is explored in
African ecological literature, for example, to explain how grazers of similar sizes coexist
(Bonyongo and Harris, 2007; Codron et al., 2008; Cromsigt and OIff, 2006; Kartzinel et al.,

2015; Kleynhans et al., 2011).
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The concept of functional redundancy is commonly used in conservation ecology to assess the
potential responses of ecosystem to the loss of specific species (Cadotte et al., 2011; Mori et al.,
2013; Naeem, 2008; Sundstrom et al., 2012). Extinction of a keystone species with no functional
redundancy would destabilize the entire ecosystem. In some cases, however, species are lost
whose niche can be filled by other species. For example, during a temperature-induced
perturbation of a coral reef, large herbivores compensated for the loss of small herbivores (Nash
et al., 2016). Different tree species went extinct in Europe and in North America as a result of
Pleistocene and Holocene climate change. However, gymnosperms retained similar levels of
functional diversity on the two continents, indicating that species loss does not necessarily lead

to loss of ecosystem functioning (Liebergesell et al., 2016).

The concepts of niche separation and functional redundancy can be considered opposed to each
other (e.g., Resetarits and Chalcraft, 2007), as species with distinct diets cannot replace each
other’s niche. However, they can be complementary ideas (Sundstrom et al., 2012; Wardwell et
al., 2008). Species may overlap in some response variables while remaining distinct in others
(e.g., as this study principally considers dietary niche, overlap of some dietary items but not all).
There have been several studies of competitive exclusion in the African savannah, the ecosystem
most commonly compared to the mammoth steppe. African herbivores feed from a range of
overlapping plant species and plant parts, although no two species utilize identical niches
(Arsenault and Owen-Smith, 2008; Hansen et al., 1985; Kartzinel et al., 2015; Prins et al., 2006).
African savannah herbivores exhibit lower dietary and niche separation during seasons of high
plant productivity and greater niche separation during the low productivity dry season (Bukombe

et al., 2017; Kleynhans et al., 2011; Prins et al., 2006). Experimental removal studies of

11
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herbivores in the African savannah did not observe complete functional redundancy between
species, but there was functional redundancy for some response variables, such as vegetation

height (Goheen et al., 2013; Pringle et al., 2014; van der Plas et al., 2016).

A large number of new isotopic studies have been published since 2003, when the concept of
isotopic niche separation on the mammoth steppe was first examined by Bocherens (Bocherens,
2003; further data sets include e.g., Bocherens et al., 2011a, b, 2014a, b; Fox-Dobbs et al., 2008;
lacumin et al., 2010; Mann et al., 2013; Metcalfe et al., 2013, 2016; Raghavan et al., 2014;
Stevens et al., 2009; Szpak et al., 2010). Here, we add new measurements from eastern Beringia
and Alberta, Canada that augment the already vastly enlarged data set published over the past
sixteen years. As well, recent mathematical approaches have allowed us to make more

sophisticated assessments of isotopic niche (Jackson et al., 2011; Layman et al., 2007).

We use stable carbon (6'3C) and nitrogen (6'°N) isotope compositions of bone, tooth and tusk
collagen of megaherbivores to investigate the ecology of the mammoth steppe faunal community
and mechanisms of herbivore coexistence. Archeological and paleontological studies use
isotopic niche as a proxy for investigating diet and habitat (e.g., Lanoé et al., 2017; Szpak et al.,
2014), two key components of a species’ ecological niche. Isotopic niche is typically assessed by
combining the carbon and nitrogen isotope compositions of a preserved tissue from a species
(typically collagen) to determine the area of isotopic space bounded by these parameters
(Jackson et al., 2011; Layman et al., 2007). This approach allowed us to reconstruct typical
ecological niches during the late Pleistocene, as well as to assess variation between the pre-

LGM, LGM and post-LGM prior to the extinctions. This allowed us to test if strict niche-

12



249  feeding, functional redundancy, and/or a mixture of the two mechanisms are consistent with the
250  isotopic data.

251

252 Knowing the extent of niche feeding on the mammoth steppe is critical to understanding the
253  resilience of the mammoth steppe — to what extent the mammoth steppe floral and faunal species
254  could persist in the face of anthropological and climatic changes. If mammoth steppe species
255  were habitat or forage specialists with narrow niches, each species would have been at greater
256  risk of extinction if those habitats or plant species were lost during climatic change (Slatyer et
257  al., 2013). The entire ecosystem would also have been less resilient to the loss of any species
258  (e.g., from human hunting) because of reduced functional redundancy (Malhi et al., 2016;

259  Peterson et al., 1998; Pires et al., 2015; Rosenfeld, 2002; Wellnitz and Poff, 2001). In the

260  absence of perturbations, however, an ecosystem with highly defined niches would have

261  promoted more efficient use of resources, and thus increased ecosystem function (Mason et al.,
262 2005).

263

264  Underlying the comparison of isotopic niches in our study is an unavoidable need to ‘lump

265  together’ both regions (Fig. 1; Iberian Peninsula (IBR), Jura mountains (JUR), northwestern
266  Europe (NWE), northeastern Europe (NEE), Russian plain (RSP), Gydan Peninsula (GDP),

267  south central Siberia (SCS), Taymyr Peninsula (TYM), Yakutia (YKA), eastern Beringia (EBR),
268  North Slope Alaska (NSP), Alberta (ALB) and Great Lakes Area (GLA)) and time bins (non-
269  finite (INF); pre-LGM; LGM; post-LGM) because of low sample sizes. Previous studies of the
270  mammoth steppe have used similar groupings, but there are no consistent methods for defining

271  geographic or temporal units. Spatially, study areas have been as small as a single cave (e.g.,

13
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Fizet et al., 1995), or as large as the entire mammoth steppe (e.g., Bocherens, 2003). Between the
two extremes, other studies analyzed isotopic niche at varying geographic scales on the basis of
different barriers, such as between continents or mountains (Bocherens et al., 2011a; Drucker et
al., 2003b; Rabanus-Wallace et al., 2017; Raghavan et al., 2014; Richards and Hedges, 2003;
Stevens et al., 2014). When considering what localities and areas should be grouped, we
recognize that megafauna would have been able to travel between large areas and may have been
migratory in some cases (e.g., Mann et al., 2015). In our study, we grouped species over large
geographic regions to compare differences in isotopic niche between populations that we
expected to have experienced substantial climatic differences (e.g., Alberta, eastern Beringia and

the North Slope of Alaska; see Fig. 1).

There was a substantial climatic shift between the pre-LGM and post-LGM (i.e. the LGM) that
was accompanied by substantial floral and faunal changes (Binney et al., 2017; Fox-Dobbs et al.,
2008; Jass et al., 2011; Willerslev et al., 2014). A significant portion of previous work has used
the LGM as the major defining temporal unit within the late Pleistocene (e.g., Bocherens et al.,
2011a; Fox-Dobbs et al., 2008; Garcia-Vazquez et al., 2018; Willerslev et al., 2014; Yeakel et
al., 2013). Here, we use the boundaries suggested by Hughes and Gibbard (2015) for the global
LGM of 27,540 to 23,340 cal BP, defining time prior to that as pre-LGM and after as post-LGM.
We used a time boundary of 45,000 '“C BP (van der Plicht and Palstra, 2016) for the pre-LGM
and defined as non-finite (INF) older ages in which climate conditions cannot be assessed. The
exact timing of the LGM varied between ice sheets (e.g., Monegato et al., 2017), leading to some
uncertainty in this approach. While we can assess broad-scale patterns between species, regions

and time bins despite this uncertainty in timing, analysis of isotopic niche overlap requires
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consistent conditions at the base of the food web. Therefore, where sample sizes permitted, we
additionally examined niche overlap using the INTIMATE event stratigraphy of the Greenland
ice-core records to define the time bins (Rasmussen et al., 2014). A similar dual temporal
approach — combining broad scale and more narrowly defined temporal windows — has been
applied previously (Jiirgensen et al., 2017). More detailed geographic and temporal information

is provided in the dataset, as well as some data for Holocene fauna (Supplementary Table 1).

1.2. Stable isotopes

1.2.1 Stable carbon and nitrogen isotopes in plants and collagen

Three categories of plants have distinct mechanisms of carbon fixation, and thus distinct 6'3C: Cs
(x =27 %o), C4 (x =—13 %o), and CAM (~ —27 to —11 %o; modern averages from Koch, 2007;
Marshall et al., 2007; O’Leary, 1988). The high latitude environments considered here are
dominated by C; plants, and as yet, no Pleistocene C, vegetation has been reported from these
sites (Blinnikov et al., 2011). Hence, this paper focuses on the isotopic compositions of C;

plants.

The 6'3C of a plant depends on the 6'3C of atmospheric CO,, the mechanism of CO, uptake, and
the plant’s access to water and water-use efficiency (Farquhar, 1989; Marshall et al., 2007). In
modern tundra environments, plants have a general pattern of 6'3C: shrub < herb < fungi < lichen
(Fig. 2a; Barnett, 1994; Ben-David et al., 2001; Drucker et al., 2010; Kristensen et al., 2011;
Munizzi, 2017), and this pattern appears to hold in non-tundra environments, including steppes
(Chen et al., 2005; Kohn, 2010; Song et al., 2008; Toft et al., 1989). Herbs include forbs and

sedges, and annual and perennial grasses (Tahmasebi et al., 2017). Any changes in the 6'3C of
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atmospheric CO, over time should affect all plants equally, and thus not change the general
pattern. The ranges overlap considerably among species (Barnett, 1994), and one study found no
difference in average 0'3C between herbs and shrubs (Tahmasebi et al., 2017), likely because
environmental differences between habitats and/or microhabitats of plants had a greater effect on
013C than plant type in that study. Plant parts may also have distinct 6'3C (Heaton, 1999), though
consistent variation was not observed in high latitude plants (Tahmasebi et al., 2017), and

variation within tundra plant parts was less than variation between species (Munizzi, 2017).

Plants in more arid environments have higher 6'3C than those in more mesic environments
(Diefendorf et al., 2010; Ehleringer et al., 1987; Ehleringer and Cooper, 1988; Farquhar, 1989;
Kohn, 2010; Tieszen, 1991; Wooller et al., 2007). Higher elevation, higher mean annual
temperature and lower latitudes also correlate with higher plant 6'3C (Kohn, 2010). Temperature
and altitude effects are disputed (Heaton, 1999; Kohn, 2011; Stevens et al., 2006) but several
studies have found a positive relationship between C; plant 6'3C and temperature (Lipp et al.,
1991; Schleser et al., 1999; Wang et al., 2013). Plants growing beneath a dense canopy cover
typically have lower 0'3C than plants growing in an open environment, likely because of
recycling of organic matter and/or lower light levels affecting leaf processes in forested
environments (Bonafini et al., 2013; Drucker et al., 2008). Some researchers have suggested that
plants had higher 6'3C during periods of lower atmospheric pCO,, and vice versa (Schubert and
Jahren, 2015), but this has not been consistently observed (Bocherens, 2003; Richards and
Hedges, 2003; Stevens and Hedges, 2004). Saline conditions, such as in coastal environments,

can lead to an increase in plant 6'3C (Sykes et al., 2011; Wooller et al., 2007), as can higher
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340 levels of nutrients such as nitrogen or phosphorus (Heaton, 1999; Tieszen, 1991; Toft et al.,

341 1989).
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344  Figure 2. Conceptual diagram illustrating the relative carbon and nitrogen isotope compositions
345  of (a) common modern tundra vegetation (Barnett, 1994; Ben-David et al., 2001; Drucker et al.,
346  2010; Finstad and Kielland, 2011; Karlsson et al., 2000; Kristensen et al., 2011; Munizzi, 2017;
347  Nadelhoffer et al., 1996), and (b) modern steppe vegetation (Chen et al., 2005; Song et al., 2008;
348  Wu and Huang, 2010; Zhou et al., 2016). The 6'°N and 6'3C of fungi and lichens were not

349  measured in steppes. Values of §°N are measured relative to the international standard AIR, and

350 O!3C is measured relative to the international standard VPDB.
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The 0'°N of an ecosystem is related in part to the degree of nitrogen cycling, and thus the
quantity of nitrogen loss. More arid ecosystems tend to exhibit greater nitrogen cycling and
greater loss of nitrogen, predominately as '“N. As a result, plants and soils in arid ecosystems
typically have higher 6'°N than cooler, more mesic ecosystems (Ambrose, 1991; Amundson et
al., 2003; Heaton, 1987; Stevens et al., 2008; Stevens and Hedges, 2004). Ecosystems affected
by significant quantities of sea spray can also show an increase in 0'°N (Sykes et al., 2011).
Other effects can also play an ecosystem-level role, for example, the increase in plant §'°N

associated with fertilization by dung (Szpak et al., 2012).

Plants take up nitrogen in several forms (e.g., amino acids, nitrate, ammonium) (Amundson et
al., 2003; Craine et al., 2009, 2015a; Hobbie and Hogberg, 2012; Nadelhoffer et al., 1996), from
varying soil depths, and with or without mycorrhizal associations (Barnett, 1994; Craine et al.,
2015a; Handley and Raven, 1992; Hobbie and Hogberg, 2012; Nadelhoffer et al., 1996). Patterns
of 6°N between plant type are variable among environments (Craine et al., 2015a; Hobbie and
Hogberg, 2012). In high latitude tundra, however, nitrogen availability to plants is usually
limited, and the following general pattern of nitrogen isotope compositions among species is
reported in numerous modern tundra studies: shrub < lichen < herb < fungi (Fig. 2a; Ben-David
et al., 2001; Drucker et al., 2010; Finstad and Kielland, 2011; Karlsson et al., 2000; Kristensen et
al., 2011; Munizzi, 2017; Nadelhoffer et al., 1996). Overlap is common between plant types
(Barnett, 1994; Munizzi, 2017). Values of 6!°N vary seasonally, with shrubs and graminoids
being most distinct from each other during the summer and showing more overlap early and late
in the growing season (Karlsson et al., 2000; Tahmasebi et al., 2017). Between plant-type

variation is greater than within-plant variation (Munizzi, 2017). This 6!'°N pattern of plant
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species, however, may not always apply to modern steppe environments; for example, shrubs
had higher 6'°N than grasses in some Chinese steppe plants (Fig. 2b; Wu and Huang, 2010; Zhou

etal., 2016).

The mammoth steppe had both steppe and tundra characteristics, with proportions varying over
time and between regions (Binney et al., 2017; Elias and Crocker, 2008; Goetcheus and Birks,
2001; Guthrie, 2001; Zazula et al., 2011, 2003). The patterns likely vary between the steppe and
tundra, depending on the dominant environmental controls (e.g., moisture levels, nitrogen
availability, permafrost depth) and specific aspects of the nitrogen cycle. Further investigation of
the 01N of plants from steppe and from transitional environments is needed, as well as studies of

seasonal variations in plants from these environments.

The isotopic composition of an animal’s bone, tooth or tusk collagen derives from the isotopic
composition of the digestible portion of its diet (D. Codron et al., 2011). Because of metabolic
effects, an animal’s collagen typically has a higher carbon isotope composition than the dietary
materials from which it formed. Large herbivore collagen is typically enriched in 6'3C by ~5 %o
from diet (Bocherens and Drucker, 2003; Drucker et al., 2008; Kelly, 2000). Collagen ¢'3C can
also reflect metabolic effects specific to an animal’s physiology. An animal suffering from
winter starvation may utilize its fat reserves, which potentially could cause a lowering of 6'3C in
its tissues, including collagen (Szpak et al., 2010). Fernandez-Mosquera et al. (2001) found no
change in cave bear 0'3C associated with colder sites, where greater lipid use might have been
expected. However, hibernation signals in cave bear 6'°C resulting from lipid use have been

suggested in other studies (Bocherens, 2015, 2018; Pérez-Rama et al., 2011). Ruminant species
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produce and release large quantities of methane, which has low 0'3C. Loss of this methane may
leave the remaining dietary carbon enriched in '*C, which may be passed on to tissues such as
bioapatite (Hedges, 2003) and potentially collagen as well. This could make their 6'3C higher
than non-ruminant species (Britton et al., 2012). Body mass can also affect bioapatite !3C, with
larger animals having greater 13C enrichment, though this effect has not been tested in collagen

(Tejada-Lara et al., 2018).

The 0'°N of animal collagen reflects its diet plus 3 to 5 %o (Bocherens and Drucker, 2003;
Bocherens, 2015). Physiological effects can also cause an increase in collagen 6'°N. For
example, a nursing individual consumes tissue from its mother, and so tissues from nursing
animals have 05N one trophic level higher than their mother (Fogel et al., 1989; Metcalfe et al.,
2010). Extreme nutritional stress may also cause an animal to recycle its own tissues, causing an
increase in 6'°N (Hobson et al., 1993; Kelly, 2000; Kempster et al., 2007; Koch, 2007;
Mosbacher et al., 2016; Polischuk et al., 2011), though some dispute this effect as animals under
dietary stress may limit collagen remodelling (Bocherens, 2015). Hibernation in cave bears may
have also led to tissue recycling and thus increased 0'°N (Bocherens, 2015, 2018; Pérez-Rama et

al., 2011).

1.2.2 Isotopic niche

When considering a species at a single trophic level, combined evaluation of its carbon and
nitrogen isotope compositions allows definition of an “isotopic niche”. The isotopic niche can be
defined to include the total area in isotopic space on a biplot of 0'°N versus 6!3C (measured in

%0) containing all measurements for a species (total area; TA; Layman et al., 2007), or it can be
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defined as the core (40 %) of the isotopic compositions of the species on such a biplot (standard
ellipse area corrected for small sample size; SEA.; Jackson et al., 2011). Either method provides
a distinctly shaped and sized isotopic niche for each species. The isotopic niche depicts a subset
of a group’s ecological niche by describing the sum of the dietary, environmental and
physiological factors that in combination affect the placement and size of the group’s isotopic
compositions (Bearhop et al., 2004; Hammerschlag-Peyer et al., 2011; Layman et al., 2012).
Isotopic niche can be compared among groups. The extent of isotopic niche overlap can provide
information about whether species use similar dietary and/or habitat resources, or feed from
distinct isotopic niches (Hammerschlag-Peyer et al., 2011), thus providing insight into

interactions between species.

Stable Isotope Bayesian Ellipses in R (SIBER) is one of the mathematical programs that can be
used to perform this analysis (Jackson et al., 2011; Parnell et al., 2010). There are two main
factors that can decrease the power of SIBER isotopic niche metrics. First, since the TA includes
the total area covered within a group, adding additional samples to a group can increase the size
of that group, but can never decrease it. This means that the isotopic niche for a group containing
a large number of analyzed specimens has the potential to appear larger than one containing a
small number of specimens (Jackson et al., 2011). Such an outcome is of particular concern in
palaeoecology, where samples sets are commonly small (<30) and the size of sample sets from
different groups can vary. These metrics should also be viewed with caution when comparing
groups containing fewer than 10-30 individuals each (Jackson et al., 2011; Syviranta et al.,
2013). Groups containing smaller numbers of samples remain interpretable, but the test is less

powerful than for ecological data meeting these conditions.
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Several studies have paired SIBER analysis with the more traditional niche analysis method of
gut contents analysis (e.g., Layman and Allgeier, 2012; Staudinger et al., 2014). SIBER analysis
of niche overlap has been used to assess overlap between invasive and native species (e.g., Hill
et al., 2015; Jackson and Britton, 2013), and to compare the extent of dietary overlap of
coexisting age classes (e.g., Staudinger et al., 2014) or species (e.g., Saporiti et al., 2014;
Yurkowski et al., 2016) in both modern and paleontological contexts. Yurkowski et al. (2016)
supported their SIBER analysis with linear modelling. SIBER metrics have also been used to
assess ecosystem niche changes over time in historical and archeological contexts (e.g., Drago et
al., 2017; Saporiti et al., 2014), and to examine archeological herbivore life-histories (Szpak et
al., 2014). Lanog et al. (2017) used isotopic niche to examine the Pleistocene/Holocene transition
in eastern Beringia and Dantas et al. (2017) used it to examine Pleistocene Brazilian
megaherbivores. No single metric perfectly quantifies niche overlap as niche separation occurs
over numerous axes via numerous mechanisms. Isotopic niche analysis, however, is particularly
valuable as it provides a linked signal between the forage species consumed and the habitat and
environmental conditions at the site. It remains, however, that variations in species physiology
and overlap in plant isotopic compositions could affect the isotopic overlap determined by

SIBER analysis.

Previous work has generally examined the relative carbon and nitrogen isotope compositions of
several megaherbivores at single mammoth steppe sites, or of fewer species at multiple sites
(e.g., Bocherens et al., 1994a, b, 2011b, 2014a; Drucker et al., 2003a, b; Fizet et al., 1995; Fox-

Dobbs et al., 2008; Iacumin et al., 2010; Kuitems et al., 2019; Lanoé€ et al., 2017; Mann et al.,
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2013; Metcalfe et al., 2013, 2016; Raghavan et al., 2014; Stevens et al., 2009; Szpak et al.,
2010), either for a single point in time or over several time intervals. Our study extends that
approach to a comparison of much of the available 6'3C and 6'°N data (and the associated
ecological niche) across multiple species, times and sites for the entirety of the mammoth steppe
throughout the late Pleistocene (Supplementary Table 1). Previous work has generally focused
on the relative isotopic position in 6'’N-0'13C space across species, site or time to determine
variability in 613C or 6'°N. Our study expands on existing literature to consider isotopic niche

overlap and relative position and to seek isotopic patterns that extend across multiple criteria.

2. Methods

2.1 Sampling

Stable isotope compositions of megaherbivore bone collagen and plants, and accompanying
radiocarbon dates, were primarily compiled from available literature (1636 stable isotope
measurements) and secondarily combined with new isotope and radiocarbon measurements (137
stable isotope measurements; 20 radiocarbon dates) (Supplementary Table 1; analytical methods
in Appendix A). This compilation is not exhaustive, but we consider it to be representative of
available information. Preservation of primary collagen isotopic compositions was evaluated
when other information provided made this possible (i.e., collagen yield > 1 %, C (wt %) > 13
%, N (wt %) > 4.8 %, atomic C/N ratio between 2.9-3.6) (Ambrose, 1990; DeNiro, 1985). Data
that did not meet these criteria were rejected. If a specimen was not clearly identified at the
generic level (e.g., Bos vs. Bison), the isotopic results were also excluded from the compilation.
Isotopic results for teeth were excluded unless the samples were adult mammoth teeth or bison

third molars, as the isotopic compositions of these elements reflect adult rather than juvenile
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diets (Balasse et al., 1999; Metcalfe et al., 2010). Isotopic data for antler were excluded as this
tissue reflects seasonal and/or physiological signals (Finstad and Kielland, 2011; Miller et al.,
2014; Stevens and O’Connell, 2016). When multiple data were available for a given sample as
the result of radiocarbon measurements, we accepted the stable isotope results associated with
the oldest date for collagen that had undergone ultrafiltration. Cave bears were included in this
analysis, as they are commonly reconstructed as herbivores (e.g., Bocherens, 2018; Bocherens et
al., 2006, 2014a; Krajcarz et al., 2016; Naito et al., 2016b), though this status is disputed by
some (e.g., Jones and DeSantis, 2016; Peigné et al., 2009). Table 1 summarizes the number of

samples considered organized by species, region and time interval, respectively.

Table 1. Number of megafauna samples by species, region and time bin.

No.
Species  Aurochs (BOS) 1
Bison (BSN) 138
Camel (CAM) 1
Caribou (CRB) 294
Chamois (CHM) 3
Cave bear (CVB) 121
Elk (ELK) 242
Horse (HRS) 348
Irish elk (IRS) 1
Ibex/wild goat (IBS) 3
Helmeted muskox (HMK) 11
Woolly mammoth (MTH) 250
Mastodon (MTD) 57
Muskox (MSK) 167
Moose (MOS) 25
Sagia antelope (SGA) 76
Dall sheep (SHP) 20
Roe deer (ROE) 1
Woolly rhinoceros (RNO) 14
Region  Alberta (ALB) 70
Eastern Beringia (EBR) 270
Gydan Peninsula (GDP) 1
Great Lakes Area (GLA) 25
Iberian Peninsula (IBR) 236
Near the Jura mountains (JUR) | 187
North eastern Europe (NEE) 19
North Slope Alaska (NSP) 336
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North Western Europe (NWE) 382

Russian Plain (RSP) 34
South central Siberia (SCS) 41
Taymyr Peninsula (TYM) 78
Wrangel Island (WGI) 1
Yakutia (YKA) 93
Time >45,000 “C BP (INF) 281
27,540+ cal BP (PRE) 493

27,540 to 23,340 cal BP (LGM) | 43
23.340 to 11,700 cal BP (PST) | 571
11,700- cal BP (HCL) 84
Not determined (NDT) 301

Based on previous work (e.g., Kuitems et al., 2019; lacumin et al., 2000; Raghavan et al., 2014;
Richards and Hedges, 2003) and geographic boundaries, samples were divided into ten regions
(Fig. 1): Iberian peninsula (IBR), Jura mountains (JUR), northwestern Europe (NWE),
northeastern Europe (NEE), Russian plain (RSP), Gydan Peninsula (GDP), south central Siberia
(SCS), Taymyr Peninsula (TYM), Yakutia (YKA), eastern Beringia (EBR), North Slope Alaska,
Alberta (ALB) and Great Lakes Area (GLA). The data were sorted into four time-bins: (1) non-
finite (INF), (2) pre-LGM, (3) LGM, and (4) post-LGM, using the age-brackets suggested in
previous work (Hughes and Gibbard, 2015). Additionally, interstadials and stadials were
considered separately where sample sizes permitted. Samples were classified as “not
determined” (NDT) when not dated, if insufficient information was given to classify the date, or
if the calibrated date range included multiple time bins. Dates were calibrated using
http://www.calpal-online.de/ following the method of Garcia-Vazquez et al. (2018), and the 68
% range was used to assess the range of calibrated dates for a radiocarbon-dated specimen.
Specimens for which the range of calibrated dates fell within the pre-LGM, LGM or post-LGM
time bins were assigned to each bin (Time 2 in Supplementary Table 1). Specimens were
additionally placed in time bins based on physical context (e.g., Bocherens et al., 2011a; Drucker

et al., 2003a), or prior knowledge of the species at the site (e.g., Guthrie, 2006; Zazula et al.,
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2014). Where known, direct radiocarbon dates for samples, or the layer from which they were
collected, are provided in Supplementary Table 1. As climate conditions cannot be associated
with INF specimens, these data were treated with caution and were not used in modeling. The
same method was used to assign specimens to Greenland stages (Time 3 in Supplementary Table
1). As yet, there are insufficient samples within regions and species to use only direct dates for
mathematical analysis of ecological niche. Also, assessing changes from overly small time
windows risks misidentifying wide isotopic ranges caused by generalist diets as changes in
baseline isotopic compositions, particularly for areas such as Alberta or south central Siberia
peninsula where data are limited. Better temporal resolution should be possible in the future as

more studies combine acquisition of chronology and stable isotope data.

Data were compiled from the literature for modern, high latitude plants using studies that
analyzed multiple growth forms (Barnett, 1994; Milligan, 2008; Tahmasebi et al., 2017; Wang
and Wooller, 2006) (Table 2; Supplementary Table 2). Data points were removed if they were
considered outliers in the original study, or if they were listed as roots. Modern plant §'3C was
corrected for the Suess effect to remove the biasing effect of modern atmosphere CO, 6'3C

following the method of Tahmasebi et al. (2018) and Long et al. (2005).

Table 2. Number of modern, high latitude plant samples compiled from the literature.

Form No.
Herb 305
Lichen 16
Moss 6
Fungi 3
Shrub 127

2.3. Statistical analysis
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Variability in 6'3C and 6'°N among species, regions and time bins was assessed using linear
models, Akaike Information Criterion (AIC; Barton, 2016; Calcagno, 2013; Lenth, 2016;
Mazerolle, 2016) and confidence intervals (ClIs) of parameter coefficients in R version 3.2.2 (R-
Core-Team, 2012) using the R Studio interface version 0.99.484 (R-Studio-Team, 2015).This
analysis was conducted separately for carbon and nitrogen isotopes. Details of model selection

are provided in Appendix B.

Isotopic niche was determined using SIBER scripts from the SIAR package (Stable Isotope
Analysis in R; Parnell and Jackson, 2013) in R version 3.1.1 (R-Core-Team, 2012) using the R
Studio interface version 0.98.1083 (R-Studio-Team, 2015). The database was interrogated to
make comparisons for (1) groups of species in a given region and time; (2) groups of regions at a
given time and for a given species, and (3) times at a given region for given species. Fig. 3
presents examples of the mathematical treatments using the dataset of modern high latitude
plants. Niche overlap was determined by calculating the proportion of the TA or SEA. overlap
between two groups. Groups were considered to overlap if either metric showed overlap. The
overlap was calculated by dividing the area of overlap by the area of one of the two groups, and
this step was conducted twice, using the area of each group. Overlap less than 30 % was
considered minimal. Overlap of 30 to 60 % was considered moderate and indicated resource
sharing. Overlap greater than 60 % was considered high, as it indicated ecologically significant
overlap in the core niche (Gebremedhin et al., 2016; Guzzo et al., 2013; Langton, 1982;
Simpfendorfer et al., 2001). We examined whether there was variability in niche position of a
species in different regions and at different times, as has been done to assess male versus female

seal dietary changes over historical time bins (Drago et al., 2017). In many cases, 10 to 30
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specimens were not available for each species from a region during a specific time. Isotope
ranking of species, region and time bin was still performed when there were <10 specimens in
some of the groups, but rankings were only considered to be robust if the same pattern was

observed over multiple species, regions or times.

3. Results

3.1. Plant isotopic niche

The typical graphical outputs from SIBER used to assess niche overlap, including isotopic niche
overlap using the total area (TA) and small-sample-size corrected ellipses (SEA.), are shown in

Fig. 3 for modern high latitude plants.
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577  data for each growth form (c¢) Convex hulls encompassing the total area (TA) of all data for each
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growth form. (¢). Average 0'3C shrub < herb < fungi < moss < lichen. Average 6'°N moss <

lichen < shrub < herb < fungi.

3.2. Herbivore modelling

The model with the best fit for the §'3C data was:

0BC ~ 1 + Species + Region + Time + Region:Species + Time:Species

Details of model validation are in Appendix B and Supplementary Table 3. The confidence
intervals for ‘Time’ overlapped 0, indicating this was an uninformative parameter, and it was not

considered further.

Two models had AICc < 4, and thus both were considered valid fits for the 6!°N data:
1) 0N ~~ 1+ Species + Region + Time + Region:Species + Time:Species + Time:Region +
Region*Species*Time
2) 0N ~~ 1+ Species + Region + Time + Region:Species + Time:Species + Time:Region
Details of model validation are provided in Appendix B and Supplementary Table 4. All

parameters were considered informative.

3.3 Isotopic Ranking

‘Species’, ‘Region:Species’ and ‘Time:Species’ were all informative variables in the best fitting
models for both §'3C and 6'°N. Therefore, the variation in species’ 0'*C and 6'°N rankings were
assessed. Qualitative results for the less commonly analysed species are provided in Appendix C.

Regional analyses are provided in Appendix D, and time-analysis is provided in Appendix E.
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General trends in 0!3C for the most common isotopically analysed megafaunal herbivores are
evident across all regions and time bins. As “Species:Region:Time” was not an informative
variable in the best model, all regions were considered together for a time group, and all times
were considered together for a regional group. The typical pattern of 6'*C was mammoth and
horse < bison & elk & rhino < muskox < caribou (Fig. 4; Supplementary Table 5). There are

exceptions to this pattern in northeastern Europe and during the LGM. These may result from

small sample sets that do not capture average isotopic signals.
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Figure 4. Box and whisker plots showing variation in 6!3C for the most commonly isotopically
analysed megafaunal herbivores from (a) each region and (b) time bin (graphs cover two rows).
The diamond represents the mean value, the horizontal line indicates the median value and boxes
show the 25™ and 75™ percentiles. Whiskers show the largest value that extends no further from
the outside of the box than 1.5 times the distance between the 25% and 75™ percentiles. Data
outside the whiskers are outliers. Lilac = bison, yellow = caribou, orange = elk, dark blue =

horse, light blue = muskox, purple = mammoth, pink = rhinoceros.

As for 013C, a general pattern in 6'°N was observed across the mammoth steppe, though it varied
slightly between time bins and regions (Fig. 5; Supplementary Table 5). Elk, bison and caribou
had the lowest '°N, followed by muskox, rhinoceros and mammoth. In pre-LGM, elk < caribou
< bison < muskox & rhinoceros < mammoth. In post-LGM, elk < bison < caribou < rhinoceros <
mammoth & muskox. Horse 6!°N varied over time and between regions, from the lowest 6'°N in
regions such as post-LGM Alberta and post-LGM JUR to the third highest 6'°N in pre-LGM
JUR, overlapping rhinoceros and mammoth 6'°N (Fig. 5). The sample sizes for the LGM were
too small to determine consistent patterns. Variations in the pattern included pre-LGM site NEE,
where muskox had low 6'°N, post-LGM Alberta, where mammoth had low 6'°N, and post-LGM
NWE, where elk had high 6'°N. The extent of the difference in 6'°N between species varied
substantially between regions and times, as suggested by the fact that ‘Species:Region:Time’

was an informative variable in a top model.
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Figure 5. Box and whisker plots showing variability in 6!°N for the most common isotopically
analysed megafaunal herbivores in each region during the (a) pre-LGM, (b) LGM, and (c) post-
LGM time bins. The diamond represents the mean value, the line indicates the median value and
boxes show the 251 and 75™ percentiles. Whiskers show the largest value that extends no further
from the outside of the box than 1.5 times the distance between the 25" and 75" percentiles. Data
outside the whiskers are outliers. Lilac = bison, yellow = caribou, orange = elk, dark blue =

horse, light blue = muskox, purple = mammoth, pink = rhinoceros.
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640  The extent of the difference in 6'°N between species varies substantially between regions and
641  times, as suggested by the fact that ‘Species:Region:Time’ is an informative variable. The

642  variation in degree of change, however, is insufficient to disrupt the general 6'°N pattern (Fig. 6).
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645  Figure 6. SEA. niche positions of the major megafaunal herbivores on the mammoth steppe.

646  Regions were combined for SIBER analysis, making niche overlap and 65N niche position less
647  reliable than separate regional analyses. A minimum of three data points were required for a

648  species to be included.

649

650  3.4. Niche overlap

651  Niche overlap was assessed separately for each time and region for all species with at least three
652  measured specimens (selected examples shown in Fig. 7; Supplementary Table 5). Six species
653  had TA core niche overlap with another species for at least one time and region (bison, caribou,
654 elk, horse, muskox and mammoth) while four species had SEA. core niche overlap (bison,

655  caribou, elk and muskox). Conversely, three species were most likely to overlap into another
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species’ core niche: caribou (bison and muskox), horse (bison, elk and mammoth) and sagia

(caribou and muskox). Resource sharing, or moderate niche overlap, was additionally observed

for the rhinoceros and cave bear. Analysis of Alberta prior to the LGM required combining INF

and pre-LGM dates (Fig. 7); however, TA niche overlap observed between horse and mammoth

was also observed in pre-LGM North Slope and post-LGM eastern Beringia as well as in

combined INF & pre-LGM Alberta horse and mammoth.
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Figure 7. SEA. niche positions and overlaps of megafaunal herbivores from (a) INF and pre-

LGM Alberta; (b) post-LGM Alberta; (c) pre-LGM northwestern Europe and (d) post-LGM
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666  Europe. Pre-LGM northwestern Europe has SEA.. core niche overlap of bison with horse, and
667  moderate niche overlap of bison with rhinoceros, horse with rhinoceros and rhinoceros with

668  horse. Post-LGM northwestern Europe has SEA.. core niche overlap of muskox with saiga, and
669  moderate niche overlap of muskox with elk and saiga with muskox.

670

671  In most cases, Greenland stadial and interstadial-based time bins did not have enough samples
672  for quantitative analysis of niche overlap of multiple species. The one exception was NWE

673  Greenland stadial 2.1 (14,692-22,900 cal BP), where the isotopic niche of three species (caribou,
674  horse and saiga) was considered (Fig. 8a-c). Moderate TA niche overlap was observed between
675  caribou and saiga. In several cases where insufficient datapoints exist to quantify niche overlap,
676  qualitative overlap was still observed (Fig. 8d-f). Overlap was observed between elk/bison and
677  elk/ibex in IBR Greenland stadial 2, between horse/mammoth in NSP Greenland stadial 2.1 and
678  between bison/horse in NSP Greenland stadial 3 (23,340-27,540 cal BP).

679
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Figure 8. Niche positions and overlaps of megafaunal herbivores with time bins based on

Greenland stadials and interstadials. (Left) Niche representations of Greenland stadial 2.1

northwestern Europe (a) Individual data points; (b) Small-sample-size corrected ellipses (SEA.)
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encompassing 40 % of the data and (c) Convex hulls encompassing the total area (TA).
Northwestern Europe during Greenland stadial 2.1 had TA moderate niche overlap of caribou
with saiga. (Right) Individual data points for multiple regions and times (d) Greenland stadial 2.1
Iberian Peninsula; (¢) Greenland stadial 2.1 North Slope Alaska and (f) Greenland stadial 3

North Slope Alaska.

4. Discussion

4.1. Plants

The 0'3C pattern of plant growth forms observed in the SIBER results (Fig. 3) were consistent
with the conceptual framework (Fig. 2). The patterns were generally the same for §'°N, except
that lichen had lower 0'°N than shrubs in the SIBER results. Further sampling of both plant types
would help elucidate the causes of this variation. There was extensive overlap between plant
growth forms (Fig. 3¢). As herbivores consume large quantities of plant material, however, they
can be considered to “average” the material they consume. When considering the core 40 % of
each growth forms’ isotopic niche, there is substantially less overlap (Fig. 3c), allowing for

isotopic patterns to be passed to the consumer.

The 0'3C and 0N of steppe plants were reported in separate studies (Chen et al., 2005; Song et
al., 2008; Toft et al., 1989; Wu and Huang, 2010; Zhou et al., 2016); however, as only averages
and standard deviations were provided, isotopic niche cannot be assessed from these datasets. In
these studies, average plant 0'3C ranged from ~ —25 to —23 %o, and average plant 0'°N, from ~ -2
to +6 %0. We caution against direct use of the plant isotopic compositions to calculate herbivore

diets, in part because of the understudied nature of steppe plants” 613C and 6'°N. As well, the
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0N of steppe plants changed between a Pleistocene glacial event and the current Holocene
interglacial (Tahmasebi et al., 2018). Without a better understanding of these dynamics, we
prefer to consider patterns of differences in isotopic composition between plant functional groups

rather than specific isotopic compositions.

4.2. Pleistocene herbivore niches

The consistency in the patterns of average carbon and nitrogen isotope compositions among
species at various sites and times (Figs. 4-6; Supplementary Table 5) suggests that the
herbivores’ main dietary, physiological and habitat/environmental niches were conserved across
the mammoth steppe through time and space. This general pattern agrees with previous reports
(e.g., Bocherens, 2003, 2015), and highlights the value of a metastudy approach. The isotope
positions of less commonly analyzed species from the mammoth steppe generally conform to
expected patterns (Appendix C). Ruminant physiology (Hedges, 2003) or body-size differences
(Tejada-Lara et al., 2018) may play a role in some of these patterns. For example, the non-
ruminant horse and mammoth typically have the lowest 6'3C of coeval megaherbivores. The
non-ruminant rhinoceros, however, commonly has higher 6'3C than bison or elk; Fig. 4;
Supplementary Table 5). Likewise, if body size was the primary control, the 6'3C pattern would
be expected to be horse < rhinoceros < elephant (Tejada-Lara et al., 2018) rather than mammoth
& horse < rhinoceros. Hence, physiological processes are not sufficient on their own to explain

mammoth steppe herbivore 6!3C patterns.

The consistently higher average 6'’N of mammoth reflects a distinct diet or habitat (Drucker et

al., 2015; Naito et al., 2016a; Schwartz-Narbonne et al., 2015). Several hypotheses have been
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proposed to explain this feature, including consumption of forage in arid microhabitats
(Bocherens, 2003; Tacumin et al., 2000; Kuitems et al., 2012), consumption of plants fertilized
with dung (Metcalfe et al., 2013), and/or selection of specific plants or plant parts during forage
(Kuitems et al., 2012; Metcalfe et al., 2013). Mammoth core niche overlaps with horse both pre-
and post-LGM, suggesting that some horse also exploited this distinct niche, as has been
previously observed in both the INF & pre-LGM and the post-LGM time bins (Drucker et al.,

2015, 2018; Schwartz-Narbonne et al., 2015).

Multiple lines of evidence suggest that horse, bison and mammoth were primarily grazers
(consumed grasses, forbs and sedges rather than tissues from shrubs or trees; Bocherens, 2003,
2015; Guthrie, 1990, 2001; Rivals et al., 2010, 2012, 2017). Similar diets for these three species
are consistent with the core niche overlap of horse with both bison and mammoth. Rather than
obligate grazing, however, some authors have suggested a degree of mixed-feeding
(consumption of both graze and browse). Tooth wear analysis has suggested that mammoths
from northwestern Europe and the Great Lakes area were mixed-feeders (Rivals et al., 2010;
Saunders et al., 2010). Pleistocene bison also had the potential to incorporate browse into their
diets, as their physiology allow them to raise their heads higher than extant Bison bison (Guthrie,
1990; McDonald, 1981). Plant material recovered from teeth also suggests that Pleistocene bison
consumed some browse (Guthrie, 1990). Tooth mesowear and microwear studies likewise
suggest that Pleistocene and early Holocene bison diets included a browse component; the
proportion of browse varied by time and site, both on and off the mammoth steppe (Rivals et al.,
2007, 2009, 2010; Rivals and Alvarez-Lao, 2018; Rivals and Lister, 2016; Rivals and

Semprebon, 2011; Saarinen et al., 2016). Tooth wear studies similarly suggested that horses
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753  consumed varying amounts of browse in northwestern Europe and eastern Beringia, depending
754  on site and time (Rivals et al., 2010, 2014; Rivals and Lister, 2016; Saarinen et al., 2016;

755  Semprebon et al., 2016), as well as inhabiting environments with varying levels of forest

756  (Saarinen et al., 2016). Studies of modern Equus and Bison also indicate incorporation of some
757  browse into diets (Craine et al., 2015b; Gebczynska et al., 1991; Guthrie, 1990; Hansen, 1976;
758  Kaiser et al., 2013; Kowalczyk et al., 2011; Marshal et al., 2012; Painter and Ripple, 2012;

759  Peden et al., 1974; Schulz and Kaiser, 2013; van den Berg et al., 2015;Waggoner and Hinkes,
760  1986; Xu et al., 2012). Many Equus populations are grazers that consume minimal browse (e.g.,
761  Hansen, 1976), but browse is a dominant food in some populations of wild/feral Equus species
762  either yearly or seasonally (Marshal et al., 2012; Schulz and Kaiser, 2013; Xu et al., 2012).

763  Similarly, modern bison are generally grazers (e.g., Peden et al., 1974) but some European and
764  American populations consume high quantities of browse (Kowalczyk et al., 2011; Painter and
765  Ripple, 2012; Waggoner and Hinkes, 1986). Bison respond to decreasing protein levels in

766  graminoids by increasing shrubs and forbs in their diet; the proportion of shrubs and forbs in
767  bison diets is therefore projected to increase in response to anthropogenic climate change (Craine
768  etal., 2015b). Likewise, while mammoths are reconstructed here as grazers, modern elephants
769  are mixed feeders (Ahrestani et al., 2012; J.B. Codron et al., 2011; Hansen et al., 1985).

770

771  Beyond the grazing versus browsing dichotomy, other dietary distinctions involve consumption
772 of different plant parts and plant heights, and different plant species within the grazing or

773  browsing niche. This can cause variation in 6'3C and 6'°N, as well as the protein content of

774  forage (Codron et al., 2008; Tahmasebi et al., 2017), as has been observed for buffalo and zebra

775  in the African savannah (Arsenault and Owen-Smith, 2008; Kleynhans et al., 2011). The high
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variability in horse 0'°N between regions and time (Fig. 5) may reflect one of these types of
dietary selection. In the case of Alberta horse and bison, their relative 6'°N position varied with
their representation (and hence inferred abundance) in the fossil record. During INF & pre-LGM
times in Alberta, horse was more abundant and had higher 6'°N than bison, whereas the reverse
occurred post-LGM (Fig. 7; Supplementary Table 5; population information from Jass et al.,
2011). Post-LGM Alberta contained some boreal forest cover (Strong and Hills, 2005) and horse
may have eaten from a more nutrient-poor browse niche, leading to a reduced population and
lower 05N than bison. Horse had evidence of more stress post-LGM demonstrated by increased
percentages of horse teeth with hypoplastic events. These may indicate more dietary stress in
post-LGM horse than in pre-LGM horse, or bison from either time (Barrén-Ortiz et al., In
Submission). Alternatively, the 6'°N of grasses relative to shrubs may have changed as the
ecosystem type shifted. Future work that considers species range, diversity and population sizes
(e.g., Lorenzen et al., 2011) should assess the niche position of species in relation to these

variables.

Modern caribou eat both graze and browse, and consume lichen in winter where available
(Bjerkvoll et al., 2009; Guthrie, 1990, 2001; Heggberget et al., 2002; Larter et al., 2002; Larter
and Nagy, 1997; Rozenfeld et al., 2012). Plant material preserved in small enamel pits between
the molar cusps of caribou teeth suggests winter feeding on lichens, and otherwise mixed-feeding
(Guthrie, 2001). Such a diet may be responsible for the generally high 6'3C of Pleistocene
caribou (Fig. 4. Bocherens, 2003, 2015; Bocherens et al., 1996, 2014b; Castanos et al., 2014;
Fizet et al., 1995; Fox-Dobbs et al., 2008; Iacumin et al., 2000). The generally low 6'°N of

caribou may relate to browse consumption. Caribou nitrogen isotope position is lower than bison
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during the pre-LGM and higher than bison post-LGM, suggesting either adaptable diets for
caribou or ecosystem shifts between the tundra and steppe models (Fig. 2). An adaptable diet for
caribou, with varying levels of browse and lichen consumption, is supported by tooth microwear
studies of Pleistocene caribou from across the mammoth steppe and through time (Rivals and
Alvarez-Lao, 2018; Rivals and Solounias, 2007; Rivals and Semprebon, 2017; Rivals et al.,

2010; Saarinen et al., 2016).

Modern elk are opportunist mixed-feeders that live in both closed canopy forests and open
habitats (Christianson and Creel, 2007; Dumont et al., 2005; Gebert and Verheyden-Tixier,
2008). This is consistent with tooth wear studies that suggest the Pleistocene elk was a mixed-
feeder whose diet shifted over time and between regions (Rivals and Alvarez-Lao, 2018; Rivals
and Lister, 2016; Rivals et al., 2009, 2017; Saarinen et al., 2016). Elk had typically low 6'°N,
suggesting a primarily browse diet. The atypically high 6'°N in post-LGM northwestern Europe
may have been a response to reduced browse intake (Castafios et al., 2014) or changes in 6'°N of
the forage. Dietary competition between elk and caribou was previously suggested (Cupillard et
al., 2015) but we did not observe moderate or core isotopic niche overlap between these species

(Supplementary Table 5). Instead, elk had isotopic core niche overlap with bison and horse.

Reconstructed diets of Pleistocene muskox (Ovibos) indicate varying proportions of browse and
graze (Guthrie, 2001; Mann et al., 2013; Raghavan et al., 2014). However, muskox regularly had
high 6N, which would not be expected for a browser, as well as high 6'3C (Figs. 4-5;
Supplementary Table 5). This could reflect an environmental difference, in which muskox

consumed similar plants to the grazing bison but from a more arid microhabitat. Muskoxen are
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poorly adapted to foraging in deep snow (Ihl and Klein, 2001; Schaefer and Messier, 1995).
Hence, they may have faced greater levels of winter starvation, leading to higher '°N
(Mosbacher et al., 2016), though this would likely not have been recorded in their collagen (see
Bocherens, 2015). The most parsimonious explanation involves both lichen consumption, as
suggested for Pleistocene muskox as well as caribou (Bocherens, 2015; Bocherens et al., 2015;
Fox-Dobbs et al., 2008), and sedge consumption, which is a common component of muskox
winter diets (Ihl and Klein, 2001; Larter et al., 2002; Larter and Nagy, 1997; Mosbacher et al.,
2016; Rozenfeld et al., 2012). Lichen consumption by muskoxen could explain their higher
average 0'3C than bison (Fig. 3). As this forage is protein-poor, it may not have contributed
substantially to muskox 0'°N (Drucker et al., 2001). Increased consumption of sedges, which
generally have higher 6'°N than grasses and forbs in the modern tundra environment (Ben-David
et al., 2001; Munizzi, 2017), could explain higher muskox ¢'°N than bison or caribou. This
explanation is consistent with the isotopic overlap in diet between muskox and caribou, and
muskox and bison (Supplementary Table 5), as well as the dietary overlap between modern
muskox and caribou (Larter and Nagy, 1997; Staaland and Olesen, 1992). Muskoxen
additionally overlapped their core niche with sagia and had moderate niche overlap with elk.
Notably, the only site where rhinoceros and muskox were measured together (pre-LGM
northeastern Europe), rhinoceros had typically high 6N and muskox had shifted to atypically

low 015N.

Multiple proxies have suggested that woolly rhinoceros were primarily grazers (Bocherens,
2003; Boeskorov, 2012; Kahlke and Lacombat, 2008; Rivals and Alvarez-Lao, 201 8). Some

teeth-wear and keratin isotopic studies, however, suggest some local and seasonal variation in
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degree of grazing and potential inclusion of browse (Rivals and Lister. 2016; Saarinen et al.,
2016; Tiunov and Kirillova, 2010). Rhinoceros ¢'3C was higher than other non-ruminants, and
was similar to bison and elk, while rhinoceros 0'°N was typically high, similar to muskox (Figs.
4-5). Moderate niche overlap was observed with horse (Supplementary Table 5), consistent with
both species as primarily herbivores. While niche overlap was not observed with muskox, this
reflected an atypical shift in muskox 0'°N in pre-LGM northeastern Europe. The rhinoceros high

0N may reflect a similar diet to muskox, with some sedge consumption.

4.3. Functional redundancy and resource partitioning

We are not the first to suggest substantial Pleistocene functional redundancy. Pires et al. (2015)
suggested a higher degree of functional redundancy on the Pleistocene mammoth steppe than in
the modern African savannah network and Davis (2017) demonstrated that Pleistocene North
America had more functional redundancy than present North America. Other studies have noted
niche overlap and species dietary plasticity on the mammoth steppe based on isotopic analysis
(Bocherens, 2018; Bocherens et al., 2015; Drucker et al., 2015, 2018; Fox-Dobbs et al., 2008;
Garcia-Vazquez et al., 2018; Miinzel et al., 2016; Schwartz-Narbonne et al., 2015) and tooth
wear studies (Rivals et al., 2010), albeit not describing this as functional redundancy. Pleistocene
niche overlap also occurred outside the mammoth steppe (see Lanoé€ et al., 2017). The present
work similarly found that at least one herbivore species overlapped the core niches of six
mammoth steppe species: bison, caribou, elk, horse, mammoth, muskox (Supplementary Table
5). These findings are consistent with functional redundancy as the typical case across the
mammoth steppe over time. They are also consistent with seasonal variation in the mechanism of

herbivore coexistence, with more niche separation occurring in winter during times of low forage
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availability. Tooth wear studies have suggested seasonally-based resource partitioning (Rivals et
al., 2009, 2017; Rivals and Lister, 2016), as has been observed for some modern African
savannah species (Bukombe et al., 2017; Kleynhans et al., 2011; Prins et al., 2006) and
suggested for some Brazilian Pleistocene megaherbivores (Dantas et al., 2017). It is possible that
competitive exclusion occurred during winter periods of resource scarcity and that species had
overlapping niches during the rest of the year. This could be tested by isotopic studies of tissues,

such as hair, that retain seasonal signals.

Pleistocene extirpations and/or extinctions of single species can be considered natural deletion
experiments (Liebergesell et al., 2016). We can use the outcome of those events to assess the
resilience of the mammoth steppe. One such event was the extinction of the generally
herbivorous cave bear during the pre-LGM (Knapp, 2019; Mackiewicz et al., 2017; Miinzel et
al., 2011; Terlato et al., 2018). Before the extinction of the cave bear, the brown bear was
generally carnivorous in northwestern Europe (Miinzel et al., 2011). After cave bear extinction,
the brown bear adapted to fill their ecological niche, both by adopting a more herbivorous diet
and by using cave dens (Miinzel et al., 2011). On the Iberian peninsula, the brown bear isotopic
niche did not appear to shift after the cave bear extinction (Garcia-Vazquez et al., 2018). Elk
013C, however, shifted after cave bear extinction to occupy more of the cave bear’s former niche
(Supplementary Table 5; Garcia-Vazquez et al., 2018). Niche breadth and overlap could be
further examined in the modern ecology of Palearctic regions, which serve as refugia for

remaining mammoth steppe herbivores (Ri¢ankova et al., 2015).
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High levels of species diversity can result from a number of factors, acting singly or in concert.
While competitive exclusion is one such factor, intrinsic properties, such as region size,
temperature and plant productivity can operate in the opposite direction, increasing diversity in
an area (Kisel et al., 2011; Ricklefs, 2015). Top-down control of predation can also influence the
structure of herbivore communities (Hopcraft et al., 2010, 2012), particularly in areas where
rainfall and soil nutrient content provide high levels of plant productivity (Hopcraft et al., 2010).
Vegetation-mediated predation risk is a factor controlling what niche space is used by savannah
herbivores (Anderson et al., 2016; Barnier et al., 2014; Bukombe et al., 2017; Hopcraft et al.,
2012; Sinclair, 1985). This can lead to habitat overlap between herbivore species as a predator-
avoidance strategy (Sinclair, 1985), as well as to changes in herbivore diet (Barnier et al., 2014).
In addition, the large body size of the mammoth steppe herbivores would have allowed them to
survive on lower quantities of forage (Zhu et al., 2018), allowing a greater number of herbivores
to survive in the environment. The mammoth steppe had high primary productivity and plant
diversity (Guthrie, 2001; Willerslev et al., 2014; Zimov et al., 2012), as well as a diverse set of
predators with the capacity to limit the megaherbivore population size (Van Valkenburgh et al.,

2015). This combination is consistent with a range of controls on the ecosystem.

5. Conclusions

By the start of the Holocene, many megafauna species on the mammoth steppe were extinct or
had been extirpated, and the ecosystem as a whole was lost. Loss of habitat or dietary niche has
been suggested as a partial or entire cause of these extinctions (Barnosky et al., 2004; Koch and
Barnosky, 2006; Shapiro et al., 2004; Ri¢ankova et al., 2018; Puzachenko et al., 2017).

Individual species’ survival was attributed either to greater dietary flexibility (Raghavan et al.,
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2014) or species’ ability to track their habitats through changing climatic conditions, particularly

by relocation (Pushkina et al., 2014; Ri¢ankova et al., 2015).

By examining the changing isotopic position of species between regions and over time, our study
found dietary flexibility in some species that survived the Pleistocene-Holocene transition, such
as caribou and saiga. A lack of dietary flexibility, however, cannot explain all the Pleistocene
mammoth steppe extirpations and extinctions. For example, we found substantial changes in the
isotopic niche position of horse that suggest some dietary flexibility, yet this species suffered

dramatic range reductions.

Rather than only considering individual species’ responses to climate and floral changes, we can
evaluate the response of the ecosystem as a whole. Our data are consistent with overlapping
niches and therefore a degree of functional redundancy (Fig. 7 & 8; Supplementary Table 5). The
mammoth steppe fits the model of a resilient system where, if one species was lost, other species
could broaden their niche to fulfil ecosystem functions. This resilience would have been valuable
in the case of either human hunting or climate change that disproportionately affected any
individual species. In Europe, the mammoth steppe ecosystem coexisted with humans and proto-
humans. While the ecosystem was in a constant state of flux from environmental changes during
the Pleistocene, aspects of the ecosystem persisted. During the post-LGM period, however, this
ecosystem faced the combined pressures of hunting by anatomically modern humans alongside
rapid warming and increased moisture, rather than a simply one of these pressures (Broughton
and Weitzel, 2018; Cooper et al., 2015; Rabanus-Wallace et al., 2017). This combination likely

led to the extinction of many megafauna and the collapse of the mammoth steppe. The loss of
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this resilient ecosystem serves as a warning for modern ecologists, as more vulnerable
ecosystems around the world are now facing combined threats from global warming and other

anthropogenic effects.

Author contributions

R.S.N. conducted the isotopic analysis, literature search and wrote the initial manuscript; R.S.N.
and F.J.L. conceived the study, conducted the sampling, interpreted the data and revised the
manuscript. K.J.K. and R.S.N. conducted the mathematical analysis. K.A.H., P.D., C.J., G.Z.,
and J.Z.M. provided substantive comments on the manuscript. P.D., G.Z. and C.J. provided

access to the samples. The research was supported by funding awarded to F.J.L. and R.S.N.

Competing financial interests

The authors declare no competing financial interests.

Acknowledgements

We thank Kim Law and Li Huang for technical advice and Alex Svalova for assistance with the
programming language R. Samples were collected with the permission of the American Museum
of Natural History, the Royal Alberta Museum, the University of Alaska Museum of Earth
Science and the Yukon Government Paleontology Program. Greg Hodgins and the staff at the
NSF Arizona AMS Laboratory assisted with the radiocarbon dating. Katherine Allan drew the
map, the bison, caribou, horse, elk, muskox and mammoth. Sophie Newman drew the cave bear,
the saiga antelope and the rhinoceros. We thank the three anonymous reviewers for their

constructive comments. This is Laboratory for Stable Isotope Science Contribution #351.

49



959

960  Role of the funding bodies

961  Funding was provided by a Natural Sciences and Engineering Research Council of Canada
962  (NSERC) Discovery Grant (F.J.L.), and an NSERC Canada Graduate Scholarship, an NSERC
963  Postgraduate Scholarship and an Ontario Graduate Scholarship (all to R.S.N.). Laboratory
964  infrastructure was funded by the Canada Foundation for Innovation (F.J.L.) and the Ontario
965  Research Fund (F.J.L.). Additional time for research was funded through the Canada Research
966  Chairs program (F.J.L.). Dating of two samples was funded by the Western Graduate Thesis
967  Research Award (R.S.N.) Funding bodies had no involvement in the study design, or in the
968  collection, analysis and interpreted of the data, or the writing or submission of the article.

969

970  Supplementary Tables

971  Supplementary Table 1. Sample data set including location, time, species, and isotopic

972  compositions for Pleistocene megafauna.

973  Supplementary Table 2. Sample data set including location, time, species, and isotopic

974  compositions for modern high-latitude plants.

975  Supplementary Table 3. Summary of AICc results for models assessing 6'3C response.

976  Supplementary Table 4. Summary of AICc results for models assessing 0'°N response.

977  Supplementary Table 5. Results of the SIBER mathematical analysis for groups from each region
978  and time.

979

980  Appendices

981  Appendix A: Analytical methods

50



982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

Appendix B: Model selection
Appendix C: Less commonly analysed species
Appendix D. Regional parameters

Appendix E. Temporal parameters

References

Ahrestani, F.S., Heitkonig, LM.A., Prins, H.H.T., 2012. Diet and habitat-niche relationships
within an assemblage of large herbivores in a seasonal tropical forest. J. Trop. Ecol. 28,
385-394. doi:10.1017/S0266467412000302

Alvarez-Lao, D.J., Garcia, N., 2011. Southern dispersal and Palacoecological implications of
woolly rhinoceros (Coelodonta antiquitatis): review of the Iberian occurrences. Quat. Sci.
Rev. 30, 2002-2017. doi:10.1016/J.QUASCIREV.2011.05.005

Ambrose, S., 1991. Effects of diet, climate and physiology on nitrogen isotope abundances in
terrestrial foodwebs. J. Archaeol. Sci. 18, 293-317. https://doi.org/10.1016/0305-
4403(91)90067-Y

Ambrose, S., 1990. Preparation and characterization of bone and tooth collagen for isotopic
analysis. J. Archaeol. Sci. 17, 431-451. https://doi.org/10.1016/0305-4403(90)90007-R

Amundson, R., Austin, A., Schuur, E.A.G., Yoo, K., Matzek, V., Kendall, C., Uebersax, A.,
Brenner, D., Baisden, W.T., 2003. Global patterns of the isotopic composition of soil and
plant nitrogen. Glob. Biogeochmical Cycles 17. doi:10.1029/2002GB001903

Anderson, T.M., White, S., Davis, B., Erhardt, R., Palmer, M., Swanson, A., Kosmala, M.,
Packer, C., 2016. The spatial distribution of African savannah herbivores: species

associations and habitat occupancy in a landscape context. Philos. Trans. R. Soc. London B

51



1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

Biol. Sci. 371, 20150314. doi:10.1098/rstb.2015.0314

Arsenault, R., Owen-Smith, N., 2008. Resource partitioning by grass height among grazing
ungulates does not follow body size relation. Oikos 117, 1711-1717. doi:10.1111/5.1600-
0706.2008.16575.x

Baca, M., Popovi¢, D., Stefaniak, K., Marciszak, A., Urbanowski, M., Nadachowski, A.,
Mackiewicz, P., 2016. Retreat and extinction of the Late Pleistocene cave bear (Ursus
spelaeus sensu lato). Sci. Nat. 103, 92. doi:10.1007/s00114-016-1414-8

Balasse, M., Bocherens, H., Mariotti, A., 1999. Intra-bone variability of collagen and apatite
isotopic composition used as evidence of a change of diet. J. Archaeol. Sci. 26, 593-598.
https://doi.org/10.1006/jasc.1998.0376

Barnett, B., 1994. Carbon and nitrogen isotope ratios of caribou tissues, vascular plants, and
lichens from northern Alaska. M.Sc. Thesis. University of Alaska, Fairbanks. 171 p.

Barnier, F., Valeix, M., Duncan, P., Chamaillé-Jammes, S., Barre, P., Loveridge, A.J.,
Macdonald, D.W., Fritz, H., 2014. Diet quality in a wild grazer declines under the threat of
an ambush predator. Proceedings. Biol. Sci. 281, 20140446. doi:10.1098/rspb.2014.0446

Barnosky, A.D., Hadly, E.A., Gonzalez, P., Head, J., Polly, P.D., Lawing, A.M., Eronen, J.T.,
Ackerly, D.D., Alex, K., Biber, E., Blois, J., Brashares, J., Ceballos, G., Davis, E., Dietl,
G.P., Dirzo, R., Doremus, H., Fortelius, M., Greene, H.W., Hellmann, J., Hickler, T.,
Jackson, S.T., Kemp, M., Koch, P.L., Kremen, C., Lindsey, E.L., Looy, C., Marshall, C.R.,
Mendenhall, C., Mulch, A., Mychajliw, A.M., Nowak, C., Ramakrishnan, U., Schnitzler, J.,
Das Shrestha, K., Solari, K., Stegner, L., Stegner, M.A., Stenseth, N.C., Wake, M.H.,
Zhang, Z., 2017. Merging paleobiology with conservation biology to guide the future of

terrestrial ecosystems. Science 355, eaah4787. doi:10.1126/science.aah4787

52



1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

Barnosky, A.D., Koch, P.L., Feranec, R.S., Wing, S.L., Shabel, A.B., 2004. Assessing the causes
of late Pleistocene extinctions on the continents. Science 306, 70-75.
doi:10.1126/science.1101476

Barron-Ortiz, C.1., Jass, C.N., Barron-Corvera, R., Austen, J., Theodor, J.M., In Submission.
Enamel hypoplasia and dental wear of North American late Pleistocene horses and bison:
An assessment of nutritionally-based extinction models.

Barton, K., 2016. MuMIn: Multi-Model Inference. R package version 1.15. 6. 2016.

Bearhop, S., Adams, C.E., Waldron, S., Fuller, R.A., Macleod, H., 2004. Determining trophic
niche width: a novel approach using stable isotope analysis. J. Anim. Ecol. 73, 1007-1012.
doi:10.1111/5.0021-8790.2004.00861.x

Ben-David, M., Shochat, E., Adams, L., 2001. Utility of stable isotope analysis in studying
foraging ecology of herbivores: examples from moose and caribou. Alces 37, 421-434.

Binney, H., Edwards, M., Macias-Fauria, M., Lozhkin, A., Anderson, P., Kaplan, J.O., Andreev,
A., Bezrukova, E., Blyakharchuk, T., Jankovska, V., Khazina, I., Krivonogov, S.,
Kremenetski, K., Nield, J., Novenko, E., Ryabogina, N., Solovieva, N., Willis, K.,
Zernitskaya, V., 2017. Vegetation of Eurasia from the last glacial maximum to present: Key
biogeographic patterns. Quat. Sci. Rev. 157, 80-97.
doi:10.1016/J.QUASCIREV.2016.11.022

Bjerkvoll, E., Pedersen, B., Hytteborn, H., Jonsdottir, I.S., Langvatn, R., 2009. Seasonal and
interannual dietary variation during winter in female Svalbard reindeer (Rangifer tarandus
platyrhynchus). Arctic, Antarct. Alp. Res. 41, 88-96. doi:10.1657/1938-4246(07-100)

Blinnikov, M.S., Gaglioti, B. V., Walker, D.A., Wooller, M.J., Zazula, G.D., 2011. Pleistocene

graminoid-dominated ecosystems in the Arctic. Quat. Sci. Rev. 30, 2906-2929.

53



1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

doi:10.1016/j.quascirev.2011.07.002

Bocherens, H., 2018. Isotopic insights on cave bear palacodiet. Hist. Biol. 1-12.
doi:10.1080/08912963.2018.1465419

Bocherens, H., 2015. Isotopic tracking of large carnivore palacoecology in the mammoth steppe.
Quat. Sci. Rev. 117, 42-71. doi:10.1016/j.quascirev.2015.03.018

Bocherens, H., 2003. Isotopic biogeochemistry and the paleoecology of the mammoth steppe
fauna. Deinsea 9, 57-76.

Bocherens, H., Drucker, D.G., Germonpré, M., Laznickova-Galetova, M., Naito, Y.I., Wissing,
C., Briizek, J., Oliva, M., 2015. Reconstruction of the Gravettian food-web at Predmosti I
using multi-isotopic tracking (*C, 15N, 34S) of bone collagen. Quat. Int. 359-360, 211-228.
doi:10.1016/j.quaint.2014.09.044

Bocherens, H., Bridault, A., Drucker, D.G., Hofreiter, M., Miinzel, S.C., Stiller, M., van der
Plicht, J., 2014a. The last of its kind? Radiocarbon, ancient DNA and stable isotope
evidence from a late cave bear (Ursus spelaeus ROSENMULLER, 1794) from Rochedane
(France). Quat. Int. 339-340, 179-188. doi:10.1016/j.quaint.2013.05.021

Bocherens, H., Drucker, D.G., Madelaine, S., 2014b. Evidence for a >N positive excursion in
terrestrial foodwebs at the Middle to Upper Palaeolithic transition in south-western France:
Implications for early modern human palacodiet and palacoenvironment. J. Hum. Evol. 69,
31-43. doi:10.1016/J.JHEVOL.2013.12.015

Bocherens, H., Drucker, D.G., Bonjean, D., Bridault, A., Conard, N.J., Cupillard, C.,
Germonpré, M., Honeisen, M., Miinzel, S.C., Napierala, H., Patou-Mathis, M., Stephan, E.,
Uerpmann, H.-P., Ziegler, R., 2011a. Isotopic evidence for dietary ecology of cave lion

(Panthera spelaea) in North-Western Europe: prey choice, competition and implications for

54



1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

extinction. Quat. Int. 245, 249-261. doi:10.1016/j.quaint.2011.02.023

Bocherens, H., Stiller, M., Hobson, K.A., Pacher, M., Rabeder, G., Burns, J.A., Tiitken, T.,
Hofreiter, M., 2011b. Niche partitioning between two sympatric genetically distinct cave
bears (Ursus spelaeus and Ursus ingressus) and brown bear (Ursus arctos) from Austria:
Isotopic evidence from fossil bones. Quat. Int. 245, 238-248.
doi:10.1016/j.quaint.2010.12.020

Bocherens, H., Drucker, D.G., Billiou, D., Geneste, J.-M., van der Plicht, J., 2006. Bears and
humans in Chauvet Cave (Vallon-Pont-d’Arc, Ardéche, France): Insights from stable
isotopes and radiocarbon dating of bone collagen, Journal of Human Evolution.
doi:10.1016/j.jhevol.2005.12.002

Bocherens, H., Pacaud, G., Lazarev, P.A., Mariotti, A., 1996. Stable isotope abundances (13C,
I5N) in collagen and soft tissues from Pleistocene mammals from Yakutia: implications for
the palacobiology of the Mammoth Steppe. Palacogeogr. Palaeoclimatol. Palaecoecol. 126,
31-44. https://doi.org/10.1016/S0031-0182(96)00068-5

Bocherens, H., Fizet, M., Mariotti, A., Gangloff, R., Burns, J., 1994a. Contribution of isotopic
biogeochemistry (13C, N, 180) to the paleoecology of mammoths (Mammuthus
primigenius). Hist. Biol. 7, 187-202. https://doi.org/10.1080/10292389409380453

Bocherens, H., Fizet, M., Mariotti, A., 1994b. Diet, physiology and ecology of fossil mammals
as inferred from stable carbon and nitrogen isotope biogeochemistry : implications for
Pleistocene bears. Palacogeogr. Palaeoclimatol. Palaeoecol. 107, 213-225.
https://doi.org/10.1016/0031-0182(94)90095-7

Bocherens, H., Drucker, D., 2003. Trophic level isotopic enrichment of carbon and nitrogen in

bone collagen: case studies from recent and ancient terrestrial ecosystems. Int. J.

55



1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

Osteoarchaeol. 13, 46-53. d0i:10.1002/0a.662

Boeskorov, G.G., 2012. Some specific morphological and ecological features of the fossil woolly
rhinoceros (Coelodonta antiquitatis Blumenbach 1799). Biol. Bull. 39, 692—-707.
doi:10.1134/S106235901208002X

Bonafini, M., Pellegrini, M., Ditchfield, P., Pollard, A.M., 2013. Investigation of the “canopy
effect” in the isotope ecology of temperate woodlands. J. Archaeol. Sci. 40, 3926-3935.
doi:10.1016/j.jas.2013.03.028

Bonyongo, M.C., Harris, S., 2007. Grazers species-packing in the Okavango Delta, Botswana.
Afr. J. Ecol. 45, 527-534. doi:10.1111/j.1365-2028.2007.00764.x

Borowski, S., Krasinski, Z., Mitkowski, L., 1967. Food and role of the European bison in forest
ecosystems. Acta Theriol. 12, 367-376.

Bourgeon, L., Burke, A., Higham, T., 2017. Earliest human presence in North America dated to
the Last Glacial Maximum: new radiocarbon dates from Bluefish Caves, Canada. PLoS One
12, €0169486. doi:10.1371/journal.pone.0169486

Britton, K., Gaudzinski-Windheuser, S., Roebroeks, W., Kindler, L., Richards, M.P., 2012.
Stable isotope analysis of well-preserved 120,000-year-old herbivore bone collagen from
the Middle Palaeolithic site of Neumark-Nord 2, Germany reveals niche separation between
bovids and equids. Palaeogeogr. Palacoclimatol. Palacoecol. 333334, 168—177.
doi:10.1016/j.palaeo.2012.03.028

Broughton, J.M., Weitzel, E.M., 2018. Population reconstructions for humans and megafauna
suggest mixed causes for North American Pleistocene extinctions. Nat. Commun. 9, 5441.
doi:10.1038/s41467-018-07897-1

Bukombe, J., Kittle, A., Senzota, R., Mduma, S., Fryxell, J., Sinclair, A.R.E., 2017. Resource

56



1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

selection, utilization and seasons influence spatial distribution of ungulates in the western
Serengeti National Park. Afr. J. Ecol. doi:10.1111/aje.12410

Burns, J.A., 2010. Mammalian faunal dynamics in Late Pleistocene Alberta, Canada. Quat. Int.
217, 37-42. doi:10.1016/j.quaint.2009.08.003

Burns, J.A., 1991. Mid-Wisconsinan vertebrates and their environment from January Cave,
Alberta, Canada. Quat. Res. 35, 130—143. doi:10.1016/0033-5894(91)90100-J

Burns, J.A., Young, R., 1994. Pleistocene mammals of the Edmonton area, Alberta. Part I. The
carnivores. Can. J. Earth Sci. 31, 393—400. https://doi.org/10.1139/€94-036

Cadotte, M.W., Carscadden, K., Mirotchnick, N., 2011. Beyond species: functional diversity and
the maintenance of ecological processes and services. J. Appl. Ecol. 48, 1079-1087.
doi:10.1111/j.1365-2664.2011.02048.x

Calcagno, V., 2013. glmulti: Model selection and multimodel inference made easy. R package
version 1.7.

Carotenuto, F., Di Febbraro, M., Melchionna, M., Mondanaro, A., Castiglione, S., Serio, C.,
Rook, L., Loy, A., Lima-Ribeiro, M.S., Diniz-Filho, J.A.F., Raia, P., 2018. The well-
behaved killer: Late Pleistocene humans in Eurasia were significantly associated with living
megafauna only. Palacogeogr. Palacoclimatol. Palaeoecol. 500, 24-32.
doi:10.1016/J.PALAEO.2018.03.036

Castanos, J., Zuluaga, M.C., Ortega, L.A. Murelaga, X., Alonso-Olazabal, A., Rofes, J.,
Castanos, P., 2014. Carbon and nitrogen stable isotopes of bone collagen of large herbivores
from the Late Pleistocene Kiputz IX cave site (Gipuzkoa, north Iberian Peninsula) for
palaeoenvironmental reconstruction. Quat. Int. 339-340, 131-138.

doi:10.1016/j.quaint.2013.10.006

57



1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

Chen, S., Bai, Y., Lin, G., Han, X., 2005. Variations in life-form composition and foliar carbon
isotope discrimination among eight plant communities under different soil moisture
conditions in the Xilin River Basin, Inner Mongolia, China. Ecol. Res. 20, 167-176.
doi:10.1007/s11284-004-0026-5

Christianson, D., Creel, S., 2007. A review of environmental factors affecting elk winter diets. J.
Wildl. Manage. 71, 164—176. https://doi.org/10.2193/2005-575

Codron, D., Codron, J., Sponheimer, M., Bernasconi, S.M., Clauss, M., 2011. When animals are
not quite what they eat: diet digestibility influences '3C-incorporation rates and apparent
discrimination in a mixed-feeding herbivore. Can. J. Zool. 89, 453—465. doi:10.1139/z11-
010

Codron, D., Brink, J.S., Rossouw, L., Clauss, M., Codron, J., Lee-Thorp, J.A., Sponheimer, M.,
2008. Functional differentiation of African grazing ruminants: an example of specialized
adaptations to very small changes in diet. Biol. J. Linn. Soc. 94, 755-764.
doi:10.1111/j.1095-8312.2008.01028.x

Codron, J.B., Codron, D., Lee-Thorp, J.A., Sponheimer, M., Kirkman, K., Duffy, K.J., Sealy, J.,
2011. Landscape-scale feeding patterns of African elephant inferred from carbon isotope
analysis of feces. Oecologia 165, 89-99. doi:10.1007/s00442-010-1835-6

Coltrain, J.B., Harris, J.M., Cerling, T.E., Ehleringer, J.R., Dearing, M.-D., Ward, J., Allen, J.,
2004. Rancho La Brea stable isotope biogeochemistry and its implications for the
palaeoecology of late Pleistocene, coastal southern California. Palacogeogr. Palacoclimatol.
Palaeoecol. 205, 199-219. doi:10.1016/j.palaeo.2003.12.008

Cooper, A., Turney, C., Hughen, K.A., Brook, B.W., McDonald, H.G., Bradshaw, C.J.A., 2015.

Abrupt warming events drove Late Pleistocene Holarctic megafaunal turnover. Science 349,

58



1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

602—-606. doi:10.1126/science.aac4315

Craine, J.M., Brookshire, E.N.J., Cramer, M.D., Hasselquist, N.J., Koba, K., Marin-Spiotta, E.,
Wang, L., 2015a. Ecological interpretations of nitrogen isotope ratios of terrestrial plants
and soils. Plant Soil 396, 1-26. doi:10.1007/s11104-015-2542-1

Craine, J.M., Towne, E.G., Miller, M., Fierer, N., 2015b. Climatic warming and the future of
bison as grazers. Sci. Rep. 5, 16738. doi:10.1038/srep16738

Craine, .M., Elmore, A.J., Aidar, M.P.M., Bustamante, M., Dawson, T.E., Hobbie, E.A.,
Kahmen, A., Mack, M.C., Mclauchlan, K.K., Michelsen, A., Nardoto, G.B., Pardo, L.H.,
Pefiuelas, J., Reich, P.B., Schuur, E.A.G., Stock, W.D., Templer, P.H., Virginia, R.A.,
Welker, J.M., Wright, 1.J., 2009. Global patterns of foliar nitrogen isotopes and their
relationships with climate, mycorrhizal fungi, foliar nutrient concentrations, and nitrogen
availability. New Phytol. 183, 980-992. doi:10.1111/j.1469-8137.2009.02917 .x

Cromsigt, J.P.G.M., OIff, H., 2006. Resource partitioning among savanna grazers mediated by
local heterogeneity: an experimental approach. Ecology 87, 1532—41. doi:10.1890/0012-
9658(2006)87[1532:RPASGM]2.0.CO;2

Cupillard, C., Magny, M., Bocherens, H., Bridault, A., Bégeot, C., Bichet, V., Bossuet, G.,
Drucker, D.G., Gauthier, E., Jouannic, G., Millet, L., Richard, H., Rius, D., Ruffaldi, P.,
Walter-Simonnet, A.-V., 2015. Changes in ecosystems, climate and societies in the Jura
Mountains between 40 and 8 ka cal BP. Quat. Int. 378, 40-72.
doi:10.1016/j.quaint.2014.05.032

Dantas, M.A.T., Cherkinsky, A., Bocherens, H., Drefahl, M., Bernardes, C., Franga, L. de M.,
2017. Isotopic paleoecology of the Pleistocene megamammals from the Brazilian

Intertropical Region: Feeding ecology (6'3C), niche breadth and overlap. Quat. Sci. Rev.

59



1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

170, 152-163. doi:10.1016/J.QUASCIREV.2017.06.030

Davis, M., 2017. What North America’s skeleton crew of megafauna tells us about community
disassembly. Proc. R. Soc. London B Biol. Sci. 284, 20162116.
https://doi.org/10.1098/rspb.2016.2116

DeNiro, M., 1985. Postmortem preservation and alteration of in vivo bone collagen isotope ratios
in relation to palaeodietary reconstruction. Nature 317, 806—809. doi:10.1038/317806a0

Diefendorf, A., Mueller, K., Wing, S.L., Koch, P.L., Freeman, K.H., 2010. Global patterns in
leaf 13C discrimination and implications for studies of past and future climate. Proc. Natl.
Acad. Sci. 107, 5738-5743. https://doi.org/10.1073/pnas.0910513107

Dietl, G.P., Kidwell, S.M., Brenner, M., Burney, D.A., Flessa, K.W., Jackson, S.T., Koch, P.L.,
2015. Conservation paleobiology: leveraging knowledge of the past to inform conservation
and restoration. Annu. Rev. Earth Planet. Sci. 43, 79-103. doi:10.1146/annurev-earth-
040610-133349

Drago, M., Cardona, L., Franco-Trecu, V., Crespo, E.A., Vales, D.G., Borella, F., Zenteno, L.,
Gonziéles, E.M., Inchausti, P., 2017. Isotopic niche partitioning between two apex predators
over time. J. Anim. Ecol. 86, 766—-780. doi:10.1111/1365-2656.12666

Drucker, D.G., Stevens, R.E., Germonpré, M., Sablin, M. V., Péan, S., Bocherens, H., 2018.
Collagen stable isotopes provide insights into the end of the mammoth steppe in the central
East European plains during the Epigravettian. Quat. Res. 1-13. doi:10.1017/qua.2018.40

Drucker, D.G., Vercoutere, C., Chiotti, L., Nespoulet, R., Crépin, L., Conard, N.J., Miinzel, S.C.,
Higham, T., van der Plicht, J., Laznickova-Galetova, M., Bocherens, H., 2015. Tracking
possible decline of woolly mammoth during the Gravettian in Dordogne (France) and the

Ach Valley (Germany) using multi-isotope tracking (13C, 4C, N, 34S, 180). Quat. Int. 359—

60



1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

360, 304-317. doi:10.1016/j.quaint.2014.11.028
Drucker, D.G., Hobson, K.A., Ouellet, J.-P., Courtois, R., 2010. Influence of forage preferences
and habitat use on 13C and 15N abundance in wild caribou (Rangifer tarandus caribou) and
moose (4lces alces) from Canada. Isotopes Environ. Health Stud. 46, 107-21.
doi:10.1080/10256010903388410
Drucker, D.G., Bridault, A., Hobson, K.A., Szuma, E., Bocherens, H., 2008. Can carbon-13 in
large herbivores reflect the canopy effect in temperate and boreal ecosystems? Evidence
from modern and ancient ungulates. Palacogeogr. Palaecoclimatol. Palacoecol. 266, 69—82.
doi:10.1016/j.palaeo.2008.03.020
Drucker, D.G., Bocherens, H., Billiou, D., 2003a. Evidence for shifting environmental conditions
in Southwestern France from 33 000 to 15 000 years ago derived from carbon-13 and
nitrogen-15 natural abundances in collagen of large herbivores. Earth Planet. Sci. Lett. 216,
163—-173. doi:10.1016/S0012-821X(03)00514-4
Drucker, D.G., Bocherens, H., Bridault, A., Billiou, D., 2003b. Carbon and nitrogen isotopic
composition of red deer (Cervus elaphus) collagen as a tool for tracking
palaeoenvironmental change during the Late-Glacial and Early Holocene in the northern
Jura (France). Palacogeogr. Palacoclimatol. Palacoecol. 195, 375-388. doi:10.1016/S0031-
0182(03)00366-3
Drucker, D.G., Bocherens, H., Pike-Tay, A., Mariotti, A., 2001. Isotopic tracking of seasonal
dietary change in dentine collagen: preliminary data from modern caribou. Comptes
Rendus I’ Académie des Sci. - Ser. IIA - Earth Planet. Sci. 333, 303-309.
https://doi.org/10.1016/S1251-8050(01)01640-8

Dumont, B., Renaud, P., Morellet, N., Mallet, C., Anglard, F., Verheyden-Tixier, H., 2005.

61



1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

Seasonal variations of red deer selectivity on a mixed forest edge. Anim. Res. 54, 369-381.
https://doi.org/10.1051/animres:2005030

Edwards, M., Mock, C., Finney, B., Barber, V.A., Bartlein, P.J., 2001. Potential analogues for
paleoclimatic variations in eastern interior Alaska during the past 14,000 yr: atmospheric-
circulation controls of regional temperature. Quat. Sci. Rev. 20, 189-202.
https://doi.org/10.1016/S0277-3791(00)00123-2

Ehleringer, J., Comstock, J., Cooper, T., 1987. Leaf-twig carbon isotope ratio differences in
photosynthetic-twig desert shrubs. Oecologia 71, 318-320.
https://doi.org/10.1007/BF00377301

Ehleringer, J., Cooper, T., 1988. Correlations between carbon isotope ratio and microhabitat in
desert plants. Oecologia 76, 562—566. https://doi.org/10.1007/BF00397870

Elias, S., Crocker, B., 2008. The Bering Land Bridge: a moisture barrier to the dispersal of
steppe—tundra biota? Quat. Sci. Rev. 27, 2473-2483. doi:10.1016/j.quascirev.2008.09.011

Enk, J., Devault, A., Debruyne, R., King, C.E., Treangen, T., O’Rourke, D., Salzberg, S.L.,
Fisher, D., MacPhee, R., Poinar, H., 2011. Complete Columbian mammoth mitogenome
suggests interbreeding with woolly mammoths. Genome Biol. 12, R51. doi:10.1186/gb-
2011-12-5-r51

Faith, J., 2011. Late Pleistocene climate change, nutrient cycling, and the megafaunal extinctions
in North America. Quat. Sci. Rev. 30, 1675-1680.
https://doi.org/10.1016/j.quascirev.2011.03.011

Faith, J.T., Surovell, T.A., 2009. Synchronous extinction of North America’s Pleistocene
mammals. Proc. Natl. Acad. Sci. 106, 20641-20645.

https://doi.org/10.1073/pnas.0908153106

62



1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

Farquhar, G., 1989. Carbon isotope discrimination and photosynthesis. Annu. Rev. Plant Biol.
40, 503-537. https://doi.org/10.1146/annurev.pp.40.060189.002443

Fernandez-Mosquera, D., Vila-Taboada, M., Grandal-d’Anglade, A., 2001. Stable isotopes data
(6"3C, 6" N) from the cave bear (Ursus spelaeus): a new approach to its palaeoenvironment
and dormancy. Proc. Biol. Sci. 268, 1159—-64. doi:10.1098/rspb.2001.1639

Finstad, G.L., Kielland, K., 2011. Landscape variation in the diet and productivity of reindeer in
Alaska based on stable isotope analyses. Arctic, Antarct. Alp. Res. 43, 543-554.
doi:10.1657/1938-4246-43.4.543

Fizet, M., Mariotti, A., Bocherens, H., Lange-Badré, B., Vandermeersch, B., Borel, J.P., Bellon,
G., 1995. Effect of diet, physiology and climate on carbon and nitrogen stable isotopes of
collagen in a Late Pleistocene anthropic palacoecosystem: Marillac, Charente, France. J.
Archaeol. Sci. 22, 67-79. https://doi.org/10.1016/S0305-4403(95)80163-4

Fogel, M.L., Tuross, N., Owsley, D.W., 1989. Nitrogen isotope tracers of human lactation in
modern and archaeological populations, in: Carnegie Institution of Washington Yearbook
88. pp. 111-117.

Fortes, G.G., Grandal-d’ Anglade, A., Kolbe, B., Fernandes, D., Meleg, I.N., Garcia-Vazquez, A.,
Pinto-Llona, A.C., Constantin, S., de Torres, T.J., Ortiz, J.E., Frischauf, C., Rabeder, G.,
Hofreiter, M., Barlow, A., 2016. Ancient DNA reveals differences in behaviour and
sociality between brown bears and extinct cave bears. Mol. Ecol. 25, 4907—4918.
doi:10.1111/mec.13800

Fox-Dobbs, K., Leonard, J., Koch, P., 2008. Pleistocene megafauna from eastern Beringia:
paleoecological and paleoenvironmental interpretations of stable carbon and nitrogen

isotope and radiocarbon records. Palacogeogr. Palacoclimatol. Palacoecol. 261, 30—46.

63



1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

https://doi.org/10.1016/j.palaeo.2007.12.011

Garcia-Alix, A., Delgado Huertas, A., Martin Suérez, E., 2012. Unravelling the Late Pleistocene
habitat of the southernmost woolly mammoths in Europe. Quat. Sci. Rev. 32, 75-85.
doi:10.1016/j.quascirev.2011.11.007

Garcia-Vazquez, A., Pinto-Llona, A.C., Grandal-d’Anglade, A., 2018. Brown bear (Ursus arctos
L.) palaeoecology and diet in the Late Pleistocene and Holocene of the NW of the Iberian
Peninsula: A study on stable isotopes. Quat. Int. 481, 42-51.
https://doi.org/10.1016/J.QUAINT.2017.08.063

Gebcezynska, Z., Gebezynski, M., Martynowicz, E., 1991. Food eaten by the free-living European
bison in Bialowieza Forest. Acta Theriol. 36, 3—4.

Gebert, C., Verheyden-Tixier, H., 2008. Variations of diet composition of Red Deer (Cervus
elaphus L.) in Europe. Mamm. Rev. 31, 189-201. doi:10.1111/5.1365-2907.2001.00090.x

Gebremedhin, B., Flagstad, @., Bekele, A., Chala, D., Bakkestuen, V., Boessenkool, S., Popp,
M., Gussarova, G., Schreder-Nielsen, A., Nemomissa, S., Brochmann, C., Stenseth, N.C.,
Epp, L.S., 2016. DNA metabarcoding reveals diet overlap between the endangered walia
ibex and domestic goats - implications for conservation. PLoS One 11, e0159133.
doi:10.1371/journal.pone.0159133

Gill, J.L., Williams, J.W., Jackson, S.T., Lininger, K.B., Robinson, G.S., 2009. Pleistocene
megafaunal collapse, novel plant communities, and enhanced fire regimes in North
America. Science 326, 1100-1103. doi:10.1126/science.1179504

Goetcheus, V.G., Birks, H.H., 2001. Full-glacial upland tundra vegetation preserved under tephra
in the Beringia National Park, Seward Peninsula, Alaska. Quat. Sci. Rev. 20, 135-147.

doi:10.1016/S0277-3791(00)00127-X

64



1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

Goheen, J.R., Palmer, T.M., Charles, G.K., Helgen, K.M., Kinyua, S.N., Maclean, J.E., Turner,
B.L., Young, H.S., Pringle, R.M., 2013. Piecewise disassembly of a large-herbivore
community across a rainfall gradient: The UHURU Experiment. PLoS One 8, e55192.
doi:10.1371/journal.pone.0055192

Graham, R., Lundelius, E.J., 1984. Coevolutionary disequilibrium and Pleistocene extinctions.,
in: Martin, P.S., Klein, R.G. (Eds.), Quaternary Extinctions: A Prehistoric Revolution. The
University of Arizona Press, Tucson, pp. 223-249.

Guthrie, R.D., 2006. New carbon dates link climatic change with human colonization and
Pleistocene extinctions. Nature 441, 207-209. doi:10.1038/nature04604

Guthrie, R.D., 2003. Rapid body size decline in Alaskan Pleistocene horses before extinction.
Nature 426, 169-171. doi:10.1038/nature02070.1.

Guthrie, R.D., 2001. Origin and causes of the mammoth steppe: a story of cloud cover, woolly
mammal tooth pits, buckles, and inside-out Beringia. Quat. Sci. Rev. 20, 549-574.
https://doi.org/10.1016/S0277-3791(00)00099-8

Guthrie, R.D., 1990. Frozen fauna of the mammoth steppe: the story of Blue Babe. The
University of Chicago Press, Chicago.

Guthrie, R.D., 1984. Mosaics, allelochemics and nutrients: an ecological theory of late
Pleistocene megafaunal extinctions, in: Quaternary Extinctions: A Prehistoric Revolution.
pp. 259-298.

Guthrie, R.D., 1982. Mammals of the mammoth steppe as paleoenvironmental indicators, in:
Hopkins, D.M., Matthews, Jr., J.V., Schweger, C.E., Young, S.B. (Eds.), Paleoecology of
Beringia. Academic Press, New York, pp. 307-326.

Guthrie, R.D., 1968. Paleoecology of the large-mammal community in interior Alaska during the

65



1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

late Pleistocene. Am. Midl. Nat. 79, 346-363. doi:10.2307/2423182

Guzzo, M., Haffner, G., Legler, N., Rush, S., 2013. Fifty years later: trophic ecology and niche
overlap of a native and non-indigenous fish species in the western basin of Lake Erie. Biol.
Invasions 15, 1695—-1711. https://doi.org/10.1007/s10530-012-0401-z

Halligan, J.J., Waters, M.R., Perrotti, A., Owens, 1.J., Feinberg, .M., Bourne, M.D., Fenerty, B.,
Winsborough, B., Carlson, D., Fisher, D.C., Stafford, T.W., Dunbar, J.S., 2016. Pre-Clovis
occupation 14,550 years ago at the Page-Ladson site, Florida, and the peopling of the
Americas. Sci. Adv. 2, e1600375-e1600375. doi:10.1126/sciadv.1600375

Hammerschlag-Peyer, C.M., Yeager, L.A., Aratjo, M.S., Layman, C.A., 2011. A hypothesis-
testing framework for studies investigating ontogenetic niche shifts using stable isotope
ratios. PLoS One 6, €27104. doi:10.1371/journal.pone.0027104

Handley, L.L., Raven, J.A., 1992. The use of natural abundance of nitrogen isotopes in plant
physiology and ecology. Plant, Cell Environ. 15, 965-985. doi:10.1111/.1365-
3040.1992.tb01650.x

Hansen, R.M., 1976. Foods of free-roaming horses in southern New Mexico. J. Range Manag.
29, 347.

Hansen, R.M., Mugambi, M.M., Bauni, S.M., 1985. Diets and trophic ranking of ungulates of the
northern Serengeti. J. Wildl. Manage. 49, 823. do0i:10.2307/3801717

Harington, C.R., 2003. Annotated bibliography of Quaternary vertebrates of northern North
America: with radiocarbon dates. University of Toronto Press. 551 p.

Harington, C.R., 1990. Vertebrates of the Last Interglaciation in Canada: A Review, with New
Data. Géographie Phys. Quat. 44, 375. doi:10.7202/032837ar

Haynes, G., 2018. The evidence for human agency in the Late Pleistocene megafaunal

66



1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

extinctions, in: Encyclopedia of the Anthropocene. pp. 219-226. doi:10.1016/B978-0-12-
809665-9.10012-6

Heaton, T.H.E., 1999. Spatial, species, and temporal variations in the '3C/!2C ratios of C; plants:
implications for palaecodiet studies. J. Archaeol. Sci. 26, 637-649.
https://doi.org/10.1006/jasc.1998.0381

Heaton, T.H.E., 1987. The 'N/'“N ratios of plants in South Africa and Namibia: relationship to
climate and coastal/saline environments. Oecologia 74, 236—246.
https://doi.org/10.1007/BF00379365

Hedges, R.E.M., 2003. On bone collagen—apatite-carbonate isotopic relationships. Int. J.
Osteoarchaeol. 13, 66—79. doi:10.1002/0a.660

Heggberget, T., Gaare, E., Ball, J., 2002. Reindeer (Rangifer tarandus) and climate change:
importance of winter forage. Rangifer 22, 13-31. http://dx.doi.org/10.7557/2.22.1.388

Heintzman, P.D., Froese, D., Ives, J.W., Soares, A.E.R., Zazula, G.D., Letts, B., Andrews, T.D.,
Driver, J.C., Hall, E., Hare, P.G., Jass, C.N., MacKay, G., Southon, J.R., Stiller, M.,
Woywitka, R., Suchard, M.A., Shapiro, B., 2016. Bison phylogeography constrains
dispersal and viability of the Ice Free Corridor in western Canada. Proc. Natl. Acad. Sci.
201601077. doi:10.1073/pnas. 1601077113

Hill, J.M., Jones, R.W., Hill, M.P., Weyl, O.L.F., 2015. Comparisons of isotopic niche widths of
some invasive and indigenous fauna in a South African river. Freshw. Biol. 60, 893-902.
doi:10.1111/fwb.12542

Hobbie, E.A., Hogberg, P., 2012. Nitrogen isotopes link mycorrhizal fungi and plants to nitrogen
dynamics. New Phytol. 196, 367-382. doi:10.1111/j.1469-8137.2012.04300.x

Hobson, K. A., Alisauskas, R.T., Clark, R.G., 1993. Stable-nitrogen isotope enrichment in avian

67



1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

1395

tissues due to fasting and nutritional stress: implications for isotopic analyses of diet.
Condor 95, 388. doi:10.2307/1369361

Hopcraft, J.G.C., Anderson, T.M., Pérez-Vila, S., Mayemba, E., Olff, H., 2012. Body size and
the division of niche space: food and predation differentially shape the distribution of
Serengeti grazers. J. Anim. Ecol. 81, 201-213. doi:10.1111/5.1365-2656.2011.01885.x

Hopcraft, J.G.C., OIff, H., Sinclair, A.R.E., 2010. Herbivores, resources and risks: alternating
regulation along primary environmental gradients in savannas. Trends Ecol. Evol. 25, 119—
128. doi:10.1016/j.tree.2009.08.001

Hughes, P.D., Gibbard, P.L., 2015. A stratigraphical basis for the Last Glacial Maximum
(LGM). Quat. Int. 383, 174—185. https://doi.org/10.1016/J.QUAINT.2014.06.006

Huntley, B., Allen, J.R.M., Collingham, Y.C., Hickler, T., Lister, A.M., Singarayer, J., Stuart,
A.J., Sykes, M.T., Valdes, P.J., 2013. Millennial climatic fluctuations are key to the
structure of last glacial ecosystems. PLoS One 8, ¢61963.
doi:10.1371/journal.pone.0061963

Iacumin, P., Matteo, A. Di, Nikolaev, V., Kuznetsova, T., 2010. Climate information from C, N
and O stable isotope analyses of mammoth bones from northern Siberia. Quat. Int. 212,
206-212. https://doi.org/10.1016/j.quaint.2009.10.009

lacumin, P., Nikolaev, V., Ramigni, M., 2000. C and N stable isotope measurements on Eurasian
fossil mammals, 40 000 to 10 000 years BP: herbivore physiologies and
palaeoenvironmental reconstruction. Palacogeogr. Palacoclimatol. Palacoecol. 163, 33—47.
https://doi.org/10.1016/S0031-0182(00)00141-3

Ihl, C., Klein, D.R., 2001. Habitat and diet selection by muskoxen and reindeer in western

Alaska. J. Wildl. Manage. 65, 964. doi:10.2307/3803045

68



1396  Jackson, A.L., Inger, R., Parnell, A.C., Bearhop, S., 2011. Comparing isotopic niche widths
1397 among and within communities: SIBER - Stable Isotope Bayesian Ellipses in R. J. Anim.
1398 Ecol. 80, 595-602. doi:10.1111/j.1365-2656.2011.01806.x

1399  Jackson, M.C., Britton, J.R., 2013. Variation in the trophic overlap of invasive Pseudorasbora
1400 parva and sympatric cyprinid fishes. Ecol. Freshw. Fish 22, 654-657.

1401 doi:10.1111/eff.12063

1402  Jass, C., Burns, J., Milot, P.J., 2011. Description of fossil muskoxen and relative abundance of
1403 Pleistocene megafauna in central Alberta. Can. J. Earth 48, 793—800.

1404 https://doi.org/10.1139/e10-096

1405  Jass, C.N., Barron-Ortiz, C.1., 2017. A review of Quaternary proboscideans from Alberta,

1406 Canada. Quat. Int. 443, 88—104. https://doi.org/10.1016/j.quaint.2016.10.028

1407  Jones, D.B., DeSantis, L., 2016. Dietary ecology of the extinct cave bear (Ursus spelaeus):

1408 evidence of omnivory as inferred from dental microwear textures. Acta Palacontol. Pol. 61,
1409 735-741. doi:10.4202/app.00253.2016

1410  Jurgensen, J., Drucker, D.G., Stuart, A.J., Schneider, M., Buuveibaatar, B., Bocherens, H., 2017.
1411 Diet and habitat of the saiga antelope during the late Quaternary using stable carbon and
1412 nitrogen isotope ratios. Quat. Sci. Rev. 160, 150-161. doi:10.1016/j.quascirev.2017.01.022
1413  Kabhlke, R.-D., 2015. The maximum geographic extension of Late Pleistocene Mammuthus
1414 primigenius (Proboscidea, Mammalia) and its limiting factors. Quat. Int. 379, 147-154.
1415 doi:10.1016/J.QUAINT.2015.03.023

1416  Kabhlke, R.-D., 2014. The origin of Eurasian mammoth faunas (Mammuthus—Coelodonta faunal
1417 complex). Quat. Sci. Rev. 96, 32—49. https://doi.org/10.1016/j.quascirev.2013.01.012

1418  Kabhlke, R.-D., Lacombat, F., 2008. The earliest immigration of woolly rhinoceros (Coelodonta

69



1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

tologoijensis, Rhinocerotidae, Mammalia) into Europe and its adaptive evolution in
Palaearctic cold stage mammal faunas. Quat. Sci. Rev. 27, 1951-1961.
doi:10.1016/J.QUASCIREV.2008.07.013

Kaiser, T.M., Miiller, D.W.H., Fortelius, M., Schulz, E., Codron, D., Clauss, M., 2013.
Hypsodonty and tooth facet development in relation to diet and habitat in herbivorous
ungulates: implications for understanding tooth wear. Mamm. Rev. 43, 34-46.
doi:10.1111/j.1365-2907.2011.00203.x

Karlsson, P.S., Eckstein, R.L., Weih, M., 2000. Seasonal variation in '°N natural abundance in
subarctic plants of different life-forms. Ecoscience 7, 365-369.
doi:10.1080/11956860.2000.11682606

Kartzinel, T.R., Chen, P.A., Coverdale, T.C., Erickson, D.L., Kress, W.J., Kuzmina, M.L.,
Rubenstein, D.I., Wang, W., Pringle, R.M., 2015. DNA metabarcoding illuminates dietary
niche partitioning by African large herbivores. Proc. Natl. Acad. Sci. U. S. A. 112, 8019—
24. doi:10.1073/pnas.1503283112

Kelly, J., 2000. Stable isotopes of carbon and nitrogen in the study of avian and mammalian
trophic ecology. Can. J. Zool. 78, 1-27. https://doi.org/10.1139/z99-165

Kempster, B., Zanette, L., Longstaffe, F.J., MacDougall-Shackleton, S.A., Wingfield, J.C.,
Clinchy, M., 2007. Do stable isotopes reflect nutritional stress? Results from a laboratory
experiment on song sparrows. Oecologia 151, 365-71. doi:10.1007/s00442-006-0597-7

Kisel, Y., McInnes, L., Toomey, N.H., Orme, C.D.L., 2011. How diversification rates and
diversity limits combine to create large-scale species—area relationships. Philos. Trans. R.
Soc. London B Biol. Sci. 366, 2514-2525. d0i:10.1098/rstb.2011.0022

Kleynhans, E.J., Jolles, A.E., Bos, M.R.E., OIff, H., 2011. Resource partitioning along multiple

70



1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

niche dimensions in differently sized African savanna grazers. Oikos 120, 591-600.
doi:10.1111/j.1600-0706.2010.18712.x

Knapp, M., 2019. From a molecules’ perspective — contributions of ancient DNA research to
understanding cave bear biology. Hist. Biol. 31, 442—447.
doi:10.1080/08912963.2018.1434168

Koch, P., 2007. Isotopic study of the biology of modern and fossil vertebrates, in: Michener, R.,
Lajtha, K. (Eds.), Stable Isotopes in Ecology and Environmental Science. Blackwell
Publishing Ltd, Hong Kong, p. 99-154.

Koch, P.L., Barnosky, A.D., 2006. Late Quaternary extinctions: state of the debate. Annu. Rev.
Ecol. Evol. Syst. 37, 215-250. doi:10.1146/annurev.ecolsys.34.011802.132415

Kohn, M.J., 2011. Reply to Freeman et al.: Carbon isotope discrimination by Cs plants. Proc.
Natl. Acad. Sci. 108, E61-E61. doi:10.1073/pnas.1103222108

Kohn, M.J., 2010. Carbon isotope compositions of terrestrial C; plants as indicators of
(paleo)ecology and (paleo)climate. Proc. Natl. Acad. Sci. U. S. A. 107, 19691-19695.
doi:10.1073/pnas.1004933107

Kowalczyk, R., Taberlet, P., Coissac, E., Valentini, A., Miquel, C., Tomasz, K., W¢jcik, J.M.,
2011. Influence of management practices on large herbivore diet—Case of European bison
in Bialowieza Primeval Forest (Poland). For. Ecol. Manage. 261, 821-828.
https://doi.org/10.1016/j.foreco.2010.11.026

Krajcarz, M., Pacher, M., Krajcarz, M.T., Laughlan, L., Rabeder, G., Sabol, M., Wojtal, P.,
Bocherens, H., 2016. Isotopic variability of cave bears (0!°N, 6'3C) across Europe during
MIS 3. Quat. Sci. Rev. 131, 51-72. doi:10.1016/j.quascirev.2015.10.028

Kristensen, D.K., Kristensen, E., Forchhammer, M.C., Michelsen, A., Schmidt, N.M., 2011.

71



1465

1466

1467

1468

1469

1470

1471

1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

1483

1484

1485

1486

1487

Arctic herbivore diet can be inferred from stable carbon and nitrogen isotopes in Cs plants,
faeces, and wool. Can. J. Zool. 89, 892—-899. d0i:10.1139/z11-073

Kuitems, M., van Kolfschoten, T., Tikhonov, A.N., van der Plicht, J., 2019. Woolly mammoth
013C and 0N values remained amazingly stable throughout the last ~50,000 years in north-
eastern Siberia. Quat. Int. https://doi.org/10.1016/j.quaint.2019.03.001

Kuitems, M., van Kolfschoten, T., van der Plicht, J., 2012. Elevated 6!°N values in mammoths: a
comparison with modern elephants. Archaeol. Anthropol. Sci. 1-7. doi:10.1007/s12520-
012-0095-2

Langton, R., 1982. Diet overlap between Atlantic cod, Gadus morhua, silver hake, Merluccius
bilinearis, and fifteen other northwest Atlantic finfish. Fish. Bull. 80, 745-759.

Lanog, 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.
doi:10.1016/J.QUASCIREV.2017.10.003

Larter, N.C., Nagy, J.A., Hik, D.S., 2002. Does seasonal variation in forage quality influence the
potential for resource competition between muskoxen and Peary caribou on Banks Island?
Rangifer 22, 143-153. doi:10.7557/2.22.2.1533

Larter, N.C., Nagy, J.A., 1997. Peary caribou, muskoxen and Banks Island forage: assessing
seasonal diet similarities. Rangifer 17, 9-16. doi:10.7557/2.17.1.378

Layman, C.A., Araujo, M.S., Boucek, R., Hammerschlag-Peyer, C.M., Harrison, E., Jud, Z.R.,
Matich, P., Rosenblatt, A.E., Vaudo, J.J., Yeager, L.A., Post, D.M., Bearhop, S., 2012.
Applying stable isotopes to examine food-web structure: an overview of analytical tools.
Biol. Rev. Camb. Philos. Soc. 87, 545—-62. doi:10.1111/5.1469-185X.2011.00208.x

Layman, C., Arrington, D., Montaiia, C., Post, D., 2007. Can stable isotope ratios provide for

72



1488

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

community-wide measures of trophic structure? Ecology 88, 42—48. do0i:10.1890/0012-
9658(2007)88[42:CSIRPF]2.0.CO;2

Layman, C., Allgeier, J., 2012. Characterizing trophic ecology of generalist consumers: a case
study of the invasive lionfish in The Bahamas. Mar. Ecol. Prog. Ser. 448, 131-141.
doi:10.3354/meps09511

Lenth, R. V., 2016. Least-Squares Means: The R Package Ismeans. J. Stat. Softw. 69, 1-33.
doi:10.18637/jss.v069.101

Liebergesell, M., Reu, B., Stahl, U., Freiberg, M., Welk, E., Kattge, J., Cornelissen, J.H.C.,
Pefiuelas, J., Wirth, C., 2016. Functional Resilience against Climate-Driven Extinctions —
Comparing the Functional Diversity of European and North American Tree Floras. PLoS
One 11, e0148607. https://doi.org/10.1371/journal.pone.0148607

Lipp, J., Trimborn, P., Fritz, P., Moser, H., Becker, B., Frenzel, B., 1991. Stable isotopes in tree
ring cellulose and climatic change. Tellus B 43, 322—-330. doi:10.1034/.1600-
0889.1991.t01-2-00005.x

Long, E.S., Sweitzer, R.A., Diefenbach, D.R., Ben-David, M., 2005. Controlling for
anthropogenically induced atmospheric variation in stable carbon isotope studies. Oecologia
146, 148-156. doi:10.1007/s00442-005-0181-6

Lorenzen, E.D., Nogués-Bravo, D., Orlando, L., Weinstock, J., Binladen, J., Marske, K.A.,
Ugan, A., Borregaard, M.K., Gilbert, M.T.P., Nielsen, R., Ho, S.Y.W., Goebel, T., Graf,
K.E., Byers, D., Stenderup, J.T., Rasmussen, M., Campos, P.F., Leonard, J.A., Koepfli, K.-
P., Froese, D., Zazula, G., Stafford, T.W., Aaris-Serensen, K., Batra, P., Haywood, A.M.,
Singarayer, J.S., Valdes, P.J., Boeskorov, G., Burns, J.A., Davydov, S.P., Haile, J., Jenkins,

D.L., Kosintsev, P., Kuznetsova, T., Lai, X., Martin, L.D., McDonald, H.G., Mol, D.,

73



1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

1529

1530

1531

1532

1533

Meldgaard, M., Munch, K., Stephan, E., Sablin, M., Sommer, R.S., Sipko, T., Scott, E.,
Suchard, M.A., Tikhonov, A., Willerslev, R., Wayne, R.K., Cooper, A., Hofreiter, M., Sher,
A., Shapiro, B., Rahbek, C., Willerslev, E., 2011. Species-specific responses of Late
Quaternary megafauna to climate and humans. Nature 479, 359-364.
doi:10.1038/nature10574

Mackiewicz, P., Baca, M., Popovi¢, D., Socha, P., Stefaniak, K., Marciszak, A., Nadachowski,
A., 2017. Estimating the extinction time of two cave bears, Ursus spelaeus and U.
ingressus. Acta Zool. Cracoviensia 60, 1-14. doi:10.3409/azc.60 2.01

Malhi, Y., Doughty, C.E., Galetti, M., Smith, F.A., Svenning, J.-C., Terborgh, J.W., 2016.
Megafauna and ecosystem function from the Pleistocene to the Anthropocene. Proc. Natl.
Acad. Sci. 113, 838-846. doi:10.1073/pnas.1502540113

Mandryk, C.S., 1996. Late-glacial vegetation and environment on the eastern slope foothills of
the Rocky Mountains, Alberta, Canada. J. Paleolimnol. 16, 37-57.
doi:10.1007/BF00173270

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.
doi: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. Proc. Natl. Acad. Sci. U. S. A. 112, 14301-
14306. doi:10.1073/pnas. 1516573112

Markova, A K., Puzachenko, A.Y., van Kolfschoten, T., Kosintsev, P.A., Kuznetsova, T.V.,
Tikhonov, A.N., Bachura, O.P., Ponomarev, D.V., van der Plicht, J., Kuitems, M., 2015.

Changes in the Eurasian distribution of the musk ox (Ovibos moschatus) and the extinct

74



1534 bison (Bison priscus) during the last 50 ka BP. Quat. Int. 378, 99-110.

1535 doi:10.1016/j.quaint.2015.01.020

1536  Marshal, J.P., Bleich, V.C., Krausman, P.R., Reed, M.-L., Neibergs, A., 2012. Overlap in diet
1537 and habitat between the mule deer (Odocoileus hemionus) and feral ass (Equus asinus) in
1538 the Sonoran Desert. Southwest. Nat. 57, 16-25. doi:10.1894/0038-4909-57.1.16

1539  Marshall, J.D., Brooks, J.R., Lajtha, K., 2007. Sources of variation in the stable isotopic

1540 composition of plants, in: Michener, R., Lajtha, K. (Eds.), Stable Isotopes in Ecology and
1541 Environmental Science. Blackwell Publishing Ltd, Hong Kong, pp. 22—-60.

1542  Mason, N.W.H., Mouillot, D., Lee, W.G., Wilson, J.B., 2005. Functional richness, functional
1543 evenness and functional divergence: the primary components of functional diversity. Oikos
1544 111, 112-118. doi:10.1111/5.0030-1299.2005.13886.x

1545  Mazerolle, M.J., 2016. AICcmodavg: Model selection and multimodel inference based on AIC.
1546  McDonald, J.N., 1981. North American bison: Their classification and evolution. 316 p.

1547  Meiri, M., Lister, A.M., Collins, M.J., Tuross, N., Goebel, T., Blockley, S., Zazula, G.D., van

1548 Doorn, N., Guthrie, R.D., Boeskorov, G.G., Baryshnikov, G.F., Sher, A., Barnes, 1., 2014.
1549 Faunal record identifies Bering isthmus conditions as constraint to end-Pleistocene
1550 migration to the New World. Proc. Biol. Sci. 281, 20132167. doi:10.1098/rspb.2013.2167

1551  Metcalfe, J., Longstaffe, F., Jass, C., Zazula, Z.D., Keddie, G., 2016. Taxonomy, location of
1552 origin and health status of proboscideans from Western Canada investigated using stable
1553 isotope analysis. J. Quat. Sci. 31, 126—142. doi:10.1002/jqs.2849

1554  Metcalfe, J.Z., Longstaffe, F.J., Hodgins, G., 2013. Proboscideans and paleoenvironments of the
1555 Pleistocene Great Lakes: landscape, vegetation, and stable isotopes. Quat. Sci. Rev. 76,

1556 102-113. doi:10.1016/j.quascirev.2013.07.004

75



1557

1558

1559

1560

1561

1562

1563

1564

1565

1566

1567

1568

1569

1570

1571

1572

1573

1574

1575

1576

1577

1578

1579

Metcalfe, J.Z., Longstafte, F.J., Zazula, G.D., 2010. Nursing, weaning, and tooth development in
woolly mammoths from Old Crow, Yukon, Canada: implications for Pleistocene
extinctions. Palacogeogr. Palaeoclimatol. Palaeoecol. 298, 257-270.
doi:10.1016/j.palaeo.2010.09.032

Metcalfe, J.Z., Longstaffe, F.J., 2014. Environmental change and seasonal behavior of
mastodons in the Great Lakes region inferred from stable isotope analysis. Quat. Res. 82,
366-377. doi:10.1016/J.YQRES.2014.07.002

Miller, H., Carden, R.F., Evans, J., Lamb, A., Madgwick, R., Osborne, D., Symmons, R., Sykes,
N., 2014. Dead or alive? Investigating long-distance transport of live fallow deer and their
body parts in antiquity. Environ. Archaeol.
doi:http://dx.doi.org/10.1179/1749631414Y.0000000043

Milligan, H., 2008. Aquatic and terrestrial foraging by a subarctic herbivore: the beaver. M.Sc.
Thesis. McGill University. 75 p.

Mol, D., Tikhonov, A., van der Plicht, J., Kahlke, R.-D., Debruyne, R., van Geel, B., van
Reenen, G., Pals, J.P., de Marliave, C., Reumer, J.W.F., 2006. Results of the
CERPOLEX/Mammuthus Expeditions on the Taimyr Peninsula, Arctic Siberia, Russian
Federation. Quat. Int. 142—143, 186-202. doi:10.1016/j.quaint.2005.03.016

Monegato, G., Scardia, G., Hajdas, 1., Rizzini, F., Piccin, A., 2017. The Alpine LGM in the
boreal ice-sheets game. Sci. Rep. 7, 2078. doi:10.1038/s41598-017-02148-7

Mori, A.S., Furukawa, T., Sasaki, T., 2013. Response diversity determines the resilience of
ecosystems to environmental change. Biol. Rev. 88, 349-364. doi:10.1111/brv.12004

Mosbacher, J.B., Michelsen, A., Stelvig, M., Hendrichsen, D.K., Schmidt, N.M., 2016. Show me

your rump hair and I will tell yu what you ate — the dietary history of muskoxen (Ovibos

76



1580

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

1591

1592

1593

1594

1595

1596

1597

1598

1599

1600

1601

moschatus) revealed by sequential stable isotope analysis of guard hairs. PLoS One 11,
€0152874. doi:10.1371/journal.pone.0152874

Muhs, D.R., Ager, T.A., Begét, J.E., 2001. Vegetation and paleoclimate of the last interglacial
period, central Alaska. Quat. Sci. Rev. 20, 41-61. doi:10.1016/S0277-3791(00)00132-3

Munizzi, J., 2017. Rethinking Holocene ecological relationships among caribou, muskoxen, and
human hunters on Banks Island, NWT, Canada: a stable isotopic approach. Ph.D. Thesis.
The University of Western Ontario, 486 p. https://ir.lib.uwo.ca/etd/5089

Miinzel, S.C., Stiller, M., Hofreiter, M., Mittnik, A., Conard, N.J., Bocherens, H., 2011.
Pleistocene bears in the Swabian Jura (Germany): genetic replacement, ecological
displacement, extinctions and survival. Quat. Int. 245, 225-237.
doi:10.1016/j.quaint.2011.03.060

Miinzel, S.C., Wolf, S., Drucker, D.G., Conard, N.J., 2016. The exploitation of mammoth in the
Swabian Jura (SW-Germany) during the Aurignacian and Gravettian period. Quat. Int.
doi:10.1016/j.quaint.2016.08.013

Nadelhoffer, K., Shaver, G., Fry, B., Giblin, A., 1996. 15N natural abundances and N use by
tundra plants. Oecologia 107, 386—-394. https://doi.org/10.1007/BF00328456

Naeem, S., 2008. Species redundancy and ecosystem reliability. Conserv. Biol. 12, 39-45.
doi:10.1111/j.1523-1739.1998.96379.x

Naito, Y.I., Chikaraishi, Y., Drucker, D.G., Ohkouchi, N., Semal, P., Wiling, C., Bocherens, H.,
2016a. Ecological niche of Neanderthals from Spy Cave revealed by nitrogen isotopes of
individual amino acids in collagen. J. Hum. Evol. 93, 82-90.

doi:10.1016/J.JHEVOL.2016.01.009

77



1602

1603

1604

1605

1606

1607

1608

1609

1610

1611

1612

1613

1614

1615

1616

1617

1618

1619

1620

1621

1622

1623

1624

Naito, Y.I., Germonpr¢, M., Chikaraishi, Y., Ohkouchi, N., Drucker, D.G., Hobson, K.A.,
Edwards, M.A., Wiling, C., Bocherens, H., 2016b. Evidence for herbivorous cave bears
(Ursus spelaeus ) in Goyet Cave, Belgium: implications for palaeodietary reconstruction of
fossil bears using amino acid 6'°N approaches. J. Quat. Sci. 31, 598-606.
doi:10.1002/jqs.2883

Nash, K.L., Graham, N.A.J., Jennings, S., Wilson, S.K., Bellwood, D.R., 2016. Herbivore cross-
scale redundancy supports response diversity and promotes coral reef resilience. J. Appl.
Ecol. 53, 646—655. doi:10.1111/1365-2664.12430

O’Leary, M.H., 1988. Carbon isotopes in photosynthesis. Bioscience 38, 328-336.
http://www.jstor.org/stable/1310735

Painter, L.E., Ripple, W.J., 2012. Effects of bison on willow and cottonwood in northern
Yellowstone National Park. For. Ecol. Manage. 264, 150—158.
doi:10.1016/J.FORECO.2011.10.010

Parnell, A., Jackson, A., 2013. siar: Stable Isotope Analysis in R.

Parnell, A.C., Inger, R., Bearhop, S., Jackson, A.L., 2010. Source partitioning using stable
isotopes: coping with too much variation. PLoS One 5, €9672.
doi:10.1371/journal.pone.0009672

Peden, D.G., Dyne, G.M. Van, Rice, R.W., Hansen, R.M., 1974. The trophic ecology of Bison
bison L. on shortgrass plains. J. Appl. Ecol. 11, 489. doi:10.2307/2402203

Peigné, S., Goillot, C., Germonpré, M., Blondel, C., Bignon, O., Merceron, G., 2009.
Predormancy omnivory in European cave bears evidenced by a dental microwear analysis
of Ursus spelaeus from Goyet, Belgium. Proc. Natl. Acad. Sci. U. S. A. 106, 15390-15393.

doi:10.1073/pnas.0907373106

78



1625

1626

1627

1628

1629

1630

1631

1632

1633

1634

1635

1636

1637

1638

1639

1640

1641

1642

1643

1644

1645

1646

1647

Pérez-Rama, M., Fernandez-Mosquera, D., Grandal-d’ Anglade, A., 2011. Effects of hibernation
on the stable isotope signatures of adult and neonate cave bears. Quaternaire 4, 79—88.

Peterson, G., Allen, C.R., Holling, C.S., 1998. Ecological resilience, biodiversity, and scale.
Ecosystems 1, 6—18. doi:10.1007/s100219900002

Pires, M.M., Koch, P.L., Farina, R.A., de Aguiar, M.A.M., dos Reis, S.F., Guimaraes, Paulo R.,
J., 2015. Pleistocene megafaunal interaction networks became more vulnerable after human
arrival. Proc. R. Soc. B 282, 20151367. doi:10.1098/rspb.2015.1367

Polischuk, S.C., Hobson, K.A., Ramsay, M.A., 2011. Use of stable-carbon and -nitrogen isotopes
to assess weaning and fasting in female polar bears and their cubs. Can. J. Zool. 79, 499—
511. https://doi.org/10.1139/z01-007

Pringle, R.M., Goheen, J.R., Palmer, T.M., Charles, G.K., DeFranco, E., Hohbein, R., Ford,
A.T., Tarnita, C.E., 2014. Low functional redundancy among mammalian browsers in
regulating an encroaching shrub (Solanum campylacanthum) in African savannah. Proc. R.
Soc. London B Biol. Sci. 281, 20140390. doi:10.1098/rspb.2014.0390

Prins, H.H.T., de Boer, W.F., van Oeveren, H., Correia, A., Mafuca, J., Olff, H., 2006. Co-
existence and niche segregation of three small bovid species in southern Mozambique. Aft.
J. Ecol. 44, 186-198. doi:10.1111/j.1365-2028.2006.00619.x

Pushkina, D., Bocherens, H., Ziegler, R., 2014. Unexpected palaeoecological features of the
Middle and Late Pleistocene large herbivores in southwestern Germany revealed by stable
isotopic abundances in tooth enamel. Quat. Int. 339, 164-178.
doi:10.1016/j.quaint.2013.12.033

Puzachenko, A.Y., Markova, A.K. Kosintsev, P.A., Kolfschoten, T. van, Plicht, J. van der,

Kuznetsova, T.V., Tikhonov, A.N., Ponomarev, D.V., Kuitems, M., Bachura, O.P., 2017.

79



1648

1649

1650

1651

1652

1653

1654

1655

1656

1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

1670

The Eurasian mammoth distribution during the second half of the Late Pleistocene and the
Holocene: regional aspects. Quat. Int. 445, 71-88.
https://doi.org/10.1016/j.quaint.2016.05.019

Puzachenko, A.Y., Markova, A.K., 2019. Evolution of mammal species composition and species
richness during the Late Pleistocene-Holocene transition in Europe: A general view at the
regional scale. Quat. Int. doi:10.1016/j.quaint.2018.12.025

R-Core-Team, 2012. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria, 2012.

R-Studio-Team, 2015. Integrated Development for R. RStudio, Inc., Boston, MA.

Rabanus-Wallace, T.M., Wooller, M.]., Zazula, G.D., Shute, E., Jahren, A.H., Kosintsev, P.,
Burns, J.A., Breen, J., Llamas, B., Cooper, A., 2017. Megafaunal isotopes reveal role of
increased moisture on rangeland during late Pleistocene extinctions. Nat. Ecol. Evol. 1,
0125. doi:10.1038/s41559-017-0125

Raghavan, M., Espregueira Themudo, G., Smith, C.I., Zazula, G., Campos, P.F., 2014. Musk ox
(Ovibos moschatus) of the mammoth steppe: tracing palacodietary and palacoenvironmental
changes over the last 50,000 years using carbon and nitrogen isotopic analysis. Quat. Sci.
Rev. 102, 192-201. doi:10.1016/j.quascirev.2014.08.001

Rasmussen, S.O., Bigler, M., Blockley, S.P., Blunier, T., Buchardt, S.L., Clausen, H.B.,
Cvijanovic, 1., Dahl-Jensen, D., Johnsen, S.J., Fischer, H., Gkinis, V., Guillevic, M., Hoek,
W.Z., Lowe, J.J., Pedro, J.B., Popp, T., Seierstad, 1.LK., Steffensen, J.P., Svensson, A.M.,
Vallelonga, P., Vinther, B.M., Walker, M.J.C., Wheatley, J.J., Winstrup, M., 2014. A
stratigraphic framework for abrupt climatic changes during the Last Glacial period based on

three synchronized Greenland ice-core records: refining and extending the INTIMATE

80



1671

1672

1673

1674

1675

1676

1677

1678

1679

1680

1681

1682

1683

1684

1685

1686

1687

1688

1689

1690

1691

1692

1693

event stratigraphy. Quat. Sci. Rev. 106, 14-28.
https://doi.org/10.1016/J.QUASCIREV.2014.09.007

Resetarits, W.J., Chalcraft, D.R., 2007. Functional diversity within a morphologically
conservative genus of predators: implications for functional equivalence and redundancy in
ecological communities. Funct. Ecol. 21, 793-804. doi:10.1111/j.1365-2435.2007.01282.x

Ri¢ankova, V.P., Horsak, M., Hais, M., Robovsky, J., Chytry, M., 2018. Environmental
correlates of the Late Quaternary regional extinctions of large and small Palaearctic
mammals. Ecography (Cop.). 41, 516-527. doi:10.1111/ecog.02851

Ri¢ankova, V.P., Robovsky, J., Riegert, J., Zrzavy, J., 2015. Regional patterns of postglacial
changes in the Palearctic mammalian diversity indicate retreat to Siberian steppes rather
than extinction. Sci. Rep. 5, 12682. doi:10.1038/srep 12682

Richards, M.P., Hedges, R.E.M., 2003. Variations in bone collagen 6'3C and 6'°N values of
fauna from Northwest Europe over the last 40 000 years. Palacogeogr. Palacoclimatol.
Palaeoecol. 193, 261-267. doi:10.1016/S0031-0182(03)00229-3

Ricklefs, R.E., 2015. Intrinsic dynamics of the regional community. Ecol. Lett. 18, 497-503.
doi:10.1111/ele.12431

Rivals, F., Uzunidis, A., Sanz, M., Daura, J., 2017. Faunal dietary response to the Heinrich Event
4 in southwestern Europe. Palacogeogr. Palaeoclimatol. Palaecoecol. 473, 123—130.
doi:10.1016/j.palaeo.2017.02.033

Rivals, F., Julien, M.-A., Kuitems, M., van Kolfschoten, T., Serangeli, J., Drucker, D.G.,
Bocherens, H., Conard, N.J., 2014. Investigation of equid paleodiet from Schoningen 13 II-
4 through dental wear and isotopic analyses: Archaeological implications. J. Hum. Evol. 89,

129-137. do0i:10.1016/j.jhevol.2014.04.002

81



1694  Rivals, F., Semprebon, G., Lister, A., 2012. An examination of dietary diversity patterns in

1695 Pleistocene proboscideans (Mammuthus, Palaeoloxodon, and Mammut) from Europe and
1696 North America as revealed by dental microwear. Quat. Int. 255, 188—195.
1697 doi:10.1016/j.quaint.2011.05.036

1698  Rivals, F., Mihlbachler, M.C., Solounias, N., Mol, D., Semprebon, G.M., de Vos, J., Kalthoff,

1699 D.C., 2010. Palacoecology of the Mammoth Steppe fauna from the late Pleistocene of the
1700 North Sea and Alaska: separating species preferences from geographic influence in

1701 paleoecological dental wear analysis. Palacogeogr. Palacoclimatol. Palacoecol. 286, 42—54.
1702 doi:10.1016/j.palaeo.2009.12.002

1703  Rivals, F., Schulz, E., Kaiser, T.M., 2009. Late and middle Pleistocene ungulates dietary

1704 diversity in Western Europe indicate variations of Neanderthal paleoenvironments through
1705 time and space. Quat. Sci. Rev. 28, 3388-3400. doi:10.1016/J.QUASCIREV.2009.09.004
1706  Rivals, F., Solounias, N., Mihlbachler, M.C., 2007. Evidence for geographic variation in the diets
1707 of late Pleistocene and early Holocene bison in North America, and differences from the
1708 diets of recent bison. Quat. Res. 68, 338-346. doi:10.1016/j.yqres.2007.07.012

1709  Rivals, F., Alvarez-Lao, D.J., 2018. Ungulate dietary traits and plasticity in zones of ecological

1710 transition inferred from late Pleistocene assemblages at Jou Puerta and Rexidora in the
1711 Cantabrian Region of northern Spain. Palacogeogr. Palaecoclimatol. Palacoecol. 499, 123—
1712 130. doi:10.1016/J.PALAEO.2018.03.024

1713  Ruvals, F., Lister, A.M., 2016. Dietary flexibility and niche partitioning of large herbivores
1714 through the Pleistocene of Britain. Quat. Sci. Rev. 146, 116—-133.
1715 doi:10.1016/j.quascirev.2016.06.007

1716  Rivals, F., Semprebon, G.M., 2017. Latitude matters: an examination of behavioural plasticity in

82



1717

1718

1719

1720

1721

1722

1723

1724

1725

1726

1727

1728

1729

1730

1731

1732

1733

1734

1735

1736

1737

1738

1739

dietary traits amongst extant and Pleistocene Rangifer tarandus. Boreas 46, 254-263.
doi:10.1111/bor.12205

Rivals, F., Semprebon, G.M., 2011. Dietary plasticity in ungulates: insight from tooth microwear
analysis. Quat. Int. 245, 279-284. doi:10.1016/j.quaint.2010.08.001

Rivals, F., Solounias, N., 2007. Differences in tooth microwear of populations of caribou
(Rangifer tarandus, Ruminantia, Mammalia) and implications to ecology, migration,
glaciations and dental evolution. J. Mamm. Evol. 14, 182-192. doi:10.1007/s10914-007-
9044-8

Rosenfeld, J.S., 2002. Functional redundancy in ecology and conservation. Oikos 98, 156—162.
doi:10.1034/j.1600-0706.2002.980116.x

Rozenfeld, S.B., Gruzdev, A.R., Sipko, T.P., Tikhonov, A.N., 2012. Trophic relationships of
muskoxen (Ovibos moschatus) and reindeer (Rangifer tarandus) on Wrangel Island. Biol.
Bull. 39, 779-787. doi:10.1134/s1062359012090075

Saarinen, J., Eronen, J., Fortelius, M., Seppéd, H., Lister, A.M., 2016. Patterns of diet and body
mass of large ungulates from the Pleistocene of western Europe, and their relation to
vegetation. Palaeontol. Electron. 19, 1-58.

Saporiti, F., Bearhop, S., Silva, L., Vales, D.G., Zenteno, L., Crespo, E.A., Aguilar, A., Cardona,
L., 2014. Longer and less overlapping food webs in anthropogenically disturbed marine
ecosystems: confirmations from the past. PLoS One 9, €103132.
doi:10.1371/journal.pone.0103132

Saunders, J.J., Grimm, E.C., Widga, C.C., Campbell, G.D., Curry, B.B., Grimley, D.A., Hanson,
P.R., McCullum, J.P., Oliver, J.S., Treworgy, J.D., 2010. Paradigms and proboscideans in

the southern Great Lakes region, USA. Quat. Int. 217, 175-187.

83



1740

1741

1742

1743

1744

1745

1746

1747

1748

1749

1750

1751

1752

1753

1754

1755

1756

1757

1758

1759

1760

1761

1762

doi:10.1016/j.quaint.2009.07.031

Schaefer, J.A., Messier, F., 1995. Habitat selection as a hierarchy: the spatial scales of winter
foraging by muskoxen. Ecography. 18, 333—344. do0i:10.2307/3682817

Schleser, G.H., Helle, G., Liicke, A., Vos, H., 1999. Isotope signals as climate proxies: the role
of transfer functions in the study of terrestrial archives. Quat. Sci. Rev. 18, 927-943.
doi:10.1016/S0277-3791(99)00006-2

Schubert, B.A., Jahren, A.H., 2015. Global increase in plant carbon isotope fractionation
following the Last Glacial Maximum caused by increase in atmospheric pCO,. Geology 43,
435-438. doi:10.1130/G36467.1

Schulz, E., Kaiser, T.M., 2013. Historical distribution, habitat requirements and feeding ecology
of the genus Equus (Perissodactyla). Mamm. Rev. 43, 111-123. doi:10.1111/.1365-
2907.2012.00210.x

Schwartz-Narbonne, R., Longstaffe, F.J., Metcalfe, J.Z., Zazula, G., 2015. Solving the woolly
mammoth conundrum: amino acid 'N-enrichment suggests a distinct forage or habitat. Sci.
Rep. 5,9791. doi:10.1038/srep09791

Schweger, C., Froese, D., White, J.M., Westgate, J.A., 2011. Pre-glacial and interglacial pollen
records over the last 3 Ma from northwest Canada: why do Holocene forests differ from
those of previous interglaciations? Quat. Sci. Rev. 30, 2124-2133.
doi:10.1016/j.quascirev.2011.01.020

Semprebon, G.M., Rivals, F., Solounias, N., Hulbert, R.C., 2016. Paleodietary reconstruction of
fossil horses from the Eocene through Pleistocene of North America. Palacogeogr.
Palaeoclimatol. Palaeoecol. 442, 110—127. doi:10.1016/j.palaeco.2015.11.004

Shapiro, B., Drummond, A.J., Rambaut, A., Wilson, M.C., Matheus, P.E., Sher, A. V, Pybus,

84



1763

1764

1765

1766

1767

1768

1769

1770

1771

1772

1773

1774

1775

1776

1777

1778

1779

1780

1781

1782

1783

1784

1785

0.G., Gilbert, M.T.P., Barnes, 1., Binladen, J., Willerslev, E., Hansen, A.J., Baryshnikov,
G.F., Burns, J. a, Davydov, S., Driver, J.C., Froese, D.G., Harington, C.R., Keddie, G.,
Kosintsev, P., Kunz, M.L., Martin, L.D., Stephenson, R.O., Storer, J., Tedford, R., Zimov,
S., Cooper, A., 2004. Rise and fall of the Beringian steppe bison. Science 306, 1561-1565.
doi:10.1126/science.1101074

Simpfendorfer, C.A., Goodreid, A.B., McAuley, R.B., 2001. Size, sex and geographic variation
in the diet of the tiger shark, Galeocerdo cuvier, from western Australian waters. Environ.
Biol. Fishes 61, 37—46. doi:10.1023/A:1011021710183

Sinclair, A.R.E., 1985. Does interspecific competition or predation shape the African ungulate
community? J. Anim. Ecol. 54, 899. doi:10.2307/4386

Slatyer, R.A., Hirst, M., Sexton, J.P., 2013. Niche breadth predicts geographical range size: a
general ecological pattern. Ecol. Lett. 16, 1104—1114. doi:10.1111/ele.12140

Song, M., Duan, D., Chen, H., Hu, Q., Zhang, F., Xu, X., Tian, Y., Ouyang, H., Peng, C., 2008.
Leaf 0'3C reflects ecosystem patterns and responses of alpine plants to the environments on
the Tibetan Plateau. Ecography. 31, 499-508. do0i:10.1111/5.0906-7590.2008.05331.x

Staaland, H., Olesen, C.R., 1992. Muskox and caribou adaptation to grazing on the
Angujaartorfiup Nunaa range in West Greenland. Rangifer 12, 105-113.
doi:10.7557/2.12.2.1027

Staudinger, M.D., McAlarney, R.J., McLellan, W.A., Ann Pabst, D., 2014. Foraging ecology and
niche overlap in pygmy ( Kogia breviceps ) and dwarf ( Kogia sima ) sperm whales from
waters of the U.S. mid-Atlantic coast. Mar. Mammal Sci. 30, 626-655.
doi:10.1111/mms.12064

Stevens, R.E., Hermoso-Buxan, X.L., Marin-Arroyo, A.B., Gonzalez-Morales, M.R., Straus,

85



1786

1787

1788

1789

1790

1791

1792

1793

1794

1795

1796

1797

1798

1799

1800

1801

1802

1803

1804

1805

1806

1807

1808

L.G., 2014. Investigation of Late Pleistocene and Early Holocene palacoenvironmental
change at El Mir6n cave (Cantabria, Spain): insights from carbon and nitrogen isotope
analyses of red deer. Palacogeogr. Palacoclimatol. Palacoecol. 414, 46—60.
doi:10.1016/j.palaeo.2014.05.049

Stevens, R.E., Germonpr¢, M., Petrie, C.A., O’Connell, T.C., 2009. Palacoenvironmental and
chronological investigations of the Magdalenian sites of Goyet Cave and Trou de Chaleux
(Belgium), via stable isotope and radiocarbon analyses of horse skeletal remains. J.
Archaeol. Sci. 36, 653—662. doi:10.1016/j.jas.2008.10.008

Stevens, R.E., Jacobi, R., Street, M., Germonpré, M., Conard, N.J., Miinzel, S.C., Hedges,
R.E.M., 2008. Nitrogen isotope analyses of reindeer (Rangifer tarandus), 45,000 BP to
9,000 BP: palacoenvironmental reconstructions. Palacogeogr. Palacoclimatol. Palaeoecol.
262, 32-45. doi:10.1016/j.palaco.2008.01.019

Stevens, R.E., Lister, A., Hedges, R., 2006. Predicting diet, trophic level and palacoecology from
bone stable isotope analysis: a comparative study of five red deer populations. Oecologia
149, 12-21. https://doi.org/10.1007/s00442-006-0416-1

Stevens, R.E., O’Connell, T.C., 2016. Red deer bone and antler collagen are not isotopically
equivalent in carbon and nitrogen. Rapid Commun. Mass Spectrom. 30, 1969-1984.
doi:10.1002/rcm.7670

Stevens, R.E., Hedges, R.E.., 2004. Carbon and nitrogen stable isotope analysis of northwest
European horse bone and tooth collagen, 40,000 BP — present: palaeoclimatic
interpretations. Quat. Sci. Rev. 23, 977-991. doi:10.1016/j.quascirev.2003.06.024

Strong, W.L., Hills, L. V., 2005. Late-glacial and Holocene palacovegetation zonal

reconstruction for central and north-central North America. J. Biogeogr. 32, 1043—1062.

86



1809

1810

1811

1812

1813

1814

1815

1816

1817

1818

1819

1820

1821

1822

1823

1824

1825

1826

1827

1828

1829

1830

1831

doi:10.1111/j.1365-2699.2004.01223.x

Stuart, A.J., Lister, A.M., 2011. Extinction chronology of the cave lion Panthera spelaea. Quat.
Sci. Rev. 30, 2329-2340. doi:10.1016/j.quascirev.2010.04.023

Sundstrom, S.M., Allen, C.R., Barichievy, C., 2012. Species, functional groups, and thresholds
in ecological resilience. Conserv. Biol. 26, 305-314. doi:10.1111/j.1523-1739.2011.01822.x

Sykes, N.J., Baker, K.H., Carden, R.F., Higham, T.F.G., Hoelzel, A.R., Stevens, R.E., 2011.
New evidence for the establishment and management of the European fallow deer (Dama
dama dama) in Roman Britain. J. Archaeol. Sci. 38, 156-165.
doi:10.1016/j.jas.2010.08.024

Syvéranta, J., Lensu, A., Marjomaiki, T.J., Oksanen, S., Jones, R.I., 2013. An empirical
evaluation of the utility of convex hull and standard ellipse areas for assessing population
niche widths from stable isotope data. PLoS One 8, €56094.
doi:10.1371/journal.pone.0056094

Szpak, P., Millaire, J.-F., White, C.D., Longstaffe, F.J., 2014. Small scale camelid husbandry on
the north coast of Peru (Vira Valley): insight from stable isotope analysis. J. Anthropol.
Archaeol. 36, 110-129. doi:10.1016/j.jaa.2014.08.005

Szpak, P., Millaire, J., White, C., Longstaffe, F., 2012. Influence of seabird guano and camelid
dung fertilization on the nitrogen isotopic composition of field-grown maize (Zea mays). J.
Archaeol. Sci. 39, 3721-3740. https://doi.org/10.1016/j.jas.2012.06.035

Szpak, P., Grocke, D.R., Debruyne, R., MacPhee, R.D.E., Guthrie, R.D., Froese, D., Zazula,
G.D., Patterson, W.P., Poinar, H.N., 2010. Regional differences in bone collagen 6'3C and
0PN of Pleistocene mammoths: implications for paleoecology of the mammoth steppe.

Palacogeogr. Palaeoclimatol. Palaeoecol. 286, 88-96. doi:10.1016/j.palaeo.2009.12.009

87



1832

1833

1834

1835

1836

1837

1838

1839

1840

1841

1842

1843

1844

1845

1846

1847

1848

1849

1850

1851

1852

1853

1854

Tahmasebi, F., Longstaffe, F.J., Zazula, G., Bennett, B., 2017. Nitrogen and carbon isotopic
dynamics of subarctic soils and plants in southern Yukon Territory and its implications for
paleoecological and paleodietary studies. PLoS ONE 12(8), e0183016.
doi.org/10.1371/journal.pone.0183016

Tahmasebi, F., Longstaffe, F.J., Zazula, G., 2018. Nitrogen isotopes suggest a change in nitrogen
dynamics between the Late Pleistocene and modern time in Yukon, Canada. PLoS ONE
13(2), €0192713. doi.org/10.1371/journal.pone.0192713

Tejada-Lara, J. V., MacFadden, B.J., Bermudez, L., Rojas, G., Salas-Gismondi, R., Flynn, J.J.,
2018. Body mass predicts isotope enrichment in herbivorous mammals. Proc. R. Soc. B
Biol. Sci. 285, 20181020. doi:10.1098/rspb.2018.1020

Terlato, G., Bocherens, H., Romandini, M., Nannini, N., Hobson, K.A., Peresani, M., 2018.
Chronological and Isotopic data support a revision for the timing of cave bear extinction in
Mediterranean Europe. Hist. Biol. 1-11. doi:10.1080/08912963.2018.1448395

Tieszen, L., 1991. Natural variations in the carbon isotope values of plants: implications for

archaeology, ecology, and paleoecology. J. Archaeol. Sci. 18, 227-248.
https://doi.org/10.1016/0305-4403(91)90063-U

Tiunov, A. V., Kirillova, 1. V., 2010. Stable isotope ('*C/!2C and N/!*N) composition of the
woolly rhinoceros Coelodonta antiquitatis horn suggests seasonal changes in the diet. Rapid

Commun. Mass Spectrom. 24, 3146—3150. doi:10.1002/rcm.4755

Toft, N.L., Anderson, J.E., Nowak, R.S., 1989. Water use efficiency and carbon isotope
composition of plants in a cold desert environment. Oecologia 80, 11-18.
https://doi.org/10.1007/BF00789925

van den Berg, M., Brown, W.Y ., Lee, C., Hinch, G.N., 2015. Browse-related behaviors of

88



1855

1856

1857

1858

1859

1860

1861

1862

1863

1864

1865

1866

1867

1868

1869

1870

1871

1872

1873

1874

1875

1876

1877

pastured horses in Australia: a survey. J. Vet. Behav. Clin. Appl. Res. 10, 48-53.
doi:10.1016/j.jveb.2014.11.001

van der Plas, F., Howison, R.A., Mpanza, N., Cromsigt, J.P.G.M., OIff, H., 2016. Different-sized
grazers have distinctive effects on plant functional composition of an African savannah. J.
Ecol. 104, 864-875. doi:10.1111/1365-2745.12549

van der Plicht, J., Palstra, S.W.L., 2016. Radiocarbon and mammoth bones: what’s in a date.
Quat. Int. 406, 246-251. doi:10.1016/j.quaint.2014.11.027

Van Valkenburgh, B., Hayward, M.W., Ripple, W.J., Meloro, C., Roth, V.L., 2015. The impact
of large terrestrial carnivores on Pleistocene ecosystems. Proc. Natl. Acad. Sci. U. S. A.
113, 862—-867. doi:10.1073/pnas.1502554112

Waggoner, V., Hinkes, M., 1986. Summer and fall browse utilization by an Alaskan bison herd.
J. Wildl. Manage. 50, 322. doi:10.2307/3801921

Wang, Y., Wooller, M.J., 2006. The stable isotopic (C and N) composition of modern plants and
lichens from northern Iceland: with ecological and paleoenvironmental implications.
JOKULL 56, 27-38.

Wang, G., Li, J., Liu, X., Li, X., 2013. Variations in carbon isotope ratios of plants across a
temperature gradient along the 400 mm isoline of mean annual precipitation in north China
and their relevance to paleovegetation reconstruction. Quat. Sci. Rev. 63, 83-90.
doi:10.1016/j.quascirev.2012.12.004

Wardwell, D.A., Allen, C.R., Peterson, G.D., Tyre, A.J., 2008. A test of the cross-scale resilience
model: functional richness in Mediterranean-climate ecosystems. Ecol. Complex. 5, 165—
182. doi:10.1016/j.ecocom.2007.11.001

Waters, M.R., Forman, S.L., Jennings, T.A., Nordt, L.C., Driese, S.G., Feinberg, J.M., Keene,

89



1878

1879

1880

1881

1882

1883

1884

1885

1886

1887

1888

1889

1890

1891

1892

1893

1894

1895

1896

1897

1898

1899

1900

J.L., Halligan, J., Lindquist, A., Pierson, J., Hallmark, C.T., Collins, M.B., Wiederhold, J.E.,
2011. The Buttermilk Creek complex and the origins of Clovis at the Debra L. Friedkin
Site, Texas. Science. 331, 1599-1603. doi:10.1126/science. 1201855

Wellnitz, T., Poff, N.L., 2001. Functional redundancy in heterogeneous environments:
implications for conservation. Ecol. Lett. 4, 177-179. doi:10.1046/j.1461-
0248.2001.00221.x

Willerslev, E., Davison, J., Moora, M., Zobel, M., Coissac, E., Edwards, M.E., Lorenzen, E.D.,
Vestergéard, M., Gussarova, G., Haile, J., Craine, J., Gielly, L., Boessenkool, S., Epp, L.S.,
Pearman, P.B., Cheddadi, R., Murray, D., Brathen, K.A., Yoccoz, N., Binney, H., Cruaud,
C., Wincker, P., Goslar, T., Alsos, I.G., Bellemain, E., Brysting, A.K., Elven, R., Senstebg,
J.H., Murton, J., Sher, A., Rasmussen, M., Renn, R., Mourier, T., Cooper, A., Austin, J.,
Moller, P., Froese, D., Zazula, G., Pompanon, F., Rioux, D., Niderkorn, V., Tikhonov, A.,
Savvinov, G., Roberts, R.G., MacPhee, R.D.E., Gilbert, M.T.P., Kjer, K.H., Orlando, L.,
Brochmann, C., Taberlet, P., 2014. Fifty thousand years of Arctic vegetation and
megafaunal diet. Nature 506, 47-51. doi:10.1038/nature12921

Wooller, M., Zazula, G., Edwards, M., Froese, D.G., Boone, R.D., Parker, C., Bennett, B., 2007.
Stable carbon isotope compositions of eastern Beringian grasses and sedges: investigating
their potential as paleoenvironmental indicators. Arctic, Antarct. Alp. Res. 39, 318-331.
https://doi.org/10.1657/1523-0430(2007)39[318:SCICOE]2.0.CO;2

Wu, T.X., Huang, J.H., 2010. Effects of grazing on the 6!°N values of foliage and soil in a
typical steppe ecosystem in Inner Mongolia, China. Chinese J. Plant Ecol. 34, 160—169.
doi:10.3773/J.ISSN.1005-264X.2010.02.007

Xu, W., Xia, C., Yang, W., Blank, D.A., Qiao, J., Liu, W., 2012. Seasonal diet of Khulan

90



1901 (Equidae) in Northern Xinjiang, China. Ital. J. Zool. 79, 92-99.

1902 doi:10.1080/11250003.2011.620635

1903  Yeakel, J.D., Guimaraes, P.R., Bocherens, H., Koch, P.L., 2013. The impact of climate change
1904 on the structure of Pleistocene food webs across the mammoth steppe. Proc. Biol. Sci. 280,
1905 20130239. doi:10.1098/rspb.2013.0239

1906  Yurkowski, D.J., Ferguson, S.H., Semeniuk, C.A.D., Brown, T.M., Muir, D.C.G., Fisk, A.T.,

1907 2016. Spatial and temporal variation of an ice-adapted predator’s feeding ecology in a
1908 changing Arctic marine ecosystem. Oecologia 180, 631-644. doi:10.1007/s00442-015-
1909 3384-5

1910  Zazula, G.D., MacPhee, R.D., Southon, J., Nalawade-Chavan, S., Reyes, A. V., Hewitson, S.,

1911 Hall, E., 2017. A case of early Wisconsinan “over-chill”: New radiocarbon evidence for
1912 early extirpation of western camel (Camelops hesternus) in eastern Beringia. Quat. Sci.
1913 Rev. 171, 48-57. d0i:10.1016/J.QUASCIREV.2017.06.031

1914  Zazula, G.D., MacPhee, R.D.E., Metcalfe, J.Z., Reyes, A. V, Brock, F., Druckenmiller, P.S.,

1915 Groves, P., Harington, C.R., Hodgins, G.W.L., Kunz, M.L., Longstaffe, F.J., Mann, D.H.,
1916 McDonald, H.G., Nalawade-Chavan, S., Southon, J.R., 2014. American mastodon

1917 extirpation in the Arctic and Subarctic predates human colonization and terminal

1918 Pleistocene climate change. Proc. Natl. Acad. Sci. U. S. A. 111, 18460—-18465.

1919 doi:10.1073/pnas.1416072111

1920  Zazula, G.D., Froese, D.G., Elias, S.A., Kuzmina, S., Mathewes, R.W., 2011. Early Wisconsinan
1921 (MIS 4) Arctic ground squirrel middens and a squirrel-eye-view of the mammoth-steppe.
1922 Quat. Sci. Rev. 30, 2220-2237. doi:10.1016/j.quascirev.2010.04.019

1923  Zazula, G.D., Froese, D.G., Schweger, C.E., Mathewes, R.W., Beaudoin, A.B., Telka, A.M.,

91



1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

Harington, C.R., Westgate, J.A., 2003. Palacobotany: ice-age steppe vegetation in east
Beringia. Nature 423, 603—603. doi:10.1038/423603a
Zhou, Y., Cheng, X., Fan, J., Harris, W., 2016. Patterns and controls of foliar nitrogen isotope
composition on the Qinghai-Tibet Plateau, China. Plant Soil 406, 265-276.
doi:10.1007/s11104-016-2882-5
Zhu, D, Ciais, P., Chang, J., Krinner, G., Peng, S., Viovy, N., Pefuelas, J., Zimov, S., 2018. The
large mean body size of mammalian herbivores explains the productivity paradox during

the Last Glacial Maximum. Nat. Ecol. Evol. 2, 640. doi:10.1038/s41559-018-0481-y

Zimov, S.A., Zimov, N.S., Tikhonov, A.N., Chapin, F.S., 2012. Mammoth steppe: a high-

productivity phenomenon. Quat. Sci. Rev. 57, 26—45. doi:10.1016/j.quascirev.2012.10.005

92



10

11

12

13

14

15

16

17

18

Reframing the mammoth steppe: Insights from analysis of isotopic niches.
Appendices A-E

Schwartz-Narbonne, R.**, Longstaffe, F.J.?, Kardynal, K.J.?, Druckenmiller, P.¢, Hobson,
K.A.b4, Jass, C.N.¢, Metcalfe, J.Z.f, Zazula, G.8
aDepartment of Earth Sciences, The University of Western Ontario, London, ON, N6A 5B7,
Canada.
bWildlife and Landscape Science Division, Environment & Climate Change Canada, Saskatoon,
SK, S7N 3H5, Canada.
“University of Alaska Museum of the North and University of Alaska Fairbanks, Fairbanks, AK
99775, USA.
dDepartment of Biology, The University of Western Ontario, London, ON, N6A 5B7, Canada.
°Royal Alberta Museum, Edmonton, AB, T5J 0G2, Canada.
fDepartment of Anthropology, The University of British Columbia, Vancouver, BC, V6T 1Z1,
Canada.
g¢Government of Yukon, Tourism & Culture (Palacontology Program), Whitehorse, YT Y1A

2C6, Canada.



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Appendix A: Analytical methods

Collagen extraction for stable isotope analysis was performed at the Laboratory for Stable
Isotope Science, The University of Western Ontario, London, Canada using a modified Longin
(1971) method with minor alterations (Metcalfe et al., 2010). Samples were removed from
specimens using a Dremel® cutting wheel and the exposed surfaces cleaned. Consolidant was
removed from sample surfaces using a Dremel equipped with a burr attachment. Consolidant and
its removal does not significantly affect collagen carbon and nitrogen isotope compositions
(France et al., 2011). Samples were then crushed and treated with 0.25 M HCI at room
temperature for 24 hours. This solution was then replaced by 0.5 M HCI held at room
temperature; the acid was changed daily until the samples were gelatinized. After gelatinization,
humic removal was performed at room temperature with a solution of 0.1 M NaOH for 20
minutes and repeated until the solution remained clear. The samples were then rinsed with water
at room temperature until NaOH was removed completely. HCI was then used to adjust the pH to

less than 3, and the collagen was solubilised at 90°C.

A Costech elemental combustion system (ECS 4010) attached to a Thermo-Scientific Delta V or
to a Thermo-Scientific DeltaP''s XL stable isotope ratio mass spectrometer (IRMS) operated in
continuous-flow mode was used to measure the carbon and nitrogen isotope compositions. Two-
point calibrations were used to relate the measured carbon and nitrogen isotope compositions to
internationally accepted standards (VPDB for carbon, AIR for nitrogen). Values of 6!3C were
calibrated to VPDB using NBS-22 (accepted value —30.0 %o) and IAEA-CH-6 (accepted value —
10.5 %o) or USGS-40 (accepted value —26.4 %o0) and USGS-41 (accepted value +37.6 %o). Values

of 05N were calibrated to AIR using USGS-40 (accepted value —4.5 %o) and either IAEA-N2
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(accepted value +20.3 %o) or USGS-41 (accepted value +47.6 %o). The same standards were used
to provide two-point calibration curves for sample carbon and nitrogen contents, using the
following accepted values: NBS-22, C = 86.3 %; IAEA-CH-6, C =42.1 %; USGS-40, C =
40.7%, N =9.5 %; USGS-41, C=40.7%, N = 9.5%; IAEA-N2, N = 21.5%. Accuracy and
precision were assessed using an internal laboratory keratin standard (MP Biomedicals Inc.,
Catalogue No. 90211, Lot No. 9966H), which was included in all analytical sessions. For 92
measurements of this standard, 6'3C =-24.1 + 0.1 %o (mean + 1 SD; accepted value, —24.1 %o),
0PN =+6.3 + 0.2 %o (accepted value, +6.4 %o), C content =48 + 1 wt. % (accepted value, 46.8
wt. %), N content = 15 £ 1 wt. % (accepted value, 14.6 wt. %), and atomic C/N ratio =3.7 £ 0.2
(accepted value, 3.7). Reproducibility of the isotopic data was evaluated for 31 samples. The
standard deviation between values varied for 6'3C from 0.0 - 0.5 %o, with an average difference

of 0.1 %o, and for 6'°N, from 0.0 - 0.2 %o (SD), with an average difference of 0.1 %o.

New radiocarbon dates for previously undated specimens were obtained from the University of

Arizona Accelerator Mass Spectrometry (AMS) Laboratory without ultrafiltration.
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Appendix B: Model selection

B.1. Methods

We considered a total of 18 models in our analyses with the most parameterized model including
isotopic composition (6!3C or 0'°N) as the dependent variable with interaction terms for species
with region, species with time, and region with time, plus their singular terms as explanatory
variables (Table B.1). Other models considered in the analysis included various combinations of
those variables (Table B.1; Supplementary Tables 2-5). We assessed the normality and
heteroscedasticity of the linear models with normal quantile-quantile plots and with residual-
fitted value plots. Candidate models were first assessed using AIC values adjusted for small
sample sizes (AICc), and those with lowest AAICc (0 to 4) were deemed to best fit the data. This
analysis was conducted separately for carbon and nitrogen for all Pleistocene specimens falling
into pre-LGM, LGM and post-LGM time bins. For the top models selected using AICc, we then
assessed the 85% confidence intervals (CI) of the coefficients for each parameter. Coefficients
with 85% ClIs that did not overlap 0 were considered informative (Arnold, 2010) and thus were
retained in our analysis. Linear modeling was performed in R version 3.2.2 (R-Core-Team,

2012) using the R Studio interface version 0.99.484 (R-Studio-Team, 2015).

Table B.1. Candidate models used to assess differences in isotope (6!3C, 6'°N) data for
megaherbivores from the mammoth steppe.

No. | Model

1 Isotope (613C or 6'5N) ~ 1 + Species + Region + Time + Region:Species + Time:Species
+ Time:Region

Isotope ~ 1 + Species + Region + Time + Region:Species + Time:Species

Isotope ~ 1 + Species + Region + Time + Region:Species + Time:Region

Isotope ~ 1 + Species + Region + Time + Time:Species + Time:Region

Isotope ~ 1 + Species + Region + Time + Region:Species

Isotope ~ 1 + Species + Region + Time + Time:Species

AN AW
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7 Isotope ~ 1 + Species + Region + Time + Time:Region
8 Isotope ~ 1 + Region + Time + Time:Region

9 Isotope ~ 1 + Species + Region + Region:Species

10 | Isotope ~ 1 + Species + Time + Time:Species

11 | Isotope ~ 1 + Species + Region + Time

12 | Isotope ~ 1 + Species + Region

13 | Isotope ~ 1 + Species + Time

14 | Isotope ~ 1 + Region + Time

15 | Isotope ~ 1 + Region

16 | Isotope ~ 1 + Species

17 | Isotope ~ 1 + Time

18 | Isotope ~ 1

19 | Isotope (6'3C or 6'°N) ~ 1 + Species + Region + Time + Region:Species + Time:Species
+ Time:Region + Region*Species*Time

B.2. Results

B.2.1 Results for Carbon

Of the 18 models considered for the 6'3C data (Table B.1), only one model had AAICc < 4. This
model was the best fit both for all the dated Pleistocene samples (Supplementary Table 2), and
for samples from the most data-rich groups (Supplementary Table 3). This model included
‘Species’, ‘Region’ and ‘Time’, and the interaction terms for ‘Region:Species’ and
‘Time:Species. The interaction terms indicate differences in 6'3C between species among regions
and between species with time. There was no heteroscedastity and the residual and Q-Q plots
were normal. Confidence intervals (Cls) of the parameters ‘Species’, ‘Region’, ‘Region:Species’
and ‘Time:Region’ did not overlap 0, indicating that they were informative terms. The CIs for
‘Time” overlapped 0 for the model, indicating no overall differences in 6!3C between time bins;

this parameter was therefore not considered further.

B.2.2 Results for Nitrogen
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Of the 18 models considered for 6'°N (Table B.1), the most parameterized model and the second-
most parameterized model had AAIC, < 4 (Supplementary Table 4). Both models included
‘Species’, ‘Region’ and ‘Time’, as well as the interaction terms ‘Region:Species’,
‘Time:Species’ and ‘Time:Region’, and one of the models included ‘Region:Species:Time’.
There was no heteroscedastity and the residuals were normal. All parameters were considered
informative at the 85% confidence level (i.e. did not overlap 0) for the model that included all

Pleistocene samples.
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Appendix C: Less commonly analysed species

C.1. Results

Nine species (camel (Camelops hesternus), cave bear (Ursus spelaeus, Ursus ingressus and U.

kudarensis), helmeted muskox (Bootherium bombifrons; when not distinguished as ‘helmeted

muskox’, this paper refers to Ovibos as muskox), ibex goat (Capra pyrenaica), moose (Alces

alces), mastodon (Mammut americanum), roe deer (Capreolus capreolus), saiga antelope (Saiga

tatarica) and sheep (Ovis dalli) infrequently had dated specimens with measured isotopic

compositions (e.g. only at one site or in one time bin). While these species may have been

common on the mammoth steppe, the lack of isotopic data for them means that only qualitative

observations were possible. These observations are summarized in Table C.1.

Table C.1. Isotopic observations for less commonly analyzed species on the mammoth steppe.

Species Times Present Regions Present Niche
Higher 65N and 6'C than
Camel Post-LGM Alberta all except caribou
Jura, Iberian Peninsula, Overlapping niche with
Cave bear Pre-LGM northwestern Europe horse
Similar 6°N to horse, lower
than muskox, similar 63C to
Helmeted Muskox Pre-LGM, Post-LGM Alberta, eastern Beringia camel/muskox
Ibex goat Pre-LGM, Post-LGM Iberian Peninsula Similar low 6N to elk, 613C
varies between time bins
(lowest or middle)
Mastodon Post-LGM Great Lakes area Low 6'5N, similar 6'3C to
mammoth
Lower §'°N than mammoth
and rhinoceros, higher than
caribou and bison. Similar
Moose Post-LGM Jura 0"3C to bison, rhinoceros.
Roe deer Pre-LGM Northwestern Europe Similar §'°N and §'3C to elk
Eastern Beringia, south-
central Siberia, Russian Overlapping niche with
Saiga Pre-LGM, LGM, Post-LGM plain, northwestern Europe caribou and muskox
Ranges from lowest "N to
Sheep LGM, post-LGM Eastern Beringia highest

C.2. Discussion
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At present, only limited inferences can be made for these species by comparing their 6!3C and

0N position and niche overlap to coeval species (Table C.1), as follows.

Pleistocene camels were found across North America as far north as eastern Beringia (Zazula et
al., 2011). Stable isotope and teeth-wear analyses suggest they were mixed feeders (Semprebon
and Rivals, 2010; Yann et al., 2016). In post-LGM Alberta, both browse and graze forage would
have been available. The relatively high camel 6'°N and 6'3C suggests they were likely
consuming primarily graze, or were consuming another plant species with high 6'°N such as

sedge.

Cave bear has an overlapping isotopic niche with horse, supporting the hypothesis of an
herbivorous diet (e.g. Bocherens et al., 2006, 2014, 2018; Krajcarz et al., 2016). Hibernation may
have caused increased 0'°N and decreased 6'°C (Bocherens, 2015, 2018; Pérez-Rama et al.,
2011). It is not known, however, if this effect would have caused a sufficient isotopic shift to
remove the niche overlap. When in direct competition with herbivorous brown bears, cave bears
may have avoided competition by using niches from different altitudes (Garcia-Vazquez et al.,

2018).

The helmeted muskox has a lower 0'°N than Ovibos sp., potentially indicating some browse

consumption, and suggesting distinct dietary strategies for the two genera.

Modern ibex are mixed feeders whose diet varies with altitude, season and population density.

(Acevedo and Cassinello, 2009). Pleistocene ibex were similarly reconstructed as mixed feeders
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based on tooth-wear studies (Rivals and Alvarez-Lao, 2018; Rivals et al., 2017). The low 6N of
ibex are similar to the mixed-feeding elk, and likely indicate some browse consumption. Their
variable 0'3C over time may indicate feeding in both open environments and closed forest

canopies.

A browsing dietary niche has been established for mastodon (Coltrain et al., 2004; Green et al.,
2017; Haynes, 1991; Koch et al., 1998; Rivals et al., 2012; Zazula et al., 2014), consistent with
its interglacial occupancy of regions considered at other times to be mammoth steppe. While
trees were not present in all regions and times during the Pleistocene, woody shrubs were present
during much of this time (e.g., Goetcheus and Birks, 2001; Hofle et al., 2000; Zazula et al.,
2014). If mastodon were obligate browsers, that may explain why they were not found in most of
the mammoth steppe regions after the last interglacial (Jass and Barron-Ortiz, 2017; Zazula et al.,
2014). A significant browse component in mastodon diet may also explain its low 6'°N (Coltrain
et al., 2004; Koch et al., 1998; Metcalfe et al., 2013, 2016; Metcalfe and Longstaffe, 2014;
Zazula et al., 2014). Additionally, the low mastodon 6N may reflect lower plant 55N baselines

during warmer periods such as interglacials (Tahmasebi et al., 2018).

Modern moose are browse specialists that seasonally consume aquatic plants where available, as
aquatic plants are high in protein (Ben-David et al., 2001; Kaiser et al., 2013; MacCracken et al.,
1993; Wam and Hjeljord, 2010). Pleistocene moose tooth-wear is consistent with a browse diet
(Saarinen et al., 2016). A diet including high 6'°N aquatic plants (Milligan, 2008) is consistent
with their higher 6'°N relative to bison. Some modern bison and moose populations have similar

0N, but these bison populations likely fed on atypical forage (Hofman-Kaminska et al., 2018).
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Modern and Pleistocene roe deer were browsers (Lovari et al., 2017; Rivals and Alvarez-Lao,
2018.) Modern roe deer typically prefer glades at the edges of forests rather than closed canopy
forests (Lovari et al., 2017). The Pleistocene roe deer had similar isotopic compositions to the

mixed-feeding Pleistocene elk.

Pleistocene saiga antelope may have had mixed-feeding diets with a winter portion of lichen,
similar to caribou (Drucker and Henry-Gambier, 2005; Jiirgensen et al., 2017), consistent with
the overlapping isotopic niches of caribou and saiga. Modern saiga antelope consume a mixture
of browse and graze (Kaiser et al., 2013), but are unable to thrive on a diet of pure graminoids
(Abaturov and Dzapova, 2015). Pleistocene saiga, however, were suggested to have had
substantial dietary flexibility and to have eaten from a wide dietary niche during the Pleistocene
(Jiirgensen et al., 2017), consistent with saiga overlapping their niche with the core niche of both

caribou and muskox.

Modern Dall sheep are mixed-feeders with a flexible diet. Their Pleistocene population has been
reconstructed as having been seasonal grazers (Rivals et al., 2010). Pleistocene Dall sheep have a
wide range in 0'°N, potentially consistent with a mixed-feeding diet. Dall sheep survived the
Terminal Pleistocene extinctions and currently occupy alpine habitats (Guthrie, 1982); their
survival may have been aided by dietary flexibility. Some specimens considered as O. dalli here
may have been classified as such, in part, based on geographic location. That species-level

assignment requires further testing.
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Appendix D: Regional parameters

D.1. Results

The interaction term of ‘Species’ and ‘Region” was informative in explaining variation in 6'3C
whereas the interaction term of ‘Region’ with ‘Time’, and of all three parameters, ‘Region’,
‘Species’ and ‘Time’, were not. We therefore considered the pattern of 6'3C variation between
regions with different species, but did not consider it with different time bins. For all common
species except caribou (bison, elk, horse, muskox, mammoth and rhinoceros) 6'3C Yakutia <

Northeastern Europe, Northwestern Europe & North Slope Alaska < Jura < Alberta (Fig D.1).
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Figure D.1. Box and whisker plots showing variation — by region — in 6'3C aggregated across
time bins for the most commonly analysed megafaunal herbivores for each region. Lilac =
Alberta, yellow = eastern Beringia, orange = North Slope, dark blue = Yakutia, light blue =
northeastern Europe, purple = Jura, pink = northwestern Europe. The diamond represents the
mean value, the line indicates the median value and boxes show the 25" and 75 percentiles.
Whiskers show the largest value that extends no further from the outside of the box than 1.5

times the distance between the 25" and 75 percentiles. Data outside the whiskers are outliers.
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Although ‘Region’, ‘Region:Species’, ‘Time:Region’ and ‘Region:Species:Time’ were all
considered informative parameters in the top 6'>N models as defined using AICc, consistent
regional patterns were difficult to observe (Fig. D.2). Only tentative patterns could be assigned.
In the majority of cases, 0'°N of Alberta < eastern Beringia < Yakutia, and in the majority of

cases northeastern Europe < Jura & northwestern Europe.
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Figure D.2. Box and whisker plots showing variability in 6'°N for each region during each time
bin. Lilac = Alberta, yellow = eastern Beringia, orange = North Slope, dark blue = Yakutia, light
blue = northeastern Europe, purple = Jura, pink = northwestern Europe. The diamond represents
the mean value, the line indicates the median value and boxes show the 25% and 75™ percentiles.
Whiskers show the largest value that extends no further from the outside of the box than 1.5

times the distance between the 25™ and 75 percentiles. Data outside the whiskers are outliers.

D.2. Discussion
A number of mechanisms could explain the regional differences in !3C. Systematic variations in

canopy cover could produce the observed distribution of 6'3C (Bonafini et al., 2013; Drucker et
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al., 2008). However, regions experienced differing levels of forest cover over time, and yet the
013C pattern generally held consistent (Binney et al., 2017). Altitude could play a role (Heaton,
1999; Kohn, 2011), particularly given the higher 6'3C of the Jura mountain region baseline,
though it would not explain the higher 6'3C of Alberta. An aridity gradient is not a parsimonious
explanation, as it should have affected both 6'°N and 6'*C (Amundson et al., 2003; Kohn, 2010),
but there is no clear pattern in 6'°N between regions. Differences in light levels between regions
at different latitudes are also unlikely to have played a role, as the 0'3C pattern does not
correspond to latitude differences. Temperature may have played a role in the low average 6'3C
in the Yakutia region. We conclude that the 6'3C pattern likely represents the interplay of several
factors. Notably, caribou do not appear to follow the typical pattern between regions, suggesting
an atypical response to changes between regions. This further complexity cautions against use of
a single species or region to draw conclusions about isotopic patterns across the mammoth

steppe.

A complex interplay of factors is likely involved in setting the 6'°N baseline of regions as well.
The mammoth steppe contained a variable mosaic of plant types across its span (Blinnikov et al.,
2011; Willerslev et al., 2014) and varied climatically within regions because of factors such as
distance from a melting glacier and the maturity of the underlying soil (Drucker, 2012; Drucker
et al., 2003, 2011; Stevens et al., 2008). More browse availability in some regions (e.g. Binney et
al., 2017) could lead its mixed-feeders to have lower 0'°N, though a corresponding decrease in
013C would be expected to result from feeding in a dense canopy (Bonafini et al., 2013; Drucker
et al., 2008). A lack of clear patterns in 6'°N could also result from shifts over time in a region’s

correspondence to the steppe or tundra model. Species responded to Pleistocene climatic changes



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

with individualistic migration patterns and adaptations (Baca et al., 2017). As such, the
considerable variability in the isotopic response of species to regional differences is perhaps

unsurprising.
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Appendix E. Temporal parameters
E.1. Results
‘Time” was not an informative parameter in the top linear model for 6'3C, and so the data was

not assessed.

‘Time’, ‘Time:Species’, ‘Time:Region’ and ‘Region:Time:Species’ were all informative
variables in top 6N models. The 6'°N of the post-LGM was lower than pre-LGM for virtually
all species and regions (Fig. E.1). Exceptions to this pattern occurred for three species in eastern
Beringia (horse, muskox and mammoth), for one species in North Slope Alaska (caribou) and
one species in Taymyr Peninsula (mammoth). There was no apparent pattern to the change in

0PN of a species or region during the LGM.
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Figure E.1. Box and whisker plots showing variability in §'°N for the most common regions
during each time bin for each species. Purple = pre-LGM, blue = LGM, light blue = post-LGM.
The diamond represents the mean value, the line indicates the median value and boxes show the
25th and 75th percentiles. Whiskers show the largest value that extends no further from the
outside of the box than 1.5 times the distance between the 25th and 75th percentiles. Data outside

the whiskers are outliers.

E.2. Discussion
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Some previous work has detected patterns in the 6!3C variation of a species or a region over
time, and related them to changes in pCO, and/or canopy cover (Noe-Nygaard et al., 2005;
Raghavan et al., 2014; Richards and Hedges, 2003). We found no evidence for patterns in §'3C
over time that encompass most regions or species. This suggests that changes in 6'3C do not
reflect a global phenomenon, such as changed pCO,. Instead, they may reflect species’ dietary
shifts in response to changing conditions (e.g. after the extinction of the cave bear, the Iberian
elk 6'3C shifts into the previously occupied niche; Garcia-Vazquez et al., 2018), or changes in
the forest extent and structure and thus the level of canopy cover (e.g. Binney et al., 2017; Strong

and Hills, 2005; Willerslev et al., 2014).

Previous work on the changing 6'°N baseline of regions over time commonly focuses on narrow
time windows and small regions. Using this approach, low 6!°N post-LGM was found to
correspond to immature soils derived from a recently melted glacier (Drucker, 2012; Drucker et
al., 2010, 2011; Stevens et al., 2008). This may also have played a role in the low post-LGM
0N that characterizes Alberta, as new soil formation would have been initiated in the wake of
retreating glaciers. However, this can also be considered a global phenomenon relating to
increased moisture levels post-LGM (Rabanus-Wallace et al., 2017). While average 6'°N
changed over time, the magnitude or direction of change was not the same for all species or all
regions. For example, a larger dataset of Taymyr peninsula and Yakutia mammoth do not show a
decrease in 6"°N post-LGM in either region (Kuitems et al., 2019). This suggests that some
species responded to the changing climatic conditions by varying their diet or that ecological
shift varied between regions. There may be additional '°N baselines shifts between smaller

climatic events, as observed within the pre-LGM in Europe (Bocherens et al., 2014). Future
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studies of additional regions over narrow time windows would be useful in further testing of this

possibility.
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