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ABSTRACT

Large herbivores drive critical ecological processes, yet their long-term dynamics and
effects are poorly understood due to the limitations of existing paleoherbivore proxies. To
address these shortcomings, long-term records of paleoherbivores were constructed by (i)
applying new analytical techniques to existing bison fossil datasets; and (i1) examining fecal
steroid data that characterize temporal changes in ungulate abundance and community
composition. These paleoherbivore reconstructions were analyzed in relation to their
environmental contexts to better understand herbivore-ecosystem interactions through time in
three separate studies: First, spatiotemporal changes in postglacial bison distribution and
abundance in North America were examined by summarizing fossil bison observations. Bison
observations were compared with simulated climate variables in a distribution modeling
framework to project probable bison distributions in 1000-year intervals from the Last Glacial
Maximum to present in light of changing climatic drivers over time. Since the Bolling—Allerad
Interstadial (14.7-12.9 ka) the geographic distribution of bison is primarily explained by seasonal
temperature patterns. Second, Holocene records of bison abundance were compared to paleofire
reconstructions spanning the midcontinental moisture gradient to determine the relative
dominance of herbivores and fire as biomass consumers. Bison dominated biomass consumption
in dry settings whereas fire dominated consumption in wetter environments. Historical
distributions of herbivory and burning resemble those of Sub-Saharan Africa, suggesting a
degree of generality in the feedbacks and interactions that regulate long-term consumer
dynamics. Third, the utility of fecal steroids in lake sediments for reconstructing past herbivore
abundance and identity was tested by (i) characterizing the fecal steroid signatures of key North
American ungulates, (ii) comparing these signatures with multiproxy data preserved in lake
sediments from the Yellowstone Northern Range, and (iii) comparing influxes of fecal steroids
over time to historical records of ungulate biomass and use. Bison and/or elk were abundant at
Buffalo Ford Lake over the past c. 2300 years. Ungulate densities in the watershed were highest
in the early 20" century and likely contributed to decreases in forage taxa and possibly increased
lake production. These results demonstrate long-term ecological impacts of herbivores and
highlight opportunities for continued development of paleoherbivore proxies.
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CHAPTER ONE

INTRODUCTION TO DISSERTATION

The Ecological Significance of Large Herbivores

My dissertation was motivated by a desire to improve scientific understanding of
herbivore ecology. Large herbivores influence plant trait evolution (Charles-Dominique et al.,
2016), the relative dominance of vegetation (Staver et al., 2021), and fuel loads and fire patterns
(Rouet-Leduc et al., 2021), and thereby play a role in governing vegetation structure,
composition, and the distribution of biomes globally. In contrast to vegetation and fire
paleoecology, methods for characterizing spatial and temporal variability in paleoherbivore
populations and communities are poorly developed. The lack of reliable methods and datasets
has left herbivores somewhat overlooked in paleoecological reconstructions and limited our
ability to evaluate hypotheses involving their ecological impacts.

For example, the hypothesis that herbivores determine vegetation patterns across large
portions of Earth’s terrestrial surface (Bond, 2005; Hairston et al., 1960) is difficult to test
because even the longest long-term observational scientific records of relevant variables (e.g.,
vegetation structure, herbivore populations and community composition, and fire activity) are
short relative to timescales at which plant communities develop and turn over. Observations from
the paleo record have produced some insights into this question. Paleorecords show that Late
Quaternary megafaunal extinctions were associated with increased fire activity and rapid

transformation of plant communities (Gill et al., 2009; Karp et al., 2021; O’Keefe et al., 2023;
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Perrotti et al., 2022). However, the proxies used by these studies to infer paleoherbivore impacts
have serious limitations that prevent further insights.

Herbivore effects are contingent upon foraging strategy (Holdo et al., 2009a; Rouet-
Leduc et al., 2021), which is related to body size, digestive plan, diet quality, and metabolism
(Clauss et al., 2013). Yet, common palynological proxies for herbivores (e.g., dung fungal
spores) do not provide information about the relative dominance or composition of herbivore
communities. Development of proxies that can provide highly resolved records of herbivore
identity and impacts will greatly improve understanding of paleoherbivore ecology. Given the
limitations of existing methods, it is necessary to develop new datasets and analytical techniques
for paleoherbivores. Chapters 2-4 of this dissertation represent my efforts to integrate new
paleoherbivore data and methods with new and/or previously published environmental data to
address unanswered questions:

What are the long-term drivers of bison distribution and abundance in late Quaternary
North America? (Chapter 2)

How did consumer dominance and prevalence respond to spatial and temporal moisture
gradients in Holocene North America? And how do past and present consumer dominance
patterns in North America compare to less altered consumer regimes in modern Sub-Saharan
Africa? (Chapter 3)

Are fecal steroids in lake sediments reliable indicators of past herbivore abundance and

community composition? (Chapter 4)
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Paleoherbivore Proxies

Herbivore community composition and abundance are known to influence vegetation
composition and other important ecosystem properties, yet evaluations of the impacts of large
herbivores in the past have been largely based upon methods that cannot reliably characterize

community composition and abundance (Table 1.1).

Palynological indicators

Palynological indicators are among the most frequently used proxies for past herbivore
presence in continuous sediment records (Baker et al., 2013). Coprophilous fungal spores are
especially popular because they primarily originate from dung and are easily quantified using
pollen analysis protocols. Yet taxonomic investigation has shown that ‘coprophilous fungal
spores’ is a misnomer, as many of these spores, including widely-used Sporormiella-type spores,
are also produced by fungi with affinity for alternative, non-dung substrates (Kruys and Wedin,
2009). Therefore, it is often impossible to ascertain whether a given spore originated from dung
of a large herbivore or if it grew from soil or decaying vegetation. Even if it is assumed that most
coprophilous fungal spores originate from dung, they still cannot provide information about
source-animal identity. Furthermore, absence of coprophilous fungal spores cannot be interpreted
as absence of large herbivores because of complications arising from dung fungus ecology
(Perrotti and van Asperen, 2019). Even when dung fungi occur locally in association with large
herbivores, lake sediment records still may not yield spores due to dispersal or preservation

issues (Ulrich, 2020; van Asperen et al., 2020).



Table 1.1. Summary of proxies for past herbivore abundance and identity.

4

Proxy Description Example Identity? Abundance?
Coprophilous | Sporormiella spores
fungal spores | in Galapagos Maybe
Palynological i?iir(())tshceor . sediments reflects (low sensitivity
. pic tortoise extirpation No at low
indicators .. )
indicators of | and livestock herbivore
herbivores or introduction (Bush et densities)
herbivory al., 2022).
Late Holocene bison
fossils at Big Bone Yes
{a)rrliers‘filvle)gne Lick, KY demonstrate
Fossils local adaptation of Yes (depends on
apd other bison to eastern context and
tissues forests (Widga, scale)
20006).
Genetic analysis of
DNA from | Beringianbison Yes
reserved identifies millennial-
aDNA If)ossil scale population Yes ‘(large
: trends and timing of spatiotemporal
Specimens bison decline scales)
(Shapiro et al., 2004).
DNA metabarcoding
of alpine lake
Fossil DNA in | sediments shows (1\/;:1};32_
sedaDNA sedimentary presence of domestic Yes abrl)m dance
records herbivore species and with replicates)
vegetation (Giguet- p
Covex et al., 2014).
Bile acids in
Fossil Greenland lake
sediments correspond
Molecular molecules .
. . to Norse and Danish Yes Yes
biomarkers from organic settlements
tissues

(Guillemot et al.,
2015).




Fossils

Fossils including bones and preserved soft tissues provide strong evidence of animal
presence and identity. Unlike lake sediments and tree rings which typically provide continuous
records, fossil bone deposits usually capture a single event or a sequence of discrete events.
However, recent methodological developments in analysis of radiocarbon dates now allow fossil
assemblages to be analyzed for continuous population trends when fossil observations are
aggregated at large spatial scales (e.g., Chaput and Gajewski 2016) or when unique local
conditions produce especially rich fossil deposits (e.g., O’Keefe et al 2023). Chapters 2 and 3
feature analyses of new fossil bison occurrence datasets to understand how long-term changes in
bison abundance and geographic distribution are influenced by climate change at continental

(Chapter 2) and regional scales (Chapter 3).

aDNA

Ancient DNA (aDNA) refers to DNA isolated from fossil specimens. Due to the
degradation from abiotic and biotic processes, ancient remains usually contain only a small
fraction of an organism’s original DNA. However, even fragmented DNA can provide critical
information about ancestral relations (Karpinski et al., 2020), breeding population sizes and
trends (Shapiro et al., 2004), time since last common ancestor (Groenen, 2016), genetic diversity

(Campos et al., 2010), and pathogens (Rasmussen et al., 2015).

sedaDNA

Sedimentary ancient DNA (sedaDNA) enables detection of traces of ancient life from
DNA fragments preserved in sedimentary archives. Because all living organisms contain and

produce DNA, this approach can be applied to any branch of the tree of life, including large
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herbivores. A small packet of sediment can reveal the genetic composition of entire ecosystems
with high precision. In general, sedaDNA is limited to presence/absence determinations as it
does not provide good evidence for abundance changes. However, the number of positive
replicates for a given taxon may be used as a pseudo-abundance measure (e.g., Giguet-Covex et
al., 2019).

Absences are more difficult to interpret than presences because dispersal pathways and
degradation processes are not well understood. SedaDNA applications are limited by
preservations issues because DNA degrades rapidly in warm, moist, and/or high-UV conditions.
To date, successful studies have been focused on colder polar and alpine environments (Giguet-
Covex et al., 2019; Pedersen et al., 2013). However, a recent study of Hall’s Cave in Texas
demonstrates that DNA can be well-preserved in and recovered from temperate settings as well
(Seersholm et al., 2020).

SedaDNA is highly susceptible to contamination and thus requires specialized
equipment, facilities, and procedures. Additionally, genomic analysis for source identification is
computationally intensive. Correct source identification is limited by the quality and
completeness of reference databases. Misidentifications are common but relatively easy to detect

if analysts possess prior knowledge about likely inhabitants.

Molecular Biomarkers

In paleoenvironmental contexts, molecular biomarkers refer to thermodynamically stable
molecules that originate from organism tissues and thus provide some information about the
conditions under which the molecules formed (Eglinton and Eglinton, 2008; Gaines et al., 2008).

The most widely used molecular biomarkers for herbivores are 5-beta stanols and bile acids, both
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of which are fecal steroids that are synthesized and modified in the digestive tracts of higher
animals. Because molecular biomarkers are found in lake sediments, they can produce
continuous records and be compared directly to other paleoenvironmental proxies such as
charcoal and pollen.

Methods for fecal steroid analysis have been used in other studies to detect and
differentiate among animal and human sources of environmental pollution (Sanez et al., 2017;
Tyagi et al., 2008) and to identify and quantify animals in archaeological contexts (Prost et al.,
2017; Zocatelli et al., 2017). Recently, researchers have extended the use of fecal steroid
biomarkers to develop continuous reconstructions that quantify shifts in the abundance of
humans and/or herbivores over time (Argiriadis et al., 2018; Guillemot et al., 2015; McWethy et
al., 2020). In Chapter 4 I build upon recent advances in fecal steroid analysis (Harrault et al.,
2019) to differentiate wild ungulates of the Greater Yellowstone Ecosystem based on their fecal

steroid profiles and characterize changes in relative herbivore dominance through time.

Bison: North America’s Dominant Herbivore

Bison (Bison) first arrived in North America via the Bering Land Bridge during the
Penultimate Glacial Period between ~195-135 thousand years ago (Froese et al., 2017). Until the
late Pleistocene extinctions ~14-11 thousand years ago, bison were one large herbivore among
many others including mammoths, mastodons, equids, and giant ground sloths. The decline of
other North American megafauna was an opportunity for bison, which became more abundant
and more widespread into the Holocene. Over the past 12 thousand years, bison were the

dominant herbivore throughout North America.
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The near extermination of bison in the 19™ century and their subsequent replacement by
cattle is one of the most dramatic cases of biological turnover ever witnessed by humans. This
continent-scale event permanently altered the course of natural and human history, but the
ecological consequences have hardly been explored. As the largest native land animal on the
continent, and once one of the most numerous, bison undoubtedly had substantial impacts on
biomass turnover, vegetation structure, and nutrient cycling.

Bison are widely recognized by scientists and the public as ecologically influential
creatures. Their keystone status refers to their critical role in determining community structure
via trophic interactions (Knapp et al., 1999). As the term implies, removal of the ‘keystone’ is
likely to result in significant changes in community composition and other ecosystem attributes
(Paine, 1969). By virtue of their sheer size and historical abundance, North American bison have
long served a keystone function in trophic dynamics and community structures of ecosystems.
Their importance to Great Plains ecosystems has been outlined in many studies (e.g., Anderson,

2006; Knapp et al., 1999; Ratajczak et al., 2022).

Wallowing, Trailing, and Rubbing

In addition to consuming large quantities of forage (a trophic interaction), bison
physically modify materials through non-consumptive behaviors such as wallowing, trailing, and
rubbing. Wallows are patches of bare soil that are created and maintained by pawing and rolling.
Wallows contribute to heterogeneous prairie patch dynamics. Disturbance-adapted plant species
(e.g., Ambrosia psilostachya, Coreopsis tinctoria, and Hordeum pusillum) that would otherwise
be outcompeted by grassland dominants are able to persist in wallows (Polley and Wallace,

1986). Compacted soil in wallows also hold open pools of rainwater that host ephemeral wetland
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species, akin to a vernal pool. Wallowing increases arthropod community diversity (Nickell et
al., 2018) and amphibians have been observed breeding in old wallows (Busby and Brecheisen,
1997)

Bison trailing is also an important ecological process that alters the physical state of
abiotic materials. Trail formation reduces the amount of energy that bison and other animals
expend to traverse landscapes. Trails facilitate propagule dispersal and create habitat for
disturbance-adapted species. Late Holocene bison trails were so impactful that many remain
visible today. Some of these extensive and visually striking trails were originally interpreted by
geologists as joints and faults or glacial disintegration trenches (Clayton, 1975).

Bison horning and rubbing impacts on vegetation structure have also been observed. At a
tallgrass prairie site in Oklahoma, Coppedge and Shaw (1997) found that bison killed or severely
damaged 4% of woody plants within the study area. Over the 2-year study period, bison killed or
severely damaged 17% of willow saplings and shrubs. Evidence from Lamar Valley in
Yellowstone National Park suggests that horning and rubbing damage from the resident bison
population contributes to tree decline in stands of aspen, cottonwood, and lodgepole pine

(Beschta et al., 2020).

Changes in Biotic Interactions

Large herbivores such as bison can influence the outcome of plant competition via effects
of herbivory, trampling, and nutrient removal/delivery. Herbivores promote plant diversity by
removing foliage of dominant plants and promoting increased light penetration (Eskelinen et al.,
2022). At the Konza Prairie Biological Station in the Flint Kills of Kansas, bison grazing has

progressively reduced grass cover and increased native species richness relative to no-grazing



10
and domestic cattle treatments (Ratajczak et al., 2022). Under high herbivore pressure,
vegetation communities often begin to resemble lawns dominated by low-stature, grazing-

adapted plants.

Nutrient Cycling and Biomass Turnover

As the largest and one of the most numerous herbivores in Holocene North America,
bison had substantial impacts on biomass turnover and nutrient cycling. High gut capacities, long
digestive tracts, and large ranges allow large herbivores to disperse organic matter and nutrients
across greater distances than their smaller-bodied counterparts. Large herbivores thus counteract
nutrient entropy by redistributing P and other nutrients from river basins to uplands (Wolf et al.,
2013).

Grazing lawns are patches of locally stable, short, grazing-adapted vegetation that are
created and maintained by concentrated herbivore use. Continuous herbivory keeps vegetation in
a state of constant regrowth, which is maintained by an influx of nutrients from animal dung and
urine (Cromsigt and OIff, 2008). In these heavily grazed systems, plants adapted to grazing
pressure benefit from nutrient delivery and release from competition, while herbivores consume
high-quality regrowth (Agrawal, 2000). Bison regularly demonstrate a preference for prairie dog
towns with closely cropped vegetation and low standing biomass (Coppock et al., 1983; Whicker
and Detling, 1988). Similarly, by consuming large quantities of fresh growth during spring
green-up, bison effectively maintain their own ‘green wave’ of high quality forage (Geremia et

al., 2019).
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Fire and Fuel Interactions

Grazing, browsing, and trampling by large herbivores can reduce fire activity via reduced
fuel continuity (Archibald et al., 2005; Rouet-Leduc et al., 2021) and fuel loads (Bruegger et al.,
2016; Rouet-Leduc et al., 2021). The low palatability of fire-adapted plants may limit large
herbivore influence over fire patterns in more pyrogenic systems (Archibald et al., 2019;
Hempson et al., 2019). Although dietary preferences of herbivores vary with body size, digestive
system, and oral/dental morphology, large herbivores, including bison, tend to prefer post-burn
vegetation because it is easier to physically access and has higher nutritional value than unburned
forage (Augustine et al., 2010; Fuhlendorf and Engle, 2004; Hobbs et al., 1991; Knapp et al.,
1999; Vermeire et al., 2004). This preference produces pyric herbivory, wherein herbivores
select recently burned areas, leading to temporarily reduced fuel loads. Positive and negative
feedbacks associated with fire-driven grazing promote landscape heterogeneity across multiple

spatial and temporal scales (Allred et al., 2011).

Overview

Each chapter of my dissertation investigates Quaternary paleoherbivore ecology in North
America at different spatial and temporal scales (Fig. 1.1). Figure 1.1 provides a visual overview
of the structure of my dissertation. As North America’s dominant herbivore, bison feature
prominently throughout.

Chapter 2 explores how bison distribution and abundance responded to changing climate
conditions from the Last Glacial Maximum (20k cal yr BP) to present. As their environments
changed during this period, bison underwent remarkable physiological, behavioral, and

ecological transformations. As the climate warmed and the Laurentide and Cordilleran ice sheets
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receded, bison body mass and horn spans shrunk, and they become more numerous and more
widely distributed. As all larger megaherbivores succumbed to extinction at the Pleistocene-
Holocene transition, bison thrived and spread throughout North America.

Chapter 3 explores patterns of biomass consumption by herbivores and fire in Holocene
midcontinent North America. Throughout the Holocene the relative dominance of bison and fire
shifted along spatial and temporal moisture gradients, with herbivores consuming a greater share
of plant biomass in drier regions with more open vegetation, while fire dominated biomass
consumption in wetter, more closed environments. Today, domestic livestock is responsible for
the vast majority of biomass consumption in North America, and agricultural practices have
disrupted historic biomass consumption patterns. Fire and bison are now functionally absent
from many regions where they were once key ecological drivers.

Chapter 4 investigates the application of fecal steroid biomarkers to develop continuous
lake sediment records of dominant herbivore identity and local density. This is achieved by
characterizing fecal stanol signatures of bison, elk, moose, mule deer, and pronghorn and then
comparing these to the signatures of sediments from Buffalo Ford Lake in the Northern Range of
Yellowstone National Park. The fecal steroid signatures of the lake sediment resemble those of
elk and bison, indicating that one or both species were dominant during the past c. 2300 years.
Following the establishment of Yellowstone National Park in 1872, predator suppression and
hunting bans led to explosive elk population growth in the early 20" century. High local elk use
is evidenced by high fecal steroid influxes and resulted in significant environmental impacts in
the Buffalo Ford Lake area, including declines in forage species dominance and increased lake

production.
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Structure and Attribution of Contents

In addition to this introduction (Chapter 1) and a conclusion (Chapter 5), this dissertation

is composed of three stand-alone articles, with contributions from co-authors:
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Chapter 2 — “Large-scale climatic drivers of bison distribution and abundance in North
America since the Last Glacial Maximum” was published in Quaternary Science Reviews
(Wendt et al., 2022).
o Author contributions
= J.A.F. Wendt (me): Conceptualization, data curation, formal analysis,
funding acquisition, investigation, methodology, software, visualization,
writing — original draft, and writing — review & editing.
= D.B. McWethy: Conceptualization, funding acquisition, project
administration, supervision, writing — original draft, and writing — review
& editing.
= C. Widga: Conceptualization, data curation, and writing — review &
editing.
= B.N. Shuman: Conceptualization and writing — review & editing.
o Funding
= NSF grant BCS-1832486 awarded to D.B. McWethy.
= Joint Fire Science Program grant 19-1-01-30 awarded to me and D.B
McWethy.
Chapter 3 — “Past and present biomass consumption by herbivores and fire across
productivity gradients in North America” was published in Environmental Research
Letters (Wendt et al., 2023).

o Author contributions
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McWethy.

e Chapter 4 — “Molecular biomarkers reveal unprecedented 20™ century herbivore densities

and impacts in the Northern Range of Yellowstone National Park” is in preparation for

submission to Ecology Letters.
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methodology, writing — original draft, and writing — review and editing.
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writing — review and editing.
= D. Battistel: Methodology, project administration, supervision, and writing
—review and editing.
= D.B. McWethy: Conceptualization, supervision, funding acquisition,
writing — original draft, and writing — review and editing.
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CHAPTER TWO

LARGE-SCALE CLIMATIC DRIVERS OF BISON DISTRIBUTION AND ABUNDANCE IN

NORTH AMERICA SINCE THE LAST GLACIAL MAXIMUM

Abstract

As the dominant large herbivore in midcontinent North America since the terminal
Pleistocene, bison (Bison spp.) have been a fundamental component of ecosystems and
economies. Despite the importance of bison in late Quaternary North America, large-scale
(regional to continental) patterns of bison biogeography are not well understood. Here we
integrate archaeological and paleontological bison occurrence data with simulated climate data to
better understand long-term drivers of bison distribution and abundance in North America. We
used these records to model bison distribution and abundance over the past 20 thousand years at
1-thousand-year intervals. Our results show that late Quaternary changes in the distribution and
abundance of bison were influenced by large-scale trends in temperature and precipitation. The
distribution of bison since the Bolling—Allerad Interstadial (ca. 14 ka) is primarily explained by
seasonal temperature patterns (mean temperature of the coldest quarter is the most important
variable for 12 of 14 1-thousand-year intervals). The modeled climate of bison distributions
progressively narrowed since the Last Glacial Maximum (ca. 20 ka) as bison populations
retracted from disjunct Pleistocene refugia and congregated in midcontinent rangelands. Through
the Pleistocene-Holocene transition, bison experienced rapidly warming summer temperatures
that increased faster in midcontinent North America than other regions and the continent as a

whole. Model results suggest that Holocene bison abundance was influenced by hydroclimatic
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shifts that affected the quality and availability of forage. Bison abundances decreased through the
dry early and mid-Holocene and increased when moisture availability improved in the late
Holocene. We infer that bison have thrived under a broad range of environmental conditions
since the Last Glacial Maximum and that the climatic and biogeographic space occupied by

bison narrowed in recent millennia.

Introduction

As the largest survivors of the late Pleistocene extinctions in North America (NA), bison
(Bison spp.) have demonstrated remarkable capacity to persist and thrive despite periods of rapid
and severe climatic changes and pressures from shifting predator guilds. From the Pleistocene-
Holocene transition to the introduction of Old World livestock ca. 500 years ago, bison were the
dominant herbivores throughout mid-latitude NA with population estimates ranging from 30-60
million individuals (Flores, 1991; McHugh, 1979; Seton, 1929; Shaw, 1995). Prior to their near
extinction in the early 20" century, the geographic range and density of bison were on par with
the world’s largest ungulate populations. Despite the historical significance of bison for the
evolution of North American ecosystems and Indigenous cultures, there has been little research
that examines long-term changes in the distribution and abundance of bison across the continent
and the underlying drivers. Additionally, our understanding of large herbivore responses to
changing climatic and environmental conditions during the Late Pleistocene and Holocene is
limited (Meltzer, 2020).

Previous research examining trends in bison distribution and abundance and the drivers
of these trends is mostly restricted to individual sites or subregional studies and/or shorter

decadal to millennial time scales (e.g., Byers and Smith, 2007; Cooper, 2008; Lohse et al., 2014;
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Lupo and Schmitt, 1997; Lyman, 2004; Martin et al., 2017; Scott, 2010; Shapiro et al., 2004). As
recent efforts to reintroduce large bison herds in NA accelerate (Martin et al., 2021; Pejchar et
al., 2021; Sanderson et al., 2008; Shamon et al., 2022; Steenweg et al., 2016; Torbit and LaRose,
2001; Wilkins et al., 2019), and concerns over the fate of large herbivores increase across the
globe, there is a critical need to evaluate bison responses to changing climate. Here we set out to:
1) document changes in the distribution and abundance of North American bison populations
since the Last Glacial Maximum (LGM) using archaeological and paleontological datasets of
bison occurrences, 2) identify the primary controls on bison distribution and abundance by
evaluating changes in these phenomena in relation to modeled and empirical climate data, 3) use
a distribution modeling framework to characterize bison responses to shifting environmental
gradients during the late Quaternary, and 4) discuss results in the context of current efforts to

conserve and restore bison across NA.

Coevolution of North American Herbivores and
Grasslands and Controls on Large-Herbivore Populations

While recent work has advanced our understanding of climate controls on herbivores in
contemporary ecosystems (Pachzelt et al., 2015; Payne and Bro-Jergensen, 2016; Veldhuis et al.,
2019), the short duration of the observational record limits our understanding of how herbivores
respond to climate change on longer, millennial time scales. In a multi-proxy synthesis of
paleoecological records, Stromberg (2011) reports that the first grassy ecosystems in NA
appeared in the late Oligocene and early Miocene, followed by the evolution of grassland-
adapted fauna in the early to middle Miocene. Open, grass-dominated ecosystems continued to
expand through the middle to late Miocene (Janis et al., 2002). The progressive development and

evolution of grassland ecosystems was likely driven by long-term regional aridification
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(Stromberg, 2011). The importance of moisture availability for grassland expansion and
persistence is supported by observations of modern grasslands and savannas, where maximum
woody cover is primarily constrained by moisture availability, and further reduced by edaphic
controls and disturbance from fire, herbivores, and pathogens (Sankaran et al., 2005; Scholtz et
al., 2018). The Miocene proliferation of herbivores adapted to open habitats would have
introduced novel disturbance processes including the destruction of woody plant species by
proboscideans and other large ungulates (Morrison et al., 2016; Rivals et al., 2007) and altered
fire regimes (Davies et al., 2015; Donaldson et al., 2018; Starns et al., 2019). Large mammal
species richness peaked during the middle Miocene and subsequently declined (Jardine et al.,
2012). As taxonomic richness of large mammals decreased into the Pleistocene, the proportion of
taxa adapted to open habitats increased (Janis et al., 2002; Jardine et al., 2012). Concomitantly,
the median body mass of artiodactyl and perissodactyl species increased substantially through
the late Miocene (Huang et al., 2017). In short, aridification was a primary climatic factor of the
expansion of grasslands and subsequent herbivore populations that radiated to fill new open-
habitat niches. Bison successfully exploited these open landscapes after crossing the Bering Land

Bridge ca. 195-135 ka (Froese et al., 2017).

Climate-Driven Stress and Large Herbivore Adaptation

Climatic conditions impact large herbivores via multiple pathways. Because precipitation
and temperature govern primary production, and large herbivores have substantial forage and
water intake requirements, climate indirectly affects herbivore fitness, production (Coe et al.,

1976; Raynor et al., 2020) and diversity (Olff et al., 2002; Veldhuis et al., 2019). Climate also
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acts as a direct control on individuals and populations by influencing physiological functioning

and behavior.

Heat Stress Exposure to temperatures above or below an animal’s capacity to
thermoregulate can result in thermal stress and, under extreme conditions, mortality (Martin and
Barboza, 2020a). In general, large-bodied animals such as bison, are more susceptible to heat
stress than their smaller-bodied counterparts. Elevated ambient temperatures limit the capacity of
endotherms to dissipate heat, resulting in heat stress (Martin and Barboza, 2020a, 2020b;
Speakman and Kroél, 2010). Larger-bodied animals generally do not dissipate heat in warm
conditions as effectively as smaller animals because larger animals have greater volumes per unit
of surface area. To mitigate heat stress in the short-term, large herbivores may employ behavioral
and physiological strategies including wallowing (Marai and Haeeb, 2010), limiting activity to
cooler hours of the day, panting, sweating, seeking thermal cover (McCann et al., 2013), and
reducing forage intake (Spiers et al., 2004). Increased frequency of extreme temperatures over
millennial timescales can exert pressure on large herbivores to migrate, adapt, or decrease

populations in response to thermal stress.

Cold Stress Winter and early spring are the most physiologically stressful seasons for
large herbivores at mid- to high latitudes. Harsh conditions including cold temperatures, deep
snow, predator pressure, and a lack of high-energy forage coincides seasonally with high energy
demands from gestation and lactation. The convergence of these stressors exerts a strong
influence on mortality (Gaillard et al., 2000; Horne et al., 2019; Jackson et al., 2021; Singer et
al., 1997; Smith and Anderson, 1998). To sustain energy reserves through winter and early

spring, large herbivores consume quality forage during warmer months to build energy reserves
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(Bardsen and Tveraa, 2012), reduce movement when snow is deep and temperatures are low

(Sheppard et al., 2021), and allocate more time to resting and less time to foraging during winter

(Beumer et al., 2020).

Predicting Bison Response to Broad-Scale Climate Changes

Based on known physiological constraints and foraging behavior of bison and other large
herbivores, we hypothesize that, (H1) in open habitats, bison abundance will be positively
correlated with moisture availability that indirectly influences the abundance and availability of
grassland forage, and (H2) changes in the geographic distribution of bison will respond to long-

term changes in temperatures and associated hydrothermal stress.

Methods

Documenting Millennial-Scale Changes
in Bison Distribution and Abundance

Reconstructing long-term trends in bison abundance is limited by the quality and
availability of fossil occurrence records, which are temporally discontinuous and can be spatially
biased by the distribution of appropriate depositional settings, adequate preservation of
identifiable remains, and other taphonomic processes. The rich late Quaternary fossil record in
NA, however, provides a unique opportunity to investigate the relationships between climate
change, bison range dynamics, and demographic patterns. Past research has employed a variety
of metrics to quantify changes in the relative abundance of fossil taxa including the number of
identifiable specimens (NISP; e.g., Byers and Smith, 2007; Hill, 2007) and minimum number of
individuals (MNI) within an assemblage. In order to examine bison response to environmental

and climatic changes, we compared dated occurrences of bison in the fossil record with empirical
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and modeled paleoclimate data. Instead of relying on traditional abundance estimates from
skeletal element counts, we considered individual archaeological and paleontological sites
containing bison fossils as evidence for the presence of bison at a given time and place. We infer
that large-scale, spatiotemporal changes in bison abundance are reflected in changes in the
presence or absence of bison in fossil assemblages within a subregion. We acknowledge the
coarse spatiotemporal resolution of the fossil record. Therefore, we evaluate changes in

abundance at millennial time scales (between adjacent 1000-year intervals).

Bison Site Dataset

We compiled a dataset of Bison spp. fossil occurrences in NA (Appendix A Sup. Table
2.1). Records of direct-dated bones and age-constrained stratigraphic units containing bison were
acquired from the Neotoma Paleoecology Database in December 2021 (Goring et al., 2015;
Williams et al., 2018). This dataset was supplemented with records accessed from the Canadian
Archaeological Radiocarbon Database (CARD; Martindale et al., 2015) in January 2022 and
primary source publications. Using the criteria detailed below, only high-quality observations
were retained in our analysis. Observations were removed if they were identified as duplicates,
non-bison observations, imprecisely dated (radiocarbon date sigma > 250 years),
stratigraphically dated with overly-broad time periods (e.g., “Pleistocene”), dated outside of the
study period (youngest age > 20 ka), or dated with material known to be unreliable (e.g., apatite).
After removing low-quality observations, the dataset consisted of 2700 observations (Appendix
A Sup. Table 2.1; CARD: n=1828; Neotoma: n=731; primary sources: n=141).

Data processing and analysis were performed with R version 4.1.2 (R Core Team, 2022)

in RStudio (Posit team, 2023). Radiocarbon (*C) dates reported by original publications were
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calibrated to calendar years before present (cal yr BP) with the Intcal20 curve (Reimer et al.,
2020), using the rcarbon package (Bevan and Crema, 2018). Observations were grouped by
median calibrated ages into 20 equal 1000-year intervals spanning 20-0 ka. Observations with

dates spanning interval boundaries were classified as present in overlapping intervals.

Bison Abundance

The presence of bison at a dated fossil locality is a necessary precondition for a positive
determination from the fossil record. It is reasonable to expect that the abundance of living bison
at a given time will be related to the abundance of bison fossils that are subsequently discovered.
However, the fossil record does not perfectly represent bison populations in the past because
multiple post-depositional processes can influence the frequency of bison observations.
Processes contributing to information loss from the fossil record include site destruction from
weathering and erosion, poor preservation of fossil materials, gaps in the spatial and temporal
focus of research efforts, and taxonomic misidentification.

To correct for the influence of taphonomic bias (i.e., overrepresentation of younger
fossils), the frequency distribution of bison occurrences over time was adjusted with a
transformation function following the methods of Surovell et al. (2009). The transformed and
untransformed (raw) frequency distributions were then binned into 1000-year intervals, the mean
frequency within each interval was calculated, and it was determined whether means increased or
decreased relative to the prior interval (Fig. 2.1). Taphonomic bias will cause a time series of
untransformed frequencies to overestimate increases and underestimate decreases in occurrences,
whereas a taphonomic correction will adjust observation frequencies such that the probability of

site survival decreases over time (Surovell et al., 2009). Because the biases of the untransformed
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and transformed data are opposed, we interpret directional agreement in the raw and transformed
datasets as an indicator of an increase or decrease in bison abundance.

Spatial patterns of relative bison abundance through time were also examined. Time-
binned, spatially explicit data on bison occurrences were used to create gridded datasets
representing the count of bison sites within each 2.5° x 2.5° grid cell for each 1000-year interval
between 20-0 ka. Bison sites are defined as localities where bison remains have been positively
identified, documented, and dated. Bison site counts were used to derive a second series of
gridded datasets that indicate the directionality of change in the number of bison sites between a
given time interval and the preceding interval. The resulting raster datasets contained cell values
indicating either: 1) increased number of bison sites, 2) decreased number of bison sites, or 3) no
change relative to the preceding time interval. Continental-scale trends and spatial patterns in
bison abundance were visualized by mapping each gridded dataset at 1000-year intervals (Figs.
2.2 and 2.3). This approach indicates the directionality of changes in bison site abundance and
does not measure magnitude of change. It is assumed that times and places with high bison
populations yield more remains, and therefore, more sites. Conversely, declining populations
will yield fewer remains and sites as time progresses. This approach shows the directionality of
sub-regional population changes and quantifies the extent of range contractions and expansions.

Our spatial approach also reduces taphonomic bias by comparing the number of bison
sites within a given time interval directly to the preceding time interval, instead of relating the
number of older sites to a baseline of modern/recent sites that are far more likely to be preserved

and discovered (Surovell et al., 2009). This approach is not intended to identify population
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increases or decreases operating at finer spatiotemporal scales (e.g., population crashes following

a harsh winter, or disturbance event, etc.).

Modeling Bison Distribution with MaxEnt

Climate Data Climate data for the last 20,000 years were derived from the Transient
Climate Evolution (TraCE-21ka) simulation dataset, run with the Community Climate System
Model version 3 (CCSM3) from the US National Center for Atmospheric Research (NCAR).
Previous model-proxy comparisons have shown that TraCE-21ka adequately represents key
features of late Quaternary climate evolution (He et al., 2013; Liu et al., 2014; Lora et al., 2016;
Shakun et al., 2012). Absolute monthly minimum temperature, maximum temperature, and mean
precipitation were extracted from the TraCE-21ka climate simulation at 2.5° resolution for the
period 20,000-0 yr BP at 80-year intervals taken in 100-year steps with PaleoView software
(Fordham et al., 2017). The resulting gridded datasets were averaged to yield 1000-year means.
The monthly climate data were used to generate 17 bioclimatic variables that are commonly used
predictors in species distribution models (Hijmans et al., 2017). The bioclimatic data were then
resampled without interpolation to a 0.25° resolution to increase the number of background
points available for model validation. Climate data were masked with ice sheet extent layers
based on modeled data from Gowan et al. (2016).

To our knowledge, the TraCE-21ka is the most appropriate climate dataset for the spatial
and temporal scale of this study. This simulation has a unique combination of monthly temporal
resolution through the past 21,000 years, including abrupt change events such as the Younger
Dryas (YD), while also having sufficient spatial resolution to facilitate geographic comparisons

with North American bison sites. The TraCE-21ka simulations using the CCSM3 model,
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however, appear to underrepresent early to mid-Holocene aridity followed by a trend towards
wetter conditions across much of NA, outside the southwestern United States, indicated by
multiple empirical paleoclimate datasets (Liefert and Shuman, 2020; Shuman and Marsicek,
2016). This discrepancy between the TraCE-21ka simulation and empirical data is common to
most paleoclimate model simulations, including up-to-date models with more complete ocean
and sea-ice dynamics, atmospheric dust loading, and other relevant processes (e.g., Morrill et al.,

2019; Sun et al., 2019). We consider this bias in the discussion and interpretation of results.

Model Description Analysis of the climate drivers of bison distribution was performed

with MaxEnt, a software program that employs a machine-learning algorithm to estimate
relationships between environmental variables and species occurrences (Elith et al., 2011;
Phillips et al., 2016, 2006). MaxEnt uses spatially explicit environmental variables and species
occurrence data to predict habitat suitability, which is expressed as predicted probability of

occurrence on a scale of 0 to 1 (lowest to highest).

Variable Selection Initial models used to predict the distribution of bison data included

17 bioclimatic variables. Variable importance rankings were determined by counting how
frequently a variable was assigned a given importance ranking (based on percent contribution)
across all time intervals. When Pearson correlations between variables exceeded 0.8, the variable
with more high rankings across time intervals was retained and the variable with lower rankings
was dropped. The resulting 9 bioclimatic variables were selected for subsequent modeling and
analysis. Variables used in final model selection are: mean temperature of the coldest quarter,

temperature seasonality, mean temperature of the wettest quarter, mean temperature of the
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warmest quarter, precipitation of the coldest quarter, precipitation seasonality, precipitation of

the wettest quarter, precipitation of the warmest quarter, and precipitation of the driest month.

Model Evaluation To evaluate model performance, a random sample of 20% of bison

observations was withheld and the remaining 80% of observations were retained for model
training. 1000 background points were randomly selected from the climate data for cross-
validation of the trained model against the withheld observations. Model performance of each
MaxEnt run was evaluated with the area under the curve (AUC) statistic (Table 2.1). AUC is
derived by plotting sensitivity (the proportion of positives that are correctly identified) versus 1
minus specificity (the proportion of negatives that are correctly identified) and quantifying the
area under the curve. In other words, AUC is a measure of a model’s success in predicting
presences and absences. Models with an AUC of 1.0 perfectly differentiate between presences
and absences, whereas an AUC of 0.5 indicates that a model performs no better than random

chance.

Temporal Changes in Variable Importance The MaxEnt maximum entropy algorithm

quantifies the relative contribution of an environmental predictor variable with a ‘percent
contribution’ score. Percent contribution reflects how much a given variable improves
regularized gain (model fit relative to a uniform distribution). To understand how the relative
importance of variables changed over time, each predictor variable was assigned a rank
corresponding to its percent contribution score (1: highest contribution; 7: lowest contribution)
for each time interval. Changes in variable rank over time are interpreted as shifts in the

fundamental climatological drivers of bison distribution.
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Defining Bison Distribution The boundaries of the geographic distribution of bison were

defined by imposing a threshold to convert predicted probabilities to binary presence/absence
data (Fig. 2.4). The threshold is defined as the predicted probability value where model
sensitivity and model specificity are equal. As such, threshold values varied across time
intervals. Grid cells with predicted probabilities that exceeded the threshold were classified as
presences and cells with values below were classified as absences. To characterize climatic
conditions experienced by bison, changes in climate variables throughout the threshold-defined
ranges of bison were summarized by medians and 25% and 75% quantiles (interquartile range:
IQR). The distribution of climate variables throughout the ice-free landmass of North America
were similarly summarized. Climate within the model-defined bison distribution was contrasted
with the medians and IQRs of the continental North American climate (Fig. 2.5). Because IQRs
do not span the entire range of each independent variable, it is possible for the IQR of the
predicted bison distribution to fall entirely outside of the NA IQR.

Because bison distribution was modeled at the genus level, observations from late
Pleistocene and early Holocene intervals included specimens originally ascribed to multiple
bison taxa. In our analysis, we consider bison as part of a large, geographically variable meta-
population on the basis of genetic and morphological evidence (Heintzman et al., 2016; Martin et
al., 2018; Shapiro et al., 2004; Zver et al., 2021). While we do not attempt to define
subpopulations and characterize niche variability between them, our results may be useful for

identifying ecologically distinct subpopulations for future investigation.
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Results

Climate and Patterns of Bison Distribution and Abundance

Analysis of the bison fossil record shows that the spatial distribution and density of bison
populations have varied considerably since the LGM (Figs. 2.2 and 2.3). Millennial-scale
changes in the distribution and abundance of bison were linked to climatic and environmental
variability. During the LGM ca. 20-17 ka, the distribution of bison was widely scattered across
NA into regional clusters, suggesting subpopulations were isolated into disjunct glacial refugia
(Fig. 2.4). As post-glacial ecosystems developed, some regionally isolated subpopulations
migrated and/or became extinct. By the late Holocene, the distribution of bison was largely
spatially contiguous throughout the Great Plains and Intermountain West.

Based on the simulated climates of the last 20 ka, bison consistently inhabited places with
warmer winters, summers, and wet seasons relative to the overall climate of the ice-free North
American landmass. Within the climatic envelope where bison occurrences were most dense,
Holocene temperature was slightly less seasonal, and precipitation was slightly more seasonal
than the continent-wide climate. The geographic areas inhabited by bison experienced less
seasonal variation in precipitation during the Holocene relative to the late Pleistocene due to
declining winter precipitation and increasing summer precipitation during the Pleistocene-
Holocene transition.

The simulated climatic envelope occupied by bison progressively narrowed since the
LGM (Fig. 2.5). Interquartile ranges contracted for eight of the nine climate variables (mean
temperature of the coldest quarter, temperature seasonality, mean temperature of the wettest

quarter, mean temperature of the warmest quarter, precipitation of the coldest quarter,
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precipitation seasonality, precipitation of the wettest quarter, and precipitation of the warmest
quarter). For example, the bison distribution IQR for mean temperature of the coldest quarter
was 10°C (16-6°C) at 20-19 ka, but it narrowed to 6.5°C (14.25-7.75°C) by 1-0 ka. Similarly, the
precipitation of the coldest quarter IQR decreased from 8 cm (11-3 cm) to 2 cm (4-2 cm).

Variable importance for defining the distribution of bison varied over time. During the
Bolling—Allerod Interstadial (BA) ca. 14.7-12.9 ka, as the range of temperatures encountered
across NA increased, the distribution of bison shifted from primarily precipitation-limited to
primarily temperature-limited (Fig. 2.5). Precipitation seasonality was the most important
variable between 18-16 ka and mean temperature of the coldest quarter ranked first or second in
relative importance between 14-0 ka. The predicted distributions of bison largely correspond to
observed presences across all time intervals. The AUC evaluation metric suggests that the model
achieved good differentiation (AUC > 0.70) between bison presences and absences across all
time intervals, except 20-19 ka (AUC: 0.65), which only had 11 observations (Table 2.1). Model
performance improved with more recent time intervals, partially due to a greater number of more
recent bison observations and increasing spatial cohesion of bison sites over time.

During most thousand-year intervals, the distribution models show moderate predicted
probabilities in Beringia despite the presence of multiple bison sites in the region. This is related
to the strong influence of midcontinent bison sites on the model fit. As such, the models best
represent the potential range of bison originating from south of the continental ice sheets. This
result indicates that there are likely meaningful ecological differences between Beringian and
southern bison populations that may explain limited north-to-south dispersal (Heintzman et al.,

2016), a topic warranting further investigation.
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Table 2.1. Summary of area under the curve (AUC), threshold value (sensitivity = specificity),
count of observations used for model training, and count of background points for evaluation
across all time intervals modeled.

Interval (ka) AUC Threshold Observations
(sensitivity = specificity)

20-19 0.65 0.63 11
19-18 0.81 0.47 18
18-17 0.76 0.55 20
17-16 0.76 0.61 24
16-15 0.79 0.57 23
15-14 0.74 0.58 27
14-13 0.73 0.56 58
13-12 0.84 0.54 85
12-11 0.79 0.65 70
11-10 0.80 0.54 73
10-9 0.82 0.59 55
9-8 0.86 0.57 64
8-7 0.87 0.54 78
7-6 0.87 0.54 69
6-5 0.86 0.54 78
5-4 0.91 0.39 93
4-3 0.88 0.47 160
3-2 0.89 0.55 208
2-1 0.88 0.62 360
1-0 0.87 0.63 722
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Figure. 2.1. Raw (top) and transformed (middle, via Surovell et al. method) frequency
distributions of bison observations in North America 20-0 ka. Signs indicate whether mean
frequencies increased (+) or decreased (-) relative to the prior 1000 year interval (top and

middle) and whether there is directional agreement between raw and corrected frequency
datasets (bottom).
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Figure. 2.2. Relative change in bison abundance based on raw bison site counts. The color of each 2.5° x 2.5° grid cell indicates
whether the number of bison sites (black dots) within the cell decreased (purple), did not change (light blue), or increased (green)
relative to the preceding 1000-year interval. Ice sheet extent shown in gray (Gowan et al., 2016). Signs indicate directionality of
agreement (positive: + or negative: -) between raw and corrected frequency datasets within each 1000-year interval.
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Figure. 2.3. Directionality of change in raw bison site counts (bars; left axis) and sums of site
counts (black line; right axis) over the past 20,000 years. Cell count change reflects whether the
number of bison sites within a given spatial grid cell (2.5° x 2.5°) increased (green), did not
change (gray), or decreased (purple) with respect to the prior 1000-year interval. Signs indicate
directionality of agreement (positive: + or negative: -) between raw and corrected frequency
datasets within each 1000-year interval.
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Last Glacial Maximum (LGM): 20.0-14.7 ka

LGM bison localities are few in number but broadly distributed throughout much of ice-
free NA. Precipitation seasonality best explains the 18-16 ka distribution of bison (percent
contribution: 33-50%). Simulated precipitation seasonality across the bison range during this
period exceeded the continental median and it ranks within the top three variables for the other
LGM intervals. Between 19-14 ka simulated precipitation of the driest month was 0 cm and
median precipitation of the warmest quarter ranged between 3-5 cm within the bison distribution.
During the LGM, bison site turnover patterns were relatively minor and localized (Fig. 2.2). The

absolute number of bison sites increased from 11 at 20-19 ka to 23 at 16-15 ka.

Bolling—Allerod Interstadial (BA): 14.7-12.9 ka

At 14 ka, mean temperature of the coldest quarter became the most important variable
and maintained first or second importance rank among variables until present (percent
contribution range: 17.0-66.5%). This shift in variable importance does not correspond to a
substantial change in simulated mean temperature of the coldest quarter within the bison
distribution. During the Bolling—Allered Interstadial bison expanded northward into the ice-free
corridor and additional bison observations appear in the southwestern United States and the
western Great Plains. A substantial increase in sites and range extent took place at 14-13 ka.
Predicted probabilities are highest in the southwestern United States, Idaho, and eastern
Montana. At 14-13 ka, simulated median precipitation of the coldest quarter dropped to 3 cm and

remained at or below this level to present.
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Younger Dryas (YD): 12.9-11.7 ka

While portions of the North American ice-free land mass experienced a reversion to
seasonally colder temperatures, simulated temperature changes within the reconstructed bison
distribution varied by season. The simulated median mean temperature of the warmest quarter
dropped from 33 °C to 31 °C, while the median mean temperature of the coldest quarter
remained unchanged at 7 °C. At 13-12 ka, the modeled bison distribution spanned from northern
Alberta to Mexico. Observations increased throughout a corridor that corresponds to the leeward

side of the Rocky Mountains from Alaska to the Gulf of Mexico.

Early Holocene (EH): 11.7-8.0 ka

During the early Holocene, the predicted bison distribution area grew despite declining
local abundances. Based on the TraCE-21ka simulation, early Holocene bison experienced warm
summers and dry winters throughout their range. During this period, bison occurrences increased
in west and central NA (Figs. 2.2 and 2.4). Increases primarily occurred within the Rocky
Mountains and Great Plains regions. Widespread decreases in bison sites occurred at 12-11 ka
and 10-9 ka, especially at the geographic perimeter of the bison distribution in southern, coastal,
and low-elevation regions. Many sites in California, Nevada, Arizona, New Mexico, Utah, and
Colorado cease recording bison presences during the early Holocene. A retraction of bison from
the southwest during the early Holocene is also evident in the distribution models which predict
the presence of bison in most of the southwest (excluding the Lower Colorado River Valley)

until 9-8 ka, when bison became absent from the contemporary Mojave and Sonoran Deserts.
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Mid-Holocene (MH): 8.0-4.0 ka

During the mid-Holocene, the predicted range of bison extended from northern British
Columbia and Alberta to southern Texas and from the southern California coast to lowa. This
large mid-Holocene bison range coincides with low site counts (69 sites at 7-6 ka). These records
suggest that continental population densities in the mid-Holocene were generally low relative to
other time periods. Precipitation of the driest month is the second ranking variable between 9-6
ka (percent contribution: 18-20%) and precipitation of the coldest quarter ranks second in
importance between 6-4 ka (percent contribution: 18-21%). Mid-Holocene bison distribution
patterns are dynamic in the southern plains. At 5-4 ka, individual observations and the modeled
bison distribution recede from Texas and significant portions of previously occupied areas of

New Mexico, Oklahoma, Kansas, and Missouri.

Late Holocene (LH): 4.0-0.0 ka

Raw numbers of bison occurrences increased in the late Holocene more than any other
period since the LGM. The number of bison sites rose dramatically from 160 to 722 between 4-0
ka (Table 2.1). Site increases between 4-1 ka likely reflect rising bison abundances, because the
increases are detected after controlling for taphonomic effects on occurrences (Fig. 2.1). The
predicted distribution area also reached its greatest extent at 4-3 ka (Appendix A Sup. Fig. 2.1).
The predicted distribution of bison became more confined as the late Holocene progressed, but
this change appears to be primarily driven by the increase of sites in the core of the distribution
rather than site losses at the margins. Simulated temperatures in areas inhabited by bison rose
throughout the late Holocene. The simulated median mean temperature of the coldest quarter in

the bison distribution steadily increased and reached Holocene highs of 10 °C at 1-0 ka.
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Discussion

Our analysis of archaeological and paleontological bison assemblages reveals dynamic
changes in bison distribution and abundance, and highlights linkages between these changes and
environmental variability. Results suggest that late Quaternary changes in the distribution and
abundance of bison were directly influenced by effects of large-scale climate and by biophysical
and environmental changes (e.g., ice sheet recession, biome shifts including the expansion and
contraction of grasslands, and changes in growing season length). Our results provide support for
our hypotheses that: (H1) bison abundance in open habitats is positively correlated with moisture
availability, and (H2) temperature changes and associated hydrothermal stress act as important

controls on bison distribution.

Key Intervals of Change for Bison Populations

Pleistocene-Holocene Transition From the LGM to the beginning of the Holocene, the

distribution of bison became increasingly widespread as populations dispersed from glacial
refugia and expanded onto deglaciated lands. The Pleistocene-Holocene transition was a period
of rapid climate change and dramatic ecological reorganization involving mass extinctions and
drastic geographic range shifts. Despite the critical role that bison played as the most abundant
large herbivore in NA since the LGM, changes in the abundance and distribution of bison and
underlying climatic and environmental drivers are not well understood. Prior analyses of
radiocarbon-dated bison fossils indicated that long-term bison abundance was relatively stable at
the continental scale (McDonald, 1981; Scott, 2010). However, spatial patterns of bison
occurrences reveal changes in abundance that reflect regional range shifts and extirpations. The

first widespread decline in bison abundance occurred during the first millennium of the Holocene
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(12-11 ka) when site losses are recorded throughout bison’s entire distribution. Bison site
turnover and regional distribution shifts indicate that bison were retreating from southern and
southwestern NA and shifting to higher latitudes, especially to Alberta, Montana, and Wyoming.
This elevated site turnover follows a genetic bottleneck observed ca. 15-13 ka (Heintzman et al.,
2016). Between 16 ka and 8 ka the mean latitude of bison site observations increased from 43.9
°N to 46.7 °N and the mean elevation increased from 772 m to 1049 m (Fig. 2.6). This shift to
higher latitudes and elevations coincides with the flattening of the latitudinal temperature
gradient, rising summer insolation, recession of the Cordilleran and Laurentide Ice Sheets, and
the expansion of grasslands across recently deglaciated landscapes (Grimm et al., 2011; Power et

al., 2011; Williams et al., 2004).
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Figure. 2.6. Elevation (top) and latitude (bottom) of bison observations (small dots) across 1000-
year intervals between 20-0 ka. Summarized by mean (large black dots) and standard deviation
(gray shading).
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Younger Dryas The long-term effects of Younger Dryas climate change on the

distribution and abundance of bison were minor relative to the consequences of warming and
drying trends that occurred through the Pleistocene-Holocene transition. Bison abundance
generally increased throughout NA ca. 13-12 ka (Fig. 2.1) and bison observations increased
substantially throughout portions of the western Great Plains and Rocky Mountains from Alaska
to Texas (Fig. 2.2). The most notable YD distribution losses occurred along the Pacific Coast of
northern California, Oregon, and Washington and in portions of the Intermountain West in
Arizona, Utah, and Idaho (Fig. 2.4, Appendix A Sup. Fig. 2.1). Bison do not appear to have
experienced a sustained, dramatic decline during the generally cooler YD. The median mean
summer temperature in the bison distribution decreased by 2 °C, but model results show cooling
temperatures explain only a small portion of changes in bison distribution at this time, suggesting
climatic changes associated with the YD do not appear to have driven widespread bison declines.
Paleobiologists have remarked that it is not especially surprising that “Ice Age” bison
survived a reversion to purportedly colder conditions during the YD (e.g., Fiedel and Haynes,
2004). However, paleoclimatic evidence suggests climatic conditions during the YD were
spatially variable (Fastovich et al., 2020; Meltzer and Holliday, 2010). For example, multi-proxy
temperature reconstructions reveal stable or warming temperature trends throughout the
southeast United States (Fastovich et al., 2020) and northward advection of the warm southerly
air masses combined with high summer insolation produced elevated summer temperatures in the
continental interior (Shuman et al., 2002). Additionally, results from multiple climate
simulations (including TraCE-21ka) show temperatures were warmer during the YD than the

preceding Belling-Allerad Interstadial in interior NA (Renssen, 2020). Our results provide little
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evidence that bison experienced stress from declining temperatures during the YD, possibly
because their geographic range was largely isolated from dramatic temperature drops that
affected other regions. These findings have important implications for understanding organism
response to current warming.

While bison persisted, other North American megafauna experienced extinctions between
14-11.5 ka (Broughton and Weitzel, 2018; Stewart et al., 2021; Widga et al., 2017). Indeed, in
the late Pleistocene, several important changes took place: 1) multiple abrupt climate changes of
different types impacted different portions of the continent (Fastovich et al., 2020; Meltzer and
Holliday, 2010), 2) many animal species went extinct (Meltzer, 2020), and 3) Clovis hunters
expanded across the continent which suggests changes in human use of ecosystems (Waters,
2019). The relationships among these changes are still unclear, but they mark a shift in the
ecological context in which bison persisted for the remainder of the Pleistocene and Holocene.
Consequently, the transient increase in bison abundance at this time (Fig. 2.1) could represent a
release of bison from competition with other large grazers (e.g., horses, camels, mammoths, etc.)

or a similar change in ecological dynamics after the extinction of other large herbviores.

Early and Mid-Holocene Through the early to mid-Holocene, bison experienced a series

of regional declines in abundance, especially at range margins, resulting in the consolidation of
bison presence toward the continental interior. The most substantial abundance declines took
place 12-11 ka, 10-9 ka, and 7-6 ka (Fig. 2.1). Following the YD, continental climatic conditions
were generally warm and dry (Fig. 2.5). Orbital changes that led to increasing summer insolation
and recession of the Laurentide Ice Sheet resulted in increasingly warm and arid conditions

throughout portions of the bison distribution as evidenced by dune and loess activity in the Great
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Plains (Forman et al., 2008; Halfen and Johnson, 2013; Miao et al., 2007), increasingly open
landscapes at grassland-forest ecotones in the Northern Rocky Mountains (Alt et al., 2018),
grassland expansion at the eastern prairie peninsula (Nelson et al., 2006), and the continued
recession of Great Basin pluvial lakes (Lyle et al., 2012; Reheis et al., 2014). Surface water was
relatively scarce throughout the northern Great Plains. Many lakes in the region were
significantly drawn down or completely desiccated (Donovan and Grimm, 2007; Filby et al.,
2002; Schweger and Hickman, 1989; Smith et al., 2002). The timing of drying events varied by
location (Liefert and Shuman, 2020), but by the mid-Holocene, bison had retracted from the
southern, eastern, and western margins of their range (Fig. 2.4) towards higher latitudes and
elevations (Fig. 2.6), which were presumably wetter and cooler. The number of sites recording
bison during this interval increases in Rocky Mountains and portions of the Great Plains and
decreases in southern and coastal NA. Early Holocene trends in bison skull morphology are
indicative of a transition from “hook-and-roll” to “clash-and-release” dominance behavior
(Widga, 2013). This behavioral shift possibly resulted from growing herd sizes and increasingly

hierarchical social dominance hierarchies (Widga, 2013).

Late Holocene Through the late Holocene, bison abundances increased but bison
distributions became more spatially confined to central NA. Over the course of the Holocene,
changes in local to regional bison observations correspond closely with the timing and
distribution of moisture availability. Rising lake levels coincide with increased bison
observations throughout the Great Plains and Intermountain West between 4-1 ka (Fig. 2.2;
Liefert and Shuman, 2020; Shuman and Serravezza, 2017). Bison abundances increase when

winter precipitation increases during the late Holocene ca. 2-1 ka (Fig. 2.5). A trend towards
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wetter conditions during the late Holocene would have resulted in reduced drought stress, more
forage production, and improved water availability. The southward distribution shift between 4-0
ka may indicate that bison expanded south as northern latitudes experienced greater snowfall and
drought eased in the south.

These results support the idea that late Holocene bison populations operated in a strong
source-sink dynamic whereby bison source populations existed in the Great Plains and
Intermountain West. We expect that hunting pressure would have exerted top-down pressure on
bison abundance where climate conditions and habitat were marginal for bison. Although bison
can persist in closed habitats, forest-dwelling populations were less numerous than those
inhabiting open grasslands. Isotope and dental wear analysis suggest that during the late
Holocene, forest-dwelling bison of the Ohio River Valley primarily consumed browse and
occupied valley bottoms year-round (Widga, 2006). These behaviors may point to predator-
avoidance strategies that have been observed in modern bison (Fortin et al., 2009; Widga, 2006).
During the late Holocene, increasing Indigenous populations likely caused increased hunting
pressure on bison, especially along the margins of the core bison distribution (Chaput et al.,

2015; Chaput and Gajewski, 2016).

Regional Bison Abundance and Distribution Patterns

Northward Migration into the Ice-Free Corridor Bison distributions were disjunct before

the opening of the ice-free corridor between the Laurentide and Cordilleran Ice Sheets. Bison
expanded northward into the ice-free corridor by approximately 13.5 ka. The recession of the
continental ice sheets and opening of the ice-free corridor facilitated the northward migration of

the southern bison and subsequent genetic admixture of the Beringian and southern populations
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(Heintzman et al., 2016). Phylogenetic evidence demonstrates that bison migrating into the ice-
free corridor primarily originated from south of the ice sheets, as there was little southward gene
flow from Beringian populations (Heintzman et al., 2016). In our study, distribution expansions
associated with ice sheet recession are contiguous with the midcontinent bison distribution. The
expanding midcontinent bison distribution reached its northern limit south of the Yukon. This
northern limit is corroborated by evidence from mitochondrial DNA (Heintzman et al., 2016).
Predicted probabilities of bison presence in the ice-free corridor are greatest between 13-12 ka,
which agrees with the timing of gene flow between midcontinent and Beringian populations and

inferred habitability of the corridor.

Bison Persistence in the Intermountain West The historical abundance and ecological role

of large herds of herbivores in the Intermountain West has been a topic of interest among
scientific and management communities for decades (Mack and Thompson, 1982; Perryman et
al., 2021). According to Mack and Thompson (1982), the historical scarcity of large herbivores,
and subsequent lack of evolutionary adaptation by grasses to grazing, has contributed to the
apparent fragility of Great Basin ecosystems to domestic grazing. The results presented here
demonstrate that while the late Quaternary distribution and abundance of bison did indeed
fluctuate in response to changes in temperature and precipitation, bison herds were never
completely absent from the Intermountain West during the last 20 thousand years. At millennial
timescales, the climate-predicted distribution of bison consistently included most of the
Intermountain West region. In agreement with previous studies, our results demonstrate that
since the LGM, climate conditions throughout most of the region were suitable for bison.

Declining bison observations in the Great Basin and southwestern United States between 14-8 ka
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correspond to a major shift in regional hydroclimate. During this period, an intensifying moisture
deficit, caused by rising summer insolation and northward migration of prevailing storm tracks,
resulted in the widespread recession of intermountain pluvial lakes (Adams and Rhodes, 2019;
Ibarra et al., 2014; Lyle et al., 2012; Reheis et al., 2014; Santi et al., 2019) and the expansion of
semi-arid vegetation throughout the Intermountain West (Mensing et al., 2004; Nowak et al.,
1994, 2017). Simultaneously, dominant open conifer woodland communities in southern New
Mexico, Arizona, Nevada, and California were replaced by desert taxa (Thompson and
Anderson, 2000). Bison became largely absent from much of the current extent of southwestern
deserts by 8 ka, but they persisted in portions of the Great Basin and Colorado Plateau (Martin et
al., 2017), and archaeological evidence points to bison reestablishment in the modern
Chihuahuan Desert of northern Mexico and southern Texas, New Mexico, and Arizona ca. 2-0
ka (List et al., 2007).

Multiple sites record bison presences during periods when low abundances or absences
have been previously inferred for the Great Basin. In fact, late Pleistocene bison site densities
and predicted probabilities for the Great Basin are comparable to those of the Great Plains. The
fossil record demonstrates that bison herds persisted during the late Quaternary throughout
portions of the Great Basin (Grayson, 2006), Columbia Plateau (Chatters et al., 1995; Lyman,
2004; Lyman and Livingston, 1983), and Snake River Plain (Plew and Sundell, 2000). Grayson
(2006) explored the distribution and abundance of bison in the Great Basin with a finer temporal
resolution than our study and found that bison were most abundant in the northern and eastern
portions of the Great Basin during the late Holocene. Similarly, several studies have

demonstrated low artiodactyl abundances at Great Basin sites during the early and mid-Holocene
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and increasing abundances beginning approximately 4 ka (Byers and Broughton, 2004; Durrant,
1970; Schmitt and Madsen, 2005). In a survey of dated bison specimens in eastern Washington,
Lyman (2004) suggested that bison may have been completely extirpated from the region around
8 ka and scarce between 6-2.5 ka. However, extirpation seems unlikely since several bison
fossils in eastern Washington date to this period. Additionally, in a review of the archaeological
record of the Snake River Plain, Plew and Sundell (2000) demonstrated that bison herds were
present and utilized by hunters throughout the Holocene. This evidence runs counter to claims
that the Intermountain West historically lacked herds of large herbivores (e.g., Mack and

Thompson, 1982).

Bison in Midcontinent North America Increasing bison observations and range

expansions in central United States and south-central Canada coincide with well-documented
eastward expansion of prairie assemblages at the grassland-forest ecotone beginning ca. 10 ka
(McAndrews, 1966; Nelson et al., 2006; Williams et al., 2009; Wright et al., 1963). The fossil
record documents the presence of resident bison herds that occupied habitats with varying
degrees of openness across the grassland-forest gradient (Hill et al., 2014; Widga, 2014). Rapidly
declining forest cover during the early Holocene is attributed to drying of the continental interior
and associated fire-vegetation feedbacks (Williams et al., 2009). The persistence of grasslands in
the prairie peninsula region after 6 ka, despite wetter conditions, highlights the role of
disturbances such as fire in maintaining grassland systems (Anderson, 2006). While horning and
rubbing can damage and kill a fraction of woody plants (Coppedge and Shaw, 1997), it is

unlikely that these behaviors alone can prevent forest expansion.
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A handful of additional records provide more detailed information on long-term local to
regional trends in herbivore abundance and impacts in the North American continental interior
(Fig. 2.7). Byers and Smith (2007) reconstructed Holocene trends in bison abundance from
archaeological surveys of Wyoming Basin oil and gas fields. They quantified changes in large
artiodactyl (bison and elk) fossil abundance in relation to the fossils of medium sized artiodactyls
(deer, sheep, and pronghorn). The abundance of large artiodactyls was found to be positively
correlated with moisture availability (Byers and Smith, 2007). Large artiodactyl abundance
throughout the Wyoming Basin began to rise ca. 7 ka and reached a maximum at ca. 0.5 ka.
Additionally, the Kettle Lake sedimentary record of Selaginella densa-type spores (a spikemoss)
has been hypothesized to represent the impacts of herbivore populations on local vegetation in
the paleoenvironmental record (Grimm et al., 2011). Today, Selaginella densa occurs throughout
much of the northern Great Plains. In modern livestock grazing systems within the region, S.
densa has responded positively to light grazing (Smoliak, 1965) and rotational grazing (Hubbard,
1951; Smoliak, 1960), but it can be reduced by high-intensity trampling (Coupland, 1950). A
step-wise increase in S. densa at Kettle Lake ca. 0.9 ka corresponds to the initiation of a warm,
dry episode (Shuman and Marsicek, 2016). Despite a return to cooler and wetter conditions
regionally by 0.35 ka (Shuman and Marsicek, 2016), S. densa remained elevated, suggesting
abundant bison (and other ungulates) may have facilitated the persistence of S. densa at Kettle
Lake in spite of changing climatic conditions. S. densa then rose dramatically with the
introduction of domestic livestock at 0.1 ka. The herbivore population changes shown by these
independent records corroborate the coarse scale temporal patterns in our bison abundance

dataset (Fig. 2.7).
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Figure. 2.7. Comparison of independent records of large herbivore abundance 5-0 ka. The
abundance of S. densa-type spores (top) is expressed as a percentage relative to the terrestrial
pollen sum of a given pollen subsample from Kettle Lake, ND (Grimm et al., 2011). The large
artiodactyl index (center) represents the abundance of large artiodactyl fossils (elk or bison size)
versus medium artiodactyls (deer, sheep, or pronghorn size) across archaeological surveys of
Wyoming Basin oil & gas fields (Byers and Smith, 2007). Frequency of dated strata with bison
fossils and directly dated fossils (bottom) from archaeological and paleontological studies
throughout North America with raw (black) and transformed frequencies (gray).
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Bison Adaptation: Evolution of the Bison Climate “Niche”

Since the Bolling—Allered Interstadial, the modeled long-term distribution of bison was
primarily controlled by the mean temperature of the coldest quarter (Fig. 2.5). The simulated
median mean temperature of the wettest quarter and mean temperature of the warmest quarter
within the bison distribution sharply diverged from the median continental temperatures ca. 18-
17 ka (Fig. 2.5). From this point onward, bison continuously experienced temperatures exceeding
the continental median. Hence, as temperatures rose, bison distributions shifted to higher
latitudes and elevations (Fig. 2.6). These trends suggest that thermal stress applied considerable
selective pressure, resulting in shifts in the distribution of late Quaternary bison populations.

Bison body mass has declined substantially since the LGM (Hill et al., 2008; Lyman,
2004; Martin et al., 2018). The most rapid body size loss occurred during the Pleistocene-
Holocene transition when body size dropped by 26% over 3000 years (Martin et al., 2018).
Researchers have debated the potential causes of this remarkable diminution. Proposed drivers
have included human predation, forage quality and availability, predator avoidance, and thermal
regulation. Together, sex, mean decadal temperature, and drought explain over 95% of decadal
variance in body size of bison at Wind Cave National Park, South Dakota (Martin and Barboza,
2020b). Additionally, bison body size was found to be negatively correlated with global
temperature anomalies derived from the GISP2 §'30 ice core record at millennial timescales
(Martin et al., 2018). The negative relationship between temperature and body size indicates that
long-term diminution may be an evolutionary response to selective pressure exerted by rising
temperatures throughout the late Pleistocene and early Holocene. The Heat Dissipation Limit
(HDL) theory posits that the maximum energy expenditure of endothermic animals is limited by

their ability to dissipate heat and avoid hyperthermia (Martin and Barboza, 2020a; Speakman and
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Kro6l, 2010). HDL theory thus predicts that when animals are limited by their capacity to
dissipate heat, large-bodied individuals will be disadvantaged relative to smaller individuals,
which possess a higher surface-to-volume ratio. Hence, warming temperatures, especially at the
Pleistocene-Holocene transition, may have selected for smaller-bodied bison. We note that rapid
bison diminution between 16-8 ka (Hill et al., 2008; Martin et al., 2018) coincides with the
highest simulated summer temperatures within the bison distribution (Fig. 2.5).

Millennial-scale changes in bison abundance and distribution were also strongly
influenced by hydroclimate dynamics. Elevated summer insolation drove pervasive drought
conditions in midcontinent North America during the early to mid-Holocene (Shuman and
Marsicek, 2016; Williams et al., 2010). The full severity of Holocene aridity in NA is not well
captured by most climate models, including both the CCSM3 TraCE-21ka simulations used here
(e.g., Befus et al., 2020) and updated generations of CMIP (Climate Model Intercomparison
Project) mid-Holocene simulations (e.g., Morrill et al., 2019). Despite this bias in climate model
output, patterns in bison occurrence frequencies (Figs. 2.1-2.3) parallel those in both time series
(Shuman and Marsicek, 2016) and maps of NA hydroclimate (Liefert and Shuman, 2020).
Between 12-6 ka, bison experienced multiple waves of abundance declines throughout much of
their geographic distribution as reconstructed continental aridity intensified (Figs. 2.1-2.3).
Subsequently, increasing moisture availability throughout midcontinent North America after 5 ka
coincided with rising bison abundances throughout in the Great Plains and Intermountain West
(Fig. 2.2). The observed relationship between hydroclimatic conditions favorable for increased
abundance and availability of forage and growing bison populations aligns with archeological

records that show an increased investment into the pursuit and procurement of bison and trade of
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bison products by Indigenous populations in the late Holocene (Cooper, 2008; Roos et al., 2018;
Zedefio et al., 2014). Sizable bison populations persisted until intensive harvest of bison in the
19 century led to steep declines. Historical documents describe vast herds throughout the
continental interior in the 18™ and 19" centuries. Scholarly estimates place Great Plains bison at
ca. 30 million animals during this period (Flores, 1991; Isenberg, 2001; Lott and Greene, 2002).

From our distribution maps, modeled climate envelopes, and prior knowledge of past
regional biome shifts, we conclude that bison populations persisted throughout a broad
geographic range of NA since the LGM, and that the highest bison abundances were found in
open temperate rangelands. Although historical distributions of biomes throughout most of
western North America are poorly constrained, bison distribution shifts correspond to
documented expansions and contractions of grassland and shrubland biomes, including, for
example, the northward expansion of open rangelands into the previously glaciated ice-free
corridor at 13-12 ka (bison range expansion), the aridification of the southwest through the early
to mid-Holocene (bison range contraction), and the retreat of arboreal taxa at the forest-prairie
ecotone along the northern and eastern margins of the Great Plains beginning at ca. 10 ka (bison
range expansion). Additionally, hydroclimatic conditions appear to act as a strong control on
bison abundance in open rangelands. While bison can incorporate woody vegetation into their
diet and even subsist on browse, grassy habitats support the greatest bison populations and
potential population growth. Perhaps the most striking evidence of bison abundance responding
to climate-driven changes in forage production is found in the widespread increases in bison

abundance throughout the rangelands of the Great Plains and Intermountain West during the
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relatively wet late Holocene. This underscores the important influence of climate and climate-

vegetation feedbacks on bison distributions at large spatiotemporal scales.

Conclusions

Over the past 20 thousand years, bison experienced dramatic environmental changes that
shaped their distribution, morphology, behavior, and population dynamics. During the early
deglacial period, bison were geographically widespread, yet fragmented into regional glacial
refugia. Though large populations of most North American megafauna did not persist beyond the
YD, bison survived and exhibited remarkable stability. As temperatures warmed and
precipitation declined at the Pleistocene-Holocene transition, bison abundances declined in
southern and low-lying regions, and populations shifted northward and upslope. With easing
drought conditions in the late Holocene, increased forage production supported increasing bison
populations throughout the continental interior. Late Holocene bison populations continued to
increase until just recently, when 19" century market hunting led to the near extinction of bison
from North America (Isenberg, 2001).

Our distribution modeling approach demonstrates that bison continuously inhabited
significant portions of the Great Plains and Intermountain West since the LGM. Bison
populations advanced and contracted in response to climate warming and cooling and changes in
hydroclimatic conditions that influenced the quality and availability of forage. Our results
highlight the remarkable adaptability of bison to a wide range of climatic and ecosystem
conditions and support the premise that modern bison are unique in some ways from their
Pleistocene ancestors. The climate envelope occupied by Pleistocene bison was different from

the climate experienced by anatomically modern bison during the late Holocene.
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Understanding the causes of past extinctions will require accurate reconstructions of the
environmental conditions experienced by individual species. Our approach can be applied to
other species of Pleistocene megafauna to characterize pre-extinction climate envelopes to
understand the species-specific environmental conditions experienced before and during
extinction.

A number of tribal entities are leading efforts to restore bison to North American
landscapes to reinvigorate important cultural lifeways linked to bison. Results from this research
provide important context for these efforts by identifying climatic conditions that pose
opportunities and challenges for bison reintroduction. Today, bison face risks from constrained
mobility, geographic isolation of herds, habitat loss, artificial selection for nonadaptive traits,
inbreeding depression, reduced fitness from cattle introgression, competition with other
herbivores, and other sources (Halbert and Derr, 2007; Hedrick, 2009; Martin et al., 2021). These
risk factors may reduce bison capacity to adapt to rapid environmental changes in the future.
Because the current distribution of bison has been greatly reduced from its historic extent and is
highly influenced by human interventions, conservation planning for the establishment of new
protected areas or identification of at-risk populations can leverage distribution models trained

on bison occurrences in archaeological and paleontological records.
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CHAPTER THREE

PAST AND PRESENT BIOMASS CONSUMPTION BY HERBIVORES AND FIRE ACROSS

PRODUCTIVITY GRADIENTS IN NORTH AMERICA

Abstract

Herbivores and fire are important consumers of plant biomass that influence vegetation
structure, nutrient cycling, and biodiversity globally. Departures from historic biomass
consumption patterns due to wild herbivore losses, livestock proliferation, and altered fire
regimes can have critical ecological consequences. We set out to (i) understand how consumer
dominance and prevalence responded to spatial and temporal moisture gradients in Holocene
North America and (ii) examine how past and present consumer dominance patterns in North
America compare to less altered consumer regimes of modern Sub-Saharan Africa. We
developed long-term records of bison abundance and biomass burning in Holocene midcontinent
North America and compared these records to reconstructions of moisture availability and
vegetation structure. We used these reconstructions to characterize bison and fire prevalence
across associated moisture and vegetation gradients. We found that bison herbivory dominated
biomass consumption in dry settings whereas fire dominated in wetter environments. Historical
distributions of herbivory and burning in midcontinent North America resemble those of
contemporary Sub-Saharan Africa, suggesting disturbance feedbacks and interactions regulate
long-term consumer dynamics. Comparisons of consumer dynamics in contemporary North

America with Holocene North America and Sub-Saharan Africa also reveal that fire is
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functionally absent from regions where it was once common, with profound ecological

implications.

Introduction

Biomass consumption by herbivores and fire has shaped vegetation structure and
composition, and the distribution of terrestrial biomes on Earth for millions of years (Bond and
Scott, 2010; Charles-Dominique et al., 2016). From the extinction of most Pleistocene
megafauna to the introduction of Old World livestock, bison (Bison spp.) were the dominant
large herbivore in many of North America’s grasslands, woodlands, and savannas (Wendt et al.,
2022). The activities of tens of millions of bison contributed to large-scale biomass consumption
and turnover, nutrient redistribution, and direct disturbance of hundreds of millions of hectares
(Knapp et al., 1999; Nickell et al., 2018). Bison abundance and distribution were influenced by
climate, which shaped the quantity, quality, and type of forage as well as interspecific
competition and predation dynamics (Wendt et al., 2022). Fire activity and fire regimes were
similarly shaped by variations in climate, fuel type, availability and condition, as well as local
edaphic and topographic features (Bond and Keeley, 2005; Schoennagel et al., 2004; Whitlock et
al., 2010). Additionally, after arriving in the Americas over 21k years ago (Bennett et al., 2021;
Pigati et al., 2023), humans played an important role in modifying the distribution of fire and
herbivore ‘consumer regimes’, by regulating the frequency, timing, and extent of both fire, via
intentional burning, and herbivory, via management of wild and domestic herbivores (Nowacki
et al., 2012; Roos et al., 2018). Beginning with the introduction of cattle by Europeans in the 16™
century (Delsol et al., 2023; Rouse, 1977), intensively managed and spatially constrained

domestic livestock production systems have largely replaced free roaming herds of large
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herbivores in North America. Acknowledgement of widespread ecological impacts caused by
altered fire patterns and herbivore communities has prompted calls for and motivated initiatives
aimed at restoring ancient consumer regimes (Fuhlendorf et al., 2009; Lorimer et al., 2015). Yet,
the extent to which North American consumer regimes have been altered and the ecological
consequences of these transitions remain surprisingly poorly understood, primarily due to the
lack of long-term records of domestic and wild herbivore abundance and impacts.

Linking fossil-based reconstructions of past bison abundance with sediment charcoal
records of burning provides new opportunities to evaluate past biomass consumption by large
herbivores and fire (Wendt et al., 2022). However, understanding historical and current
consumer dynamics in North America is challenging due to recent ecological transformations
caused by the removal of large wild herbivore populations, the establishment of modern
livestock production systems, fire suppression, and the replacement of native plant assemblages
with cropland. In contrast to contemporary North America, Sub-Saharan Africa has retained
large, extensive populations of wild herbivores and fire activity is relatively unconstrained by
fire suppression. The distribution and drivers of African consumer regimes thus provide a
valuable ecological model against which the changes and consequences of anthropogenic
ecosystem transformation in North America can be assessed (Archibald and Hempson, 2016;
Gill, 2015). Reconstructing historic consumer prevalence and comparing consumer dynamics
with a more intact system is an important step toward revealing the processes that influenced the
evolution and persistence of North American ecosystems, and for understanding the implications
of human-modified consumer regimes for nutrient cycling, soil development, biodiversity, and

ecosystem change.
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Panel B shows the current density distribution of area at a given moisture value for the northern
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grasslands (NG; yellow) and the grassland-forest transition (GFT; green), with pollen and
charcoal sites labeled. Dominant consumer modes are expected to vary across the moisture
gradient (panel C). Herbivore density (black line), area burned (red line) curves in panel C

represent hypothesized consumer dominance patterns in North America based on empirical data
for Sub-Saharan Africa from Archibald and Hempson (2016).

The relative dominance of fire and herbivores as biomass consumers varies across abiotic
and biotic gradients and is influenced by a set of interacting drivers that include climate,
vegetation, soil, regional evolutionary histories, consumer interactions, and human activities.
While the relative proportion of biomass consumption by herbivores and fire spans a continuum,
data suggest there are three general consumer modes that occur in terrestrial ecosystems:
herbivore dominance, fire dominance, and co-dominance (Archibald and Hempson 2016; Fig.
3.1 C). These modes reflect general outcomes of competition between herbivores and fire across
moisture/vegetation production gradients at large spatiotemporal scales. Climate controls
primary production by influencing precipitation, solar radiation, and temperature. While fire
and/or herbivory are present in most systems, the relative dominance of either is strongly
influenced by moisture availability and related vegetation/fuel characteristics (Archibald and
Hempson, 2016; Hempson et al., 2019; Whitlock et al., 2010). In dry ecosystems, where forage
is available, but fire spread is usually limited by discontinuous fuels, herbivores are expected to
consume more biomass than fire (Archibald and Hempson 2016; see 'herbivore dominance' in
Fig. 3.1 C). Conversely, fire is expected to consume more biomass than herbivores in wetter
ecosystems where biomass is abundant but less palatable and/or less accessible to herbivores
(Archibald and Hempson 2016, Hempson et a/ 2019; see 'fire dominance' in Fig. 3.1 C). At
intermediate moisture levels both fire and herbivores can consume large quantities of vegetation

(Archibald and Hempson 2016; see co-dominance in Fig. 3.1 C). These intermediate moisture
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zones have the greatest potential for synergistic fire-herbivore interactions, exemplified by pyric
herbivory (fire-driven grazing) and managed patch-burn grazing (Allred et al., 2011; Archibald
et al., 2005; Fuhlendorf and Engle, 2004), as well as competitive exclusion via positive
feedbacks with functionally distinct grass communities (Hempson et al., 2019). In addition,
human activity can dramatically alter biomass consumption patterns resulting in more or less fire
or herbivory than expected based on the influence of climate alone (Hempson et al., 2017;
McWethy et al., 2013). Herbivory and fire are dynamic processes that vary across space and
time. As a result, modes of biomass consumption are scale dependent (Spitz et al., 2018;
Whitlock et al., 2010).

Our overarching hypothesis is, at large spatial (regional to continental) and temporal
(centennial to millennial) scales, consumer dominance in temperate North America is primarily
driven by the bottom-up effects of moisture availability on primary production, as well as the
type, continuity, and structure of vegetation available for herbivores and fire. We predict that
biomass consumption was mainly driven by herbivores in open arid and semi-arid environments,
while fire dominated biomass consumption in closed mesic and humid environments of
Holocene midcontinent North America. Although challenging to directly test, we evaluate this
prediction by integrating paleoecological records of climate, vegetation, and fire with
paleontological and archaeological records of bison from two regions that span the North
American midcontinent moisture gradient (northern grasslands [NG] and grassland-forest
transition [GFT]). This approach allows us to assess spatiotemporal changes in biomass
consumption by fire and herbivores over the past 10k years, and to characterize likely historic

consumer regimes in North America (see Fig. 3.1). We then compare modern herbivore and fire
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patterns in Sub-Saharan Africa and North America to determine whether historic North
American consumer regimes resemble consumer dynamics in a less altered continent.
Contemporary data from Sub-Saharan Africa provide critical context for understanding general
fire-herbivore interactions and biomass consumption patterns in other locations and time periods.
Finally, we utilize continent-scale data on livestock populations and fire occurrences to identify
differences between historic and modern consumer regimes in North America and consider the

implications for ecosystem dynamics.

Methods

Reconstructing Modes of Herbivory and Fire

Improved understanding of long-term consumer interactions and impacts requires the
integration of long-term records of burning and herbivore abundance. Recent advancements in
laboratory and statistical charcoal analyses have improved our understanding of the role of fire in
long-term ecological dynamics (Higuera et al., 2009; Whitlock and Larsen, 2001). However,
methods for reconstructing herbivore abundance have lagged. As a result, it has been difficult to
quantify abundances and subsequent ecological effects of ancient herbivores. We set out to
address this problem by leveraging databases and new analytical techniques for radiocarbon
dates to reconstruct regional-scale records of bison abundance. All following statistical and
geospatial analyses were performed with R software (v. 4.1.3) in RStudio (Posit team, 2023; R
Core Team, 2022). All ages presented in this paper are calibrated with the Intcal20 curve

(Reimer et al., 2020) and are given as calendar years before present (cal yr BP).
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Bison Abundance

Holocene reconstructions of regional bison abundance were developed using data and
methods from Wendt et al. (2022). Bison observations are defined as archaeological or
paleontological sites containing at least one bison fossil. Bison observations were extracted and
classified by study region (NG or GFT). The frequency distributions of bison observations over
time were transformed according to the transformation presented in Surovell et a/ (2009) to
account for progressive site loss with time. The GFT frequency distribution was multiplied by

the ratio of the area of the NG to the area of the GFT (1.31) to account for the area difference.

Charcoal

Charcoal data were accessed from the Global Paleofire Database (Appendix B Sup. Table
3.2). Age models were not modified from original database submissions. Charcoal data were
converted from concentrations (particles cm™) to influx values (particles cm™ yr'!) and

standardized using methods described in Power ef al (2010).

Pollen

Pollen data were retrieved from the Neotoma Paleoecology Database (NPD; Appendix B
Sup. Table 3.3). Updated chronologies were used, if available. Classification of arboreal and
non-arboreal taxa was based on ‘Ecological Group’ classification in the NPD. Trees and shrubs
were categorized as arboreal pollen (AP) and upland herbs were classified as non-arboreal pollen
(NAP). AP:NAP ratios were calculated for each site and averaged to characterize the relative
dominance of woody versus herbaceous species and provide information about vegetation

structure and fuel characteristics.
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Study Regions

Study regions definitions were based on ecoregion boundaries from WWF Terrestrial
Ecoregions of the World (Olson et a/ 2001; Fig. 3.1 A). The Northern Grasslands (NG) region
includes Canadian Aspen Forests and Parklands, Northern Mixed Grasslands, Northern Tall
Grasslands, Northern Short Grasslands, Montana Valley and Foothill Grasslands, and Nebraska
Sand Hills Mixed Grasslands. Small, forest-dominated areas within the geographic boundaries of
the broader northern grassland ecoregion were included in the NG. These include Mid-
Continental Canadian Forests and South-Central Rockies Forest. The Grassland-Forest
Transition (GFT) region is defined as Western Great Lakes Forests, Upper Midwest Forest-
Savanna Transition, Central Tall Grasslands, and Central Forest-Grasslands Transition.

Although midcontinent North America and Sub-Saharan Africa differ in terms of species
composition and certain biophysical conditions (e.g., soils, geology, temperature, seasonality),
these regions span similar precipitation gradients and manifest similar biomes including
grasslands, woodlands, and dry forests. Midcontinent North America is generally characterized
by high temperature seasonality, with freezing winter temperatures (< 0 °C), while Sub-Saharan
is very climatologically diverse, with warmer annual temperatures and growing season primarily
driven by precipitation seasonality. The range of mean annual precipitation (MAP) in the NG
(250-600 mm) corresponds to herbivore dominance in Sub-Saharan Africa (Fig. 3.1 C) and MAP
in the GFT (350-1150 mm) spans the range from herbivore dominance to fire dominance in Sub-

Saharan Africa (Fig 3.1 C).
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Regional Composites

Bison, charcoal, and pollen records were interpolated to 1-year steps, and then binned and
summarized at 50-year intervals. Bootstrapped mean estimates and 95% confidence intervals
were calculated for each interval (1000 iterations with replacement). Proxy record means and
confidence intervals were summarized (Fig. 3.2) by fitting local polynomial regressions (loess;

window = 2925 yr).

Holocene Hydroclimatic Phases of Midcontinent North America

We used a multiproxy approach to describe general moisture trends and phases between
9-0.5k yr BP in midcontinent North America. The selected geophysical and geochemical records
reflect long-term moisture availability trends with decadal- to millennial-scale variability and
centennial- to decadal-resolutions (Appendix B Supplementary Fig. 3.2; Appendix B Sup. Table
3.1).

The mineral composition of Kettle Lake sediments reflects changes in local water
availability. Aragonite is deposited via groundwater flow while other minerals (quartz, calcite,
dolomite, and gypsum) are primarily aeolian dust (Grimm et al., 2011). High percent aragonite at
Kettle Lake is interpreted as an indicator of elevated groundwater flows, while low aragonite
indicates drought. Sand dune activity in the Nebraska Sand Hills is inferred from compiled
luminescence dates (Appendix B Sup. Table 3.5). Luminescence dates reflect elevated upland
dune activity and are interpreted as evidence for drought conditions. Luminescence dates
indicate sediment burial, and thus constrain the timing of dune stabilization, meaning the timing

of dune activation is less certain.
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Declining lake levels in the Rocky Mountains, low groundwater flows at Kettle Lake,
persistent dune activity, and high dust influx at Steel Lake indicate broadly dry conditions in
midcontinent North America between 9-6k yr BP. Moisture availability generally increased
between 6-4k yr BP, but two periods of low groundwater flows at Kettle Lake indicate some sub-
regional variability during this period. Between 4-1.5k yr BP, most records suggest generally wet
conditions, with few severe droughts, but multiple upland dune activations may reflect periods of
sub-regional aridity. While lake levels remained stable or rose between 1.5-0.5k yr BP, other
records show evidence of multiple severe droughts at lower elevations to the east.

Maximum aridity progressed across a longitudinal gradient, with peak dry conditions
occurring earlier in the east and later in the west (Nelson and Hu, 2008; Wright et al., 2004).
Dust influx at Steel Lake was greatest at ~8k yr BP, peak dune activity in the Nebraska Sand
Hills occurred between 8.5-7.2k yr BP, Kettle Lake experienced repeated episodes of low
groundwater flows between 8.2-7k yr BP, and Rocky Mountain lakes levels were lowest between

6.5-6k yr BP.

Spatial Analyses of Modern Fire and Herbivory

Data on fire and herbivory in North America were collected and processed following
methods of Archibald and Hempson (2016) to facilitate inter-continent comparisons. Data on
area burned, herbivore density, dry matter consumed, and proportion of dry matter consumed for
Sub-Saharan Africa are from Archibald and Hempson (2016).

Fire and herbivory data for modern North America were collected and processed as
follows. Precipitation data was extracted from the WorldClim2 gridded 30s mean monthly

precipitation product for North America 1970-2000 (Fick and Hijmans, 2017). Monthly
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precipitation rasters were summed to produce an average annual precipitation dataset. Monthly
area burned and dry matter consumed by fire for 1997-2015 were extracted from Global Fire
Emissions Data (GFEDv4; 50). This is a satellite-based product that includes but does not
differentiate anthropogenic and natural wildfires and prescribed burns. Annual totals and
medians for area burned and dry matter (biomass) consumed were then calculated.

All variables related to livestock consumption (dry matter consumed, livestock mass
density) were derived from census-based livestock population data which include high-density
feedlots, intensive pasture-based systems, and extensive rangeland-based systems. Spatial
livestock population data were extracted from the Gridded Livestock of the World 3 (GLW 3)
dasymetric products for cattle, goats, horses, sheep (Gilbert et al., 2018). GLW livestock
population estimates were based on the most recent census result (all conducted in 2003 or later
in North America). Biomass for each species was calculated by multiplying population by
average mass estimates (Appendix B Sup. Table 3.4). Total herbivore biomass was calculated as
the sum of all species biomass. Dry matter consumed by herbivores was calculated as a function
of population, body weight, and net energy concentration of diet following standard IPCC
methods outlined in Archibald and Hempson (2016).

Predicted proportion of dry matter consumed by herbivores versus fire in North America
(Fig. 3.4 C) was modeled by fitting a generalized additive model to the data for the proportion of
dry matter consumed by herbivores in Sub-Saharan Africa (Supplementary Fig. 3.3 B) and
projecting to North America with the WorldClim2 precipitation data.

Wild herbivore populations of North America were not included in modern calculations

because accurate continent-scale datasets are not available. We assume that biomass
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consumption by wild herbivores in North America is negligible compared to that of domestic
herbivores. Globally, the biomass of all wild mammals is 1-2 orders of magnitude less than that
of livestock (Bar-On et al., 2018). We suspect this difference is even greater in North America,

where there is substantial investment in high-density livestock production.

Results and Discussion

Paleoenvironmental reconstructions of regional hydroclimate, biomass burning, and bison
abundance in midcontinent North America reveal how moisture availability once governed
consumer dominance patterns at regional to continental scales. Over the past 10k years, the NG
had more bison, less burning, and more open vegetation structure than the wetter GFT. These
observations correspond with consumer dominance patterns in Sub-Saharan Africa, suggesting a
level of generality among the biophysical constraints that shape consumer regimes on different
continents. Yet current biomass consumption patterns in North America indicate that human
activities have greatly expanded herbivore dominance and essentially eliminated the functional
role of fire even in historically fire-dominated systems. This human-mediated shift in broad scale
consumer dominance has important implications for biodiversity, nutrient cycling, carbon
storage, and habitat structure.

Multiple hydroclimate records indicate that the period between 9-6k yr BP was the driest
phase of the Holocene in midcontinent North America (Fig. 3.2; Appendix B Sup. Table 3.1;
Appendix B Sup. Fig. 3.2). In the NG, woody plants were relatively sparse, biomass burning
generally remained below the Holocene average, and bison populations were progressively
declining (Fig. 3.2). To the east, the GFT experienced a substantial reduction in woody plant

biomass between 10-8k yr BP. This transition to a more open landscape corresponds with rising
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biomass burning and rising bison populations. A peak in GFT bison abundance just after 8k yr
BP coincides with a low point in woody plant dominance.

Moisture availability began to increase between 6-4k yr BP (Appendix B Sup. Fig. 3.2.).
The timing of the inflection point and the rate of change vary by region and record. Rocky
Mountain lake levels began to rise rapidly at 6k yr BP. Two notable droughts are evident at
Kettle Lake at ~5.4k yr BP and ~4.5k yr BP but limited dune activity in the Nebraska Sand Hills
and dust deposition at Steel Lake suggest that the impacts of these droughts may have been
geographically limited. The shift toward wetter conditions during the mid-Holocene corresponds
with rising bison abundance and biomass burning in the NG. During this interval, NG biomass
burning shifted from a record low at ~5.6k yr BP to a high at ~4.5 yr BP. Bison abundance
followed a similar pattern with a low at ~6k yr BP followed by a peak at ~4k yr BP. GFT bison
abundance briefly peaked at ~5.6k yr BP and then dropped to Holocene lows at ~4.5k yr BP,
whereas GFT burning remained elevated and rose to Holocene highs by 4k yr BP.

Hydroclimate proxies indicate that the period between 4-0.5k yr BP was generally wet
but punctuated by multiple severe droughts (Appendix B Sup. Fig. 3.2). Woody plant dominance
in the NG rose continuously between 3-0.5k yr BP. NG biomass burning dropped to match early
Holocene levels at ~3k yr BP, rose to the Holocene average by ~2k yr BP, and was elevated
between 1.5-0.5k yr BP. NG bison abundance was elevated but stable 4-3k yr BP and then
rapidly expanded to a Holocene maximum 1.5-0.5k yr BP. In the GFT, woody plants expanded
from ~4k yr BP to ~1.5 yr BP. GFT biomass burning declined from a peak at 4k yr BP to its
Holocene mean by 0.5 yr BP. Declining woody plant dominance beginning at ~2.5 yr BP is

mirrored by increasing bison abundance. GFT bison abundance remained elevated to 0.5 yr BP.
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Figure 3.2. Regional comparison of reconstructed bison abundance (black line), biomass burning
(red line), and woody plant dominance (green line) between 10-0.5k Cal yr BP in the northern
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pollen to non-arboreal pollen; higher values reflect greater arboreal pollen abundance.




77

The observed shifts in consumer dominance through the Holocene (Fig. 3.3 E)
correspond with modern patterns of consumer turnover in Sub-Saharan Africa (Archibald and
Hempson 2016; Fig 3.1 C; Fig. 3.3 B & D), suggesting that biophysical constraints shape
consumer regimes in similar ways on different continents. As in Sub-Saharan Africa, large
herbivores dominated biomass consumption in dry, open environments and fire dominated in
wetter, more wooded environments (Figs. 3.2 & 3.3 E). As moisture availability in the drier NG
increased after 6k yr BP, bison abundance increased while fire activity remained relatively
modest. Additionally, results from the GFT suggest that the region expressed a fire-dominated
consumer regime when moisture availability was greatest between 4-3k yr BP. The following
drop in moisture availability led to a transition towards herbivore/fire co-dominance as biomass
burning declined and bison expanded 3-2k yr BP. These trends are consistent with Africa- based
predictions (i) that as a dry systems become wetter, herbivore density will approach maximum
potential, while potential biomass burning will increase modestly and (i1) wetter systems will
shift from fire dominance toward consumer co-dominance as they dry. Temporal variation in fire
and bison prevalence in relation to changing moisture availability broadly conform to expected
grass palatability-flammability trade-offs established in African ecosystems (Archibald et al.,

2019).
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panels C & D compare dry matter consumed. Panel E shows regional consumer dominance in
Holocene midcontinent North America, points represent the mean of bison abundance or
charcoal influx at a given level of woody plant dominance (arboreal pollen:non-arboreal pollen)
for every 50 year interval between 10,000-250 Cal yr BP (bison abundance and charcoal influx

were standardized at the population level). Lines are based on loess regressions through the
points. Data for Sub-Saharan Africa are from Archibald and Hempson (2016).

Regional differences in vegetation structure and fuel type complicate interpretation of
regional charcoal influx composites. Higher charcoal influx in the GFT may result from an
increase in dominance of woody vegetation, which can result in greater charcoal production and
preservation relative to finer, low-lignin grassland fuels (Feurdean, 2021; Yang et al., 2007). In
this case, higher charcoal influx may reflect an increase in woody biomass and not necessarily an
increase in fire frequency. However, it is unlikely that wood-fueled fires consumed less overall
biomass than bison because GFT ecosystems burned regularly, and bison were relatively scarce.

Relatively high bison abundance and low fire prevalence in the Holocene NG suggests
that the region predominantly functioned within an herbivore-dominated consumer regime. NG
bison abundance trends broadly track changes in moisture availability, suggesting that forage
quality is not limiting in this region, and accordingly, that moisture-driven variation in forage
availability is directly linked to bison population trends. In contrast, bison abundance is lower in
the wetter, more closed GFT. This may indicate that forage quality, which decreases as grasses
become taller in wetter areas (Hempson et al., 2019), places a greater constraint on bison
populations than forage availability does in that region. A high biomass and spatially continuous
grass layer is, however, ideal fuel for spreading fire (Simpson et al., 2022).

The proxy measures we assess here are necessarily coarse, making it difficult to reveal
the complex contingencies that would characterize a co-dominance consumer regime. Fire and

bison were present in both regions throughout the last 10k years, and it is likely that both would
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have experienced periods when fire and herbivory were co-dominant consumers at varying
scales. One such instance occurred in the NG at 2-0.5k yr BP, when both fire and bison
prevalence increased during a relatively mesic period. One interpretation for this is that
conditions may have been wet enough to promote high availability of moderately palatable
grasses, providing forage for bison and continuous fuels for fires. Pyric herbivory, with the
potential to produce patches of high-quality forage, may have further bolstered bison
populations. Archaeological evidence suggests that bison affinity for recently burned patches
was exploited by Indigenous hunters in the NG (Roos et al., 2018).

Modern consumer regimes in North America have been greatly modified from the past
(Fig. 3.3 A & C). The lack of any discernable peak in fire prevalence across the moisture
gradient suggests that fires have been strongly suppressed in large parts of the continent. Indeed,
mapping relative biomass consumption by livestock and fire shows that fire dominance is now
largely restricted to sparsely inhabited boreal and mountain forests and rural areas with fire
cultures (Fig. 3.4 A). The widespread lack of fire is likely a consequence of deliberate fire
suppression policies as well as extensive land use change and landscape fragmentation that have
altered fuel loads and fuel connectivity (Hessburg et al., 2019; Hessburg and Agee, 2003).

While anthropogenic influences have greatly distorted consumer regime distributions in
contemporary North America, it is nonetheless intriguing that livestock biomass currently peaks
at a much higher rainfall level than observed in Sub-Saharan Africa (1400 vs. 700 mm MAP;
Fig. 3.3 A & B). This may indicate that the specific environmental drivers of palatability and
flammability differ somewhat between North American and African ecosystems. Between 500-

700 mm MAP, herbivore densities in North America are strikingly low compared to the same
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range in Sub-Saharan Africa, as these regions are instead primarily used for intensive crop
production systems (Massey et al., 2018). Crop agriculture may have displaced livestock
production to wetter regions, where advanced animal husbandry practices such as land clearing,
pasture fertilization, supplementary feed and water provision, and veterinary services help
support animal densities that may far exceed those possible under natural environmental
conditions. However, the herbivore density peak at higher precipitation may alternatively be due
to ecological differences between temperate North American and tropical African ecosystems.
Forage quantity-quality tradeoffs are linked to productivity and are underpinned by the need for
grasses to grow taller to compete for light as productivity increases (Lane et al., 2000; Nelson
and Moser, 1994). While productivity is largely determined by rainfall in tropical African
ecosystems, temperature plays a much greater role in determining plant growing season duration
and hence productivity in temperate North American ecosystems (Churkina and Running, 1998).
As such, while total annual precipitation may appear adequate to produce a tall, unpalatable grass
sward, a shorter, cooler growing season may limit this growth potential and thus enhance

palatability, thereby shifting peak herbivore dominance up the precipitation gradient.
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The precipitation-consumer dominance relationship for Sub-Saharan Africa can serve as
a simplistic null model for biomass consumption patterns in pre-colonial North America (Fig. 3.4
C). This univariate model does not account for non-precipitation drivers of plant palatability and
flammability including growing season length, temperature, and seasonality. Precipitation is
likely a poor predictor of consumer dominance in high-latitude systems (e.g., boreal forests) with
low potential evapotranspiration, low temperatures, and short growing seasons. In such low-
energy settings (Veldhuis et al., 2019), large herbivores may struggle to balance
thermoregulatory and food requirements, while fuel continuity and density are sufficient to
promote rare, intense, and large fires during hot and dry summer conditions (Archibald et al.,
2013). Therefore, the Africa-based precipitation-only model likely overpredicts herbivore
dominance in cold regions. Despite these limitations, this null model is somewhat validated by
observed similarities between the consumer distributions in contemporary Sub-Saharan Africa
and Holocene Midcontinent North America. This model can facilitate further hypothesis
generation and testing to identify influential constraints on consumer dominance for other North
American regions and climates. Mapping hypothesized paleo-consumer dominance is an
important step toward understanding the geographic distribution, relative dominance, and
potential interactions of consumers that have long influenced ecosystem structure and
biodiversity.

The dramatic distortion of North American consumer regimes by humans in the recent
past likely holds major ecological consequences for the affected ecosystems. Among these are
critical threats to biodiversity, as both fire and herbivores have structured niches and exerted

considerable selective pressures on plant and animal assemblages across the globe (Bond, 2005;
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Bond and Keeley, 2005; Lehmann et al., 2014; Staver et al., 2021). Removing one or both of
these consumers potentiates biome transitions, particularly towards closed canopy ecosystems
where environmental conditions allow (Fogarty et al., 2020; Holdo et al., 2009b). Herbivores and
fire both influence a wide variety of ecological processes and functions, ranging from nutrient
dispersal (Pellegrini et al., 2018; Wolf et al., 2013) and carbon storage (Kashian et al., 2006;
Schmitz et al., 2023) to habitat structuring (Fuhlendorf and Engle, 2004; Staver et al., 2011) and
biodiversity maintenance (Hartnett et al., 1996; Ratajczak et al., 2022). Rewilding for ecological
restoration has gained considerable interest over the last 30 years. While rewilding initiatives
promise to address some of the ecological dynamics missing from ecosystems, evidence from the
past suggests that restoring natural fire regimes to North American landscapes is likely as

important, and perhaps more readily achievable.
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Abstract

Molecular biomarkers preserved in lake sediments are increasingly used to develop
records of past organism occurrence. When linked with traditional paleoecological methods,
analysis of molecular biomarkers can yield new insights into the ecology of herbivores and other
animals and their role in past ecosystem dynamics. We sought to test the utility of fecal steroids
in lake sediments for reconstructing past ungulate abundance and community composition in the
Northern Range of Yellowstone National Park. To do so, we characterized the fecal steroid
profiles of a selection of North American ungulates historically present in the Yellowstone
region (bison, elk, moose, mule deer, and pronghorn) and compared the steroid profiles to those
of lake sediments extracted from Buffalo Ford Lake, WY. Combined analysis of fecal steroids
(A3-sterols, Sa-stanols, 5B-stanols, epi5B-stanols, stanones, and bile acids) differentiated moose,
pronghorn, and mule deer by the fecal steroid contents of their dung, whereas elk and bison were
partially differentiated. Animal-specific compounds (5B-stanols and bile acids) were detected in
the lake sediments, allowing for characterization of local ungulate density and community
composition at decadal to millennial timescales. Our results show that bison and/or elk were the
primary ungulates in the Buffalo Ford Lake watershed over the past c. 2300 years. According to
fecal steroid influxes, local ungulate densities reached historically unprecedented levels during
the early and middle 20" century, a conclusion that matches documentary evidence. Comparison
of fecal steroid influxes and other paleoenvironmental proxies suggests that these elevated
ungulate populations likely contributed to decreased forage taxa (Poaceae, Artemisia, and Salix),
relative to long-term averages, and possibly increased lake production. Our results provide new

long-term records of ungulate occurrence and suggest that recent (19'"-20" century) human
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activities had greater effects on local ungulate densities and their environmental impacts than
climate, disturbance, disease, predation, or human management had during the two preceding

millennia.

Introduction

The near extinction of bison (Bison bison) in North America in the 19" and 20" centuries
ranks among the most dramatic ecological catastrophes in recent times, but little is known about
herbivore-ecosystem dynamics prior to the event. Shortfalls in our knowledge are due to the
limited temporal extent of the historical written record as well as the limited array of methods
and proxies for reconstructing past herbivore populations and impacts. Because the historical
record is limited to the past 200-300 years or less in most portions of western North America,
alternative means are required to understand the pre-European ecology of these ungulates and
their environment. Most of our information on past bison comes from fossil vertebrate remains
largely recovered at archacological sites. Bones and other remains provide valuable information
on past animal presence, but these discontinuous snapshots of occurrences provide little
information on past population size and community dynamics.

Molecular biomarkers are thermodynamically stable compounds with known
environmental sources that can capture and preserve unique biological signatures. These qualities
allow molecular biomarkers to provide continuous, high-resolution records of the occurrence
and/or abundance of source organism and associated environmental conditions (Eglinton and
Eglinton, 2008). Animal feces contains measurable quantities of steroids that can provide
information about an animal’s identity, diet, and intestinal flora (Prost et al., 2017). These

steroids include A’-sterols, Sa-stanols, 5B-stanols, epi5p-stanols, stanones, and bile acids. Of
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particular interest are 5B-stanols and bile acids for characterizing past herbivore presence and
density because animals are their primary environmental source (Bull et al., 2002). 5B-stanols are
derived from the microbial alteration of precursor sterols (e.g., cholesterol and B-sitosterol) in the
intestinal tracts of higher animals. Similarly, primary bile acids (e.g., cholic acid and
chenodeoxycholic acid) are modified by gut bacteria into secondary bile acids (e.g., deoxycholic
acid and lithocholic acid). Environmental anaerobic microbial activity may contribute to small
background levels of 5B-stanols (Gaskell and Eglinton, 1975; Taylor et al., 1981). However, bile
acids provide a high degree of source specificity because vertebrates are the only known natural
producers (Haslewood, 1967; Hofmann and Hagey, 2008). 5B-stanols and secondary bile acids
may be directly deposited or transported to lake or wetland sediments, where they can persist for
millennia due to their generally high affinity for particulate organic matter (Lloyd et al., 2012).
When analyzed together, 5p-stanols and bile acids provide information about the identity and
abundance of animal sources.

Interspecies variability in the relative abundance of 5B-stanols can facilitate identification
of the principal contributors of fecal steroids in sediments so long as prior species distributions
are known (Harrault et al., 2019). Incorporating bile acids into this analysis can further
differentiate animal sources because some compounds may be exclusively produced by a single
locally present species (Prost et al., 2017). Variability among fecal steroid profiles has been
leveraged to investigate sources of sewage contamination (Carreira et al., 2004; Chan et al.,
1998; Daughton, 2012; Grimalt et al., 1990; Reeves and Patton, 2005; Saeed et al., 2015;
Speranza et al., 2018; Writer et al., 1995) and to characterize past agricultural practices in

archaeological contexts (Bull et al., 2001, 1999a, 1999b; Harrault et al., 2019; Pescini et al.,
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2023; Prost et al., 2017; Simpson et al., 1999; White et al., 2018), yet 5pB-stanols and bile acids
have not been extensively used in continuous lake and wetland sediment cores to reconstruct
changes in paleoherbivore density, community composition, and impacts over time (but see
Davies et al., 2022; Guillemot et al., 2015).

The Yellowstone Northern Range (Fig. 4.1) refers to the 300,000+ ha landscape of the
Lamar, Gardiner, and Yellowstone River valleys in northern Yellowstone National Park and
adjoining private and public lands where large free-roaming herds of elk and bison winter
(Keigley, 2019; Meagher, 1989, 1973; Rush, 1933). The vegetation of the region is primarily
grassland and sagebrush steppe, with conifer forests on steep slopes of mountains and canyon
walls, and patches of aspen and willow in moist lowlands. The Yellowstone Northern Range
provides an ideal setting to test the utility of fecal steroid biomarkers for reconstructing past
herbivore community composition, abundance, and environmental impacts. Today, elk and bison
are by far the most abundant ungulates in the Yellowstone Northern Range (Appendix C Sup.
Table 4.1). Population estimates and wildlife management records from the last 100+ years allow
for independent validation of fecal steroids as proxies for past herbivores. Bison and elk
populations in the Yellowstone Northern Range varied greatly during this period. The bison
population consisted of just over 20 individuals at the turn of the 19th century and numbered
over 4000 in 2022. Elk population estimates exceeded 30,000 between 1911-1915, while the
northern Yellowstone herd numbered 5800 in 2019.

Since the establishment of Yellowstone National Park in 1872, managers have struggled
to balance protection for elk and bison herds with other resource management goals, including

maintenance of habitat integrity (Beschta et al., 2020; Leopold et al., 1963; National Research
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Council et al., 2002; Research Division, 1992). The long-running debate over the management of
large ungulates in Yellowstone National Park has generated interest in the historic origins,
occupancy, abundance, and impacts of bison and elk (Eberhardt et al., 2007; Engstrom et al.,
1991; Forgacs et al., 2016; Hamilton, 1994; Meagher, 1973; Research Division, 1992;
Whittlesey et al., 2018). Current understanding of long-term abundance and community
composition of ungulates in the Yellowstone Northern Range is largely based on limited fossil
evidence from paleontological and archaeological sites, which confirm the presence of bison and
elk in the region and locally (Barnosky, 1996; Cannon, 2001; Wendt et al., 2022). Engstrom et
al. (1991) sought to identify herbivore impacts on vegetation and soil stability via analysis of
recent lake sediments (past c¢. 100-200 years), but they lacked a way to quantify local herbivore
density. Analysis of fecal steroid biomarkers in lake sediments may provide additional
information about the historic composition, abundance, and impacts of ungulates in the
Yellowstone Northern Range and elsewhere.

Our objectives are to 1) validate the utility of fecal steroids for reconstructing past
herbivore abundance and community composition; 2) characterize decadal- to millennial-scale
changes in herbivore abundance and community composition in the Yellowstone Northern
Range; and 3) evaluate multi-proxy paleoenvironmental data to better understand how large
herbivores in the Yellowstone Northern Range shaped, responded to, and interacted with their
changing environment. To address these objectives, we developed a multi-proxy dataset from
Buffalo Ford Lake that builds on previous research described in Engstrom et al. (1991) based on
an examination of changes in local herbivores, vegetation, and fire history over the last c. 2300

years.
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Site Description

Buffalo Ford Lake (44.934, -110.383; 1921 m elevation) is a small (4.3 ha) glacial kettle
located in the lower Lamar Valley of Yellowstone National Park (YNP), 1.4 km northeast of the
confluence of the Yellowstone and Lamar rivers (Fig. 4.1). The Buffalo Ford Lake catchment
(427 ha) and surrounding area is the current and historic home to a variety of large ungulates
including bison (Bison bison), elk (Cervus canadensis), moose (Alces alces), pronghorn
(Antilocapra americana), bighorn sheep (Ovis canadensis), and mule deer (Odocoileus
hemionus). The Buffalo Ford Lake area provides critical resources including water, food, and

shelter for ungulates throughout the year.

Vegetation

The vegetation in the Buffalo Ford Lake catchment is primarily steppe composed of big
sagebrush (Artemisia tridentata), rabbitbrush (Ericameria nauseosa), Idaho fescue (Festuca
idahoensis), and Great Basin wild rye (Leymus cinereus). Patches of Rocky Mountain juniper
(Juniperus scopulorum) and Douglas-fir (Pseudotsuga menziesii) are found on rocky outcrops
and hillslopes around the lake. Lodgepole pine (Pinus contorta) grows on rocky outcrops and
areas of exposed rhyolite, and Engelmann spruce (Picea engelmannii) and subalpine fir (4bies
lasiocarpa) are present in cool settings and at higher elevation. Small stands of quaking aspen
(Populus tremuloides) grow in nearby drainages. Willows (Salix spp.) are present in riparian
areas. Sedges (Cyperaceae) are found along the wetland margins of Buffalo Ford Lake and in the

surrounding uplands.
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Figure 4.1. Maps of (panel A) Yellowstone National Park showing extent of the Yellowstone
Northern Range (gray shading), location of Buffalo Ford Lake (red X), and extent indicator for
panel B (black dashed line); (panel B) the Yellowstone Northern Range (gray shading) with the
Buffalo Ford Lake catchment area (white outline), roads (red), rivers and streams (blue), and
extent indicator for panel C (dashed black line); (panel C) the Lower Lamar Valley showing
Buffalo Ford Lake and its catchment (hatched area); and (panel D) Buffalo Ford Lake showing
location of BF19 core (red X).
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Climate

During the period from 1948 to 2005, the Tower Falls weather station (4.5 km south of
Buffalo Ford Lake) recorded an average maximum temperature of 11.4° C, an average minimum

temperature of -7.1° C, and an average annual precipitation of 42.16 cm (https://wrcc.dri.edu/cgi-

bin/cliMAIN.pl?wy9025). Convective summer storm systems drive summer-wet precipitation

patterns in the Yellowstone Northern Range. The wettest three months (May, June, and July)
account for 33% of total annual precipitation at Tower Falls. On average, snow begins to
accumulate in early November, snow depth peaks in early March, and melt-off ends by early

May.

Materials and Methods

Sediment Core Collection

One 1.6 m-long sediment core (BF19) was retrieved in August 2019 from Buffalo Ford
Lake from a raft at a water depth of 5.1 m with a 7.5-cm diameter polycarbonate tube. The core
was extracted near the location of a core collected in 1987 (BF87; Engstrom et al., 1991). The
BF19 core was stabilized with Zorbitol, sealed, and transported to the Paleoecology Lab at

Montana State University where it was split longitudinally and placed in refrigerated storage.

Sediment Core Chronology

All statistical analyses were performed in R version 4.1.3 (R Core Team, 2022) with
RStudio (Posit team, 2023), unless stated otherwise. The chronology of the BF19 sediment
record is based on a Bayesian age-depth model calculated with the Intcal20 calibration curve

using the rbacon R package (Appendix C Sup. Fig. 4.1; Blaauw and Christen, 2011). The


https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?wy9025
https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?wy9025
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chronology was constructed with two '*C samples from BF19, twelve >!°Pb ages from BF87

(Engstrom et al., 1991), and a charcoal layer from the 1988 Yellowstone fires. The BF87 2!°Pb

series was anchored to BF19 by assigning the top of BF87 1 cm below the charcoal peak from

the 1988 Yellowstone fire season. All ages presented in this paper are calibrated with the

Intcal20 curve (Reimer et al., 2020) and are given as calendar years before present (cal yr BP), or

alternatively converted to the Gregorian calendar (BCE/CE).

Table 4.2 Calendar ages, AMS radiocarbon dates, and 2!°Pb dates from Buffalo Ford Lake, WY,

US.
Age control/Lab Depth 14C/21%Ph age + = Cal yr BP (20 range) Material dated
no. (cm) 20 error
Surface 0 - -69 -
1988 fire 5 - -38 Charcoal
210pb-1* 6 2+1 -34 (-37,-21) Bulk sediment
210pb-2? 9 7+1 -27 (-30, -15) Bulk sediment
210pb-3* 11 15+1 -22 (-25,-11) Bulk sediment
210pb-4? 15 24 + 1 -13 (-15,-2) Bulk sediment
210pb-5? 18 35+£2 0(-4,9) Bulk sediment
210pb-6? 22 52+2 15 (11, 25) Bulk sediment
210pb-7° 25 62 +2 27 (21, 36) Bulk sediment
210pb-8* 28 71+£3 32 (27,41) Bulk sediment
210pb-9? 32 86+ 8 51 (41, 62) Bulk sediment
210pb-10* 35 105+ 14 65 (46, 89) Bulk sediment
210pb-11? 38 127 £ 27 91 (64, 129) Bulk sediment
210pb-12* 40 144 + 49 107 (68, 170) Bulk sediment
210pb-13? 43 174 £ 123 148 (91, 246) Bulk sediment
08S-156938° 75 785 + 25 696 (632, 765) Wood
0S-158769° 148 2210+ 20 2188 (2065, 2296) Wood

a210p} ages originally reported in (Engstrom et al., 1991)
®Samples measured at NOSAMS Laboratory at Woods Hole Oceanographic Institution

To characterize long-term fire trends and to identify the charcoal layer produced by the

1988 Yellowstone fires, samples of 2 cm® of sediment were taken at contiguous 0.5 cm intervals

for the top 11 cm of the core, and at contiguous 1 cm intervals for the remainder of the core for



97
charcoal analysis. Samples were soaked for 24 hours in a 50:50 solution of bleach and 5%
sodium hexametaphosphate (NaPO3)e to leach color from organic material and deflocculate the
sediment. Samples were screened through a 125 um-mesh sieve. Particles larger than 125 pm
were counted under a stereomicroscope on the assumption that particles of this large size

typically originate from local fire events (Whitlock and Larsen, 2001).

Biomarker Sample Preparation

Forty dung samples from five ungulate species (bison, elk, moose, mule deer, and
pronghorn) were identified (Halfpenny, 2019) and collected from the Bison Range, MT and near
the YNP boundary in Cooke City, MT and Silver Gate, MT (Appendix C Sup. Table 4.2). Dung
samples were frozen for storage, air dried, and then freeze-dried. Dung samples were air dried by
placing samples in a running fume hood for 48 hours. Twenty-seven subsamples from BF19
were taken at 2-10 cm intervals, resulting in a mean temporal resolution of 85 years (min: 3
years; max: 209 years; Appendix C Sup. Table 4.3). All dung and sediment samples were freeze-
dried for 24 hours and then hand-milled and homogenized with a ceramic mortar and pestle.

Samples were stored at room temperature in aluminum-foil packets until extraction.

Extraction of Dung Samples

Dung samples were spiked with known quantities of '*C-cholesterol (cholesterol-
25,26,27-3C3) and '*C-deoxycholic acid (deoxycholic acid-24-'>C). Dung samples were
extracted twice with 20 mL of a 2:1 DCM:MeOH solution in an ultrasonic bath for 15 minutes.
Anhydrous Na>SO4 was added to the extract and a 1 mL aliquot was purified via flash

chromatography with florisil.
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Biomarker Extraction of Lake-Sediment Samples

Extraction of biomarkers from lake sediment samples was performed with an ASE 350
(Accelerated Solvent Extractor, Dionex Thermo Fisher Scientific) equipped with 22 mL stainless
steel extraction cells. Each sample was mixed with diatomaceous earth and a spike with a known
quantity of the '*C-labeled internal standards. Extraction was performed twice with a 9:1
DCM:MeOH solution at 100 °C and 1500 psi.

Cleanup and fractionation of dung and sediment samples were performed according to
(Birk et al., 2012), with minor modifications. Extracts were dried under a nitrogen flow and
saponified with 3.5 mL of 0.7 M KOH in MeOH (10-14 hours at room temperature), then 10 mL
of ultrapure water were added. The neutral fraction (containing sterols, stanols, and stanones)
was extracted three times with 15 mL of chloroform, then the sample was acidified with 6 M
HCI until pH <2. An acidic fraction (containing bile acids) was obtained by extracting three
times with 15 mL of chloroform.

The neutral fraction was then concentrated and purified on neutral silica following the
methods described in Battistel et al. (2015), dried, remobilized with 100 uL. of DCM and
derivatized with 100 pL of BSTFA + 1% TCMS, transferred to GC vials and heated to 70 °C for
1 hour, cooled to room temperature, and analyzed with GC-MS after 24 hours.

The acidic fraction was dried and methylated with 2 mL of 1.25 M HCl in methanol at 80
°C for 2 hours, purified following Birk et al. (2012), dried and redissolved in 50 pL of toluene,
then derivatized with 100 uL of BSTFA + 1% TMCS, transferred to GC vials and heated to 80

°C for 1 hour, cooled to room temperature, and analyzed with GC-MS.
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GC-MS Analysis

All analyses were performed using an Agilent Technologies 7890 GC system coupled to
a 5975C MSD and equipped with a HP-5ms 60 m capillary column (0.25 mm [.D.; 0.25 pm film
thickness; Agilent Technologies).

Sterols were separated using the following chromatographic run: 150 °C (1 min), 30 °C
min! to 220 °C (0 min), 0.7 °C min! to 275 °C (0 min), 10 °C min™! to 300 °C (5 min), 10 min at
315 °C (post run); helium flow 1 mL min™'. Injector and transfer line temperatures were 290 °C
and 300 °C, respectively.

For bile acids, the following chromatographic method was used: 40 °C (1 min), 20 °C
min! to 230 °C (0 min), 2 °C min™! to 300 °C (20 min), 10 min at 315 °C (post run); helium flow
1 mL min™'. Injector: 280 °C; transfer line: 300 °C. For both methods: source temperature 230 °C

and quadrupole temperature 150 °C.

Fecal Steroid Nomenclature

The fecal stanols measured were coprostanol (5p-cholestan-33-ol), epicoprostanol (5p-
cholestan-3a-ol), cholesterol (cholest-5-en-33-ol), cholestanol (5a-cholestan-33-ol),
cholestanone (5a-cholestane-3-one), 24-ethylcoprostanol (24-ethyl 5B-cholestan-33-ol), 24-
ethylepicoprostanol (24-ethyl 5B-cholestan-3a-ol), campesterol (campest-5-en-33-ol),
stigmasterol (stigmasta-5,22-dien-33-ol), B-sitosterol (stigmast-5-en-3[3-ol), ergosterol (33-
ergosta-5,7,22-trien-3-ol), and stigmastanol (Sa-stigmastan-33-ol). Bile acids analyzed were
chenodeoxycholic acid, deoxycholic acid, hyodeoxycholic acid, lithocholic acid, and

ursodeoxycholic acid. Refer to Appendix C Sup. Table 4.4 for additional compound information.



100

Statistical Analysis of Biomarker Profiles

Statistical analysis of fecal stanols followed Harrault et al. (2019). Steroid values of dung
and lake sediment samples were transformed from absolute concentrations to relative
abundances of (i) sterols, stanols, and stanones and (ii) bile acids to account for variability
among samples (Fig. 4.2 A & B). Principal component analysis (PCA) was performed on the
relative abundances of each compound in dung samples (Fig. 4.2 C & D). Chenodeoxycholic
acid and ursodeoxycholic acid were excluded because they were absent from nearly all dung
samples.

This was followed by analysis of the relative proportions of 5B-stanols, which are
predominantly produced in the digestive tract of animals, while other fecal steroids have other
environmental sources. We used hierarchical clustering on principal components (HCPC) based
on all 4 principal components, with Euclidean distance and Ward’s method (Fig. 4.3). Lake-
sediment samples were added to the PCA as supplementary individuals to assess the similarity of
lake-sediment 5p-stanol profiles to those of historically present species. These analyses were
performed using the PCA and HCPC functions from the FactoMineR R package (L€ et al.,

2008).

Herbivore Population and Biomass

Population records for bison (1877-2015 CE) and elk (1911-2015 CE) in the Yellowstone
Northern Range were compiled from multiple literature sources (Evans, 1939; Fuller, 2006;
Geremia et al., 2015; MacNulty et al., 2016; Meagher, 1973; Rush, 1933). Elk population

estimates from before the start of aerial surveys in 1952 are less reliable but included here as
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general estimates. Populations were converted to biomass based on average body masses of 665

kg for bison (Martin et al., 2018) and 235 kg for elk (Cook et al., 2004).

Pollen Analysis

Samples of 1 cm® of sediment were taken at 4-8 cm intervals for pollen analysis resulting
in a mean temporal resolution of 101 years (min: 9 years, max: 168 years). The samples were
processed according to the methods outlined in Bennett and Willis (2001). Each sample was
spiked with a tablet containing a known quantity of Lycopodium spores to calculate pollen
concentration (grains cm™) and pollen accumulation rate (grains cm™ yr!). Pollen residues were
mounted in silicone oil and examined at 400-1000x magnification. A minimum of 300 terrestrial
pollen grains and spores were identified to the lowest taxonomic level possible on each slide and
tallied. Terrestrial taxa were converted to percentages based on the sum of terrestrial pollen and
spores. Aquatic pollen counts were converted to percentages relative to the sum of all pollen and
spores. Cyperaceae was classified as an aquatic taxon.

Pinus pollen grains with intact distal membranes were identified to subgenus. Pinus subg.
Strobus (haploxylon type, verrucate distal membrane) includes P. albicaulis and P. flexilis,
which both grow in northern Yellowstone National Park. Pinus subg. Pinus (diploxylon type,
psilate distal membrane) primarily represents P. contorta in the area. Grains of Cupressaceae are
attributed to Juniperus-type because only J. scopulorum, J. horizontalis, and J. communis occur
within the region.

The relative abundance of dominant functional groups (evergreen conifers versus shrubs

and grasses) was calculated with pollen percentages as (Pinus + Pseudotsuga) / (Artemisia +
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Poaceae). The pollen diagram (Appendix C Sup. Fig. 4.2) was created with the rioja R package

(Juggins, 2020).

Statistical Charcoal Analysis

Statistical analysis of the Buffalo Ford Lake charcoal record was performed with
CharAnalysis software (https://sites.google.com/site/charanalysis) for MatLab following the
methods of Higuera et al. (2009). Charcoal counts were converted to charcoal accumulation rates
(CHAR; particles cm? yr''), which were interpreted as an indicator of fire activity or biomass
burned. A 500-yr loess smoother, robust to outliers, was used to characterize long-term
background charcoal accumulation rates (BCHAR; Higuera et al., 2010). Charcoal peaks were
identified as significant fire episodes (a single or sequence of local fires within the time span of
the sample) if they exceeded the 99" percentile of the local CHAR noise distribution as defined

by a Gaussian mixture model.

Results

Chronology

The extrapolated age-depth model gives a basal core age of 2289 cal yr BP. Before YNP
was established in the late 19™ century, the median sediment accumulation rate was stable at 0.05
cm yr'! over the preceding c. 2200 years. Sediment accumulation rate sharply increased in the
late 19" century and subsequently peaked with an increase to 0.33-0.50 cm yr! in the 1920s,
stabilized at 0.25 cm yr'! between c. 1930-1960 CE, and then rose to 0.50 cm yr'!' again from the
1960s to the mid-1980s. The most recent sediment accumulation rate of 0.17 cm yr™! is lower

than the 20™ century average but remains elevated relative to the long-term average.
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Lithology

The BF19 sediment core consisted entirely of brown, organic-rich mud, similar to the
description in Engstrom et al. (1991) that noted that the BF87 core consisted of 44% organic
content, 39% inorganic components, and 17% carbonates by dry mass. That study also
determined that the sediments became more organic (from 40 to 50%) from c. 1600 CE to 1850

CE (Engstrom et al., 1991).

Fecal Steroids

Deoxycholic acid was the most prevalent secondary bile acid in all species analyzed
(bison [58%], elk [51%], moose [74%], mule deer [86%], and pronghorn [78%]). Elk dung also
contained lithocholic acid (49%), moose feces also contained lithocholic acid (21%) and
hyodeoxycholic acid (4%), and mule deer feces also contained lithocholic acid (14%). Elk and
mule deer dung did not contain detectable levels of hyodeoxycholic acid. Bison dung was
distinguished from other species by relatively high concentrations of hyodeoxycholic acid (11%),
while chenodeoxycholic acid was only detected in a single bison dung sample. We did not detect

ursodeoxycholic acid in any analyzed ungulate feces.
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Figure 4.2. Characterization of fecal steroid profiles bison (red), elk (blue), moose (green), mule
deer (purple), and pronghorn (orange) based on the relative abundances of sterols, stanols, and
stanones and bile acids in individual dung samples. Distributions of (A) sterols, stanols, and
stanones and (B) bile acids (mean = SE). (C) Score plot and (D) biplot showing the first two
principal components of the fecal steroid profile PCA. Chenodeoxycholic acid, and
ursodeoxycholic acid were excluded from principal components analysis. Number of individuals:
bison: 17, elk: 7, moose: 7, mule deer: 2, pronghorn: 6. See Appendix C Sup. Table 4.4 for
compound information. See Appendix C Sup. Table 4.2 for individual sample information and
fecal steroid distributions.

Our results indicate that fecal steroid profiles of bison, elk, moose, mule deer, and
pronghorn are distinctive (Fig. 4.2), and allowed complete differentiation of moose, mule deer,
and pronghorn and partial differentiation of elk and bison when multivariate analysis using a

considered a broad suite of fecal steroids (Fig. 4.2 C). However, many fecal sterols have
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significant non-animal environmental sources, so it is not appropriate to use this broad-spectrum
approach to identify ungulate contributors to mixed sediments like soils or lake sediments
(Harrault et al., 2019). For this reason, our lake sediment analysis focuses on 5B-stanols (i.e.,
zoostanols), which are strong indicators of fecal input.

Hierarchical clustering on principal components, based on the relative abundances of four
5B-stanols (coprostanol, epi-coprostanol, 24-ethylcoprostanol, and 24-ethylepicoprostanol) in
dung, differentiated three ungulate groups typified by moose (Fig. 4.3, cluster 1), pronghorn
(Fig. 4.3, cluster 2), and elk and bison (Fig. 4.3, cluster 3). Bison and elk were not differentiated
by their 5B-stanol profiles alone. The 5B-stanol profiles of ungulates form a gradient defined by
the proportion of 24-ethylcoprostanol and 24-ethylepicoprostanol versus coprostanol and epi-
coprostanol. Moose dung contained the greatest proportions of 24-ethylepicoprostanol. Mule
deer and pronghorn dung had relatively high levels of 24-ethylcoprostanol. The dung of elk and
bison was higher in coprostanol than mule deer and moose, and elk dung contained relatively
high quantities of epi-coprostanol.

The 5B-stanol signature of the lake-sediment samples most closely resembles that of elk
and bison throughout the record (Fig. 4.3 D, cluster 3). These two genera, however, could not be
distinguished. Pronghorn and mule deer likely contributed modestly to the 5B-stanol composition
of the sediment, with greatest relative contributions around c¢. 2000 CE (Fig. 4.3 D, cluster 2).
Moose were not well represented by the lake sediment 58-stanol signature, indicating little to no
local presence in the Buffalo Ford catchment over the past two millennia (Fig. 4.3 D, cluster 1).

Influxes of zoostanols and bile acids were generally low and stable throughout the

sediment record (BF19; Fig. 4.4) until the mid to late 19" century, when influxes increased
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dramatically and peaked in the early 20" century (Appendix C Sup. Fig. 4.2). Fecal steroid

influxes remained variable but generally decreased, approaching long-term averages into the 21

century (Fig. 4.5).
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Figure 4.3. Characterization of 5B-stanol profiles of sediments from Buffalo Ford Lake, YNP,
Wyoming in relation to the dung profiles of local ungulates. (A) PCA score plot of 5B-stanols in
dung, with lake sediment samples as supplementary observations. Clusters are defined by HCPC
(panel C). (B) PCA correlation circle depicting correlation between the first two principal
components the relative abundance of 53-stanols. (C) HCPC dendrogram of 5B-stanol
distributions for individual ungulate dung samples. (D) Euclidean distance of lake-sediment
samples to cluster centroids (from panel A). Shorter distance indicates greater similarity (note the
y-axis reversal).
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Figure 4.4. Evolution of (A) relative elk/bison dominance at Buffalo Ford Lake, (B) ungulate
fossil presence at Lamar Cave, (C) local ungulate use/density at Buffalo Ford Lake, (D) pollen-
inferred vegetation dominance, (E) sediment accumulation rate, and (F) charcoal accumulation
rates and long-term CHAR trends (red line; loess smoother; window = 500). Significant (+) and
insignificant () charcoal peaks throughout the last 2300 years identify past fire-episodes.

Pollen

The pollen record indicates that the vegetation around Buffalo Ford Lake experienced
only minor fluctuations in relative dominance and limited species turnover during the past c.
2300 years (Appendix C Sup. Fig. 4.2). Pinus and Pseudotsuga were the dominant conifers
throughout the record. Poaceae and Artemisia were well represented in the pollen record (10-

30%) but their relative abundance was inversely correlated among samples. Populus only
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appears sporadically in the BF19 pollen record. Salix percentages fluctuated over time, with a
general decline towards present.

Conifer (Pinus and Pseudotsuga) percentages relative to those of shrubs (Artemisia) and
grasses (Poaceae) peaked above the long-term average twice during the 20™ century (Fig. 4.5).
The first peak occurred at c. 1930 and the second at c. 1970. Salix percentages remained below
the long-term average throughout the 20" century and slightly declined toward the present (Fig

4.5).

Charcoal

The charcoal record indicates variable fire activity over the last 2300 years at Buffalo
Ford Lake. Background charcoal (BCHAR), which indicates extra-local biomass burning trends,
was relatively high c. 2000 cal yr BP. BCHAR then declined to a record minimum c¢. 1000 cal yr
BP, and gradually increased over the next 800 years until charcoal accumulation rapidly
increased from 200 cal yr BP to present. Local fires, indicated by significant peaks, were
infrequent between 2200-1000 cal yr BP, with only two significant peaks occurring during this
period. Local fires then become more frequent from 1000 cal yr BP to present with a mean fire

return interval of <100 years (Fig. 4.4).

Discussion

Analyses of fecal steroid signatures of ungulate species provide new information on
herbivore-ecosystem dynamics over two millennia in the Yellowstone Northern Range.
Comparison of 5B-stanol signatures of lake sediments and ungulates shows long-term variations

in ungulate dominance. Results suggest that elk and/or bison were the dominant herbivores in the
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Buffalo Ford Lake area over the past c. 2300 years (Fig. 4.3 A & D). The initial low zoostanols
influxes indicate that local elk/bison densities were relatively low and stable before the
establishment of Yellowstone National Park in the late 19" century (Fig 4.4).

The ungulate fossil assemblage of nearby Lamar Cave (2.5 km from Buffalo Ford Lake
on the rocky banks of the Lamar River) covers the same time span as BF19 (dated to ¢. 1200
BCE, 3200 cal yr BP), includes bison, elk, mule deer, pronghorn, and bighorn sheep (Hadly,
1996). The ungulate composition of Lamar Cave may be biased by the behavior of carnivores
and scavengers that transported bones to the cave but nonetheless, the site indicates that elk may
have become more abundant in the last c¢. 300 years (levels 1-3). Low quantities of bison
specimens (1-2) occur in most stratigraphic levels of Lamar Cave, but none were detected within
modern-dated levels. In contrast, white-tailed deer and moose are not locally abundant at present
(Appendix C Sup. Table 4.1) and not detected in the Lamar Cave faunal record. Bighorn sheep
were locally present at Lamar Cave and likely occupied the rocky cliffs along the Lamar River or
at higher elevations instead of the forest, steppe, and wetlands around Buffalo Ford Lake.

By comparing 53-stanols with historical and paleoenvironmental proxy data, we detect in
the sedimentary record some of the probable environmental impacts of herbivores in the
Yellowstone Northern Range. Two 20™ century peaks in 5B-stanol influx correspond to
documented periods of high ungulate density in the lower Lamar Valley. The first and largest
20™ century 5p-stanol peak at 1923 (26 1914, 1929 CE) coincides with record high elk
populations that peaked in 1915 with an estimated 37,000+ individuals (Evans, 1939). Historical
documents indicate that predator suppression and hunting bans led to irruptive elk population

growth (Fig. 4.5; Evans, 1939; Rush, 1933), although it should be noted that population trends
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before this time are poorly documented. High fecal steroid influxes, rapid sediment
accumulation, elevated biogenic silica, and near-record low pollen abundances of forage taxa
(e.g., Poaceae and Salix) at Buffalo Ford Lake are consistent with rapid elk population growth
between the 1880s and the 1920s (Fig. 4.5). High ungulate densities were also associated with a
ten-fold increase in sediment accumulation rate and elevated biogenic silica, a sign of increased
lake production (Fig. 4.5; Engstrom et al., 1991). Engstrom et al. (1991) observed that this phase
of increased sediment accumulation likely resulted from in-lake sediment redistribution or
increased algal production, and not only increased erosion, because it was not accompanied by a
change in sediment composition. Thus, high fecal steroid influxes and regional elk population
trends suggest intensive elk use of the watershed in the early 20" century.

The early 20" century fecal steroid peak also coincides with low Artemisia and Poaceae
pollen percentages relative to Pinus and Pseudotsuga (Fig 4.5). Vegetation monitoring data from
this time are insufficient to quantify the effects of ungulate population growth on vegetation
composition and structure. However, an official report in 1933 expressed concern about the
effects of high ungulate populations on the condition of Yellowstone Northern Range soils and

grassland, noting top soil erosion, severe overgrazing, and proliferation of grazing-adapted plants

(Rush, 1933).
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Figure 4.5. Summary of historical Yellowstone Northern Range (YNR) bison and elk
management regimes and biomass trends in relation to fecal steroids and associated records of
environmental change at Buffalo Ford Lake, YNP, WY. (A) YNR elk (red) and bison (black)
biomass trends, based on survey records, with key events noted below. Elk counts before aerial
surveys began in 1952 are considered less reliable (dashed line). Hypothetical pre-survey trends
are indicated with question marks (transparent dashed lines). (B) Influx of total zoostanols (sum
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of 24-ethylcoprostanol, 24-ethylepicoprostanol, coprostanol, and epicoprostanol). (C) Influx of
lithocholic acid. Horizontal gray lines in panels B and C indicate age uncertainty (95%
confidence range) associated with sample depths. (D) Biogenic silica concentration from BF87
(Engstrom et al., 1991) show changes in algal production. (E) Sediment accumulation rates based
on BF19 & BF87 composite age-depth model (gray line), with loess smoother (light brown),
marking periods of increased lake productivity and/or sediment redeposition. (F) Ratio of pollen
percentage of locally dominant trees (Pinus & Pseudotsuga) to sagebrush and grasses (Artemisia

& Poaceae). (G) Salix pollen percentage. The dashed horizontal lines in all plots indicate long-
term means from 340 BCE to 1850 CE.

The harsh winter of 1919-20 reduced the elk population by approximately 60% to
~11,000 individuals (Rush, 1933). Subsequent concerns over ungulate overpopulation and
habitat degradation led to a culling program, which resulted in progressive reductions in elk and
bison populations between 1931-1967 (Fig. 4.5; Eberhardt et al., 2007; National Research
Council et al., 2002). Fecal steroid influxes generally show a negative trend during the culling
period, with the notable exception of a peak in stanols in 1964 (26 1954, 1967 CE) that mark a
temporary increase in local ungulate use (Fig. 4.5).

After winter haying at the Lamar Buffalo Ranch ceased in 1952, the primary bison winter
range shifted to the lower Lamar Valley, where Buffalo Ford Lake is located ( Fig. 4.1; Meagher,
1973). This area served as the herd’s wintering grounds through the 1960s and early 1970s, until
the winter of 1975-1976 when harsh winter conditions drove bison migration to lower elevation
(Meagher, 1989, 1973). This period of high local bison use in the Buffalo Ford area from the late
1950s-early 1970s may account for the second 20™ century decline in Poaceae and Artemisia
pollen abundance (Fig. 4.5). It seems likely that high local herbivore densities reduced grass and
sagebrush dominance and erosion or nutrient deposition may have increased sediment

accumulation rates on multiple occasions during the 20" century.
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After the 1940s, the lake-sediment 53-stanol signatures shift away from the bison and elk

cluster (Fig. 4.3), indicating that local bison and elk dominance slightly declined in recent

decades. This change corresponds with declines in fecal steroid influxes and sediment

accumulation rates (Fig. 4.5). The cessation of winter haying in 1952, the resumption of bison

migration in 1975, and the reintroduction of wolves in 1995 may have contributed to reduced

local bison and elk use (see Table 4.2 for a timeline of key historical events).

Table 4.2. Timeline of events relating to elk and bison in Yellowstone National Park, adapted
from National Research Council et al. (2002).

Year/Period Event

1860s Bison in Paradise Valley exterminated (Meagher, 1989)

1872 Yellowstone National Park established by Organic Act

1869-1883 Extensive market hunting reduced populations of ungulates and carnivores
(Yellowstone National Park, 1997)

1884 Public hunting within YNP prohibited by Lacey Act

1886 U.S. Calvary assigned to protect park; beginning of effective control of
hunting (Yellowstone National Park, 1997)

1890s Bison absent from Northern Range (Meagher, 1989)

1900-1935 Intensive predator control; wolves extirpated (Yellowstone National Park,
1997)

1902 Few bison remained in YNP; population supplemented with domestic herds
(Meagher, 1973)

1907-1915 Bison day-herded and fenced at Lamar Ranger Station Buffalo Ranch
(Meagher, 1973)

1907-1951 Winter haying in Lamar Valley (Meagher, 1989)

1918 U.S. National Park Services assumed control of Yellowstone National Park

1920s Increasing concern about overgrazing; active management to control elk
population

1920-1960 Intensive ungulate population control (Yellowstone National Park, 1997)

1923-1929 Elk removed primarily by hunting outside park boundaries

1930s-present  Limited recruitment of aspen in Northern Range

1952 Beginning of aerial elk surveys (National Research Council et al., 2002)

1960s-1970s Bison winter in Lower Lamar Valley (Meagher, 1989, 1973)

1968 YNP adopts “natural regulation” policy; intensive management of elk and
bison ends (Cole, 1971)

1975-1976 Bison migrations begin again resulting in range expansion (Meagher, 1989)

1988 Extensive fires in Yellowstone National Park

1995

Reintroduction of wolves
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The shifts in fecal steroid influx in response to ungulate population size and behavior are
illustrative of the applications and limitations of fecal steroid biomarkers. Although landscape-
level population size is an important driver of local ungulate use, ungulates generally use
landscapes unevenly. Large herbivores may concentrate in or avoid specific areas in response to
predator pressure, forage availability and quality, water distribution, thermal regulation needs, or
other factors (Anderson et al., 2005; Mao et al., 2005; Payne et al., 2020). Additionally, shifting
seasonal migration patterns over time can change spatial occupancy and local densities. For
example, the Lamar River valley was a primary wintering area for Yellowstone elk in the 1960s,
yet no wintering elk were observed there in 2007-2008 (White et al., 2010). Fecal steroids in lake
sediments within small catchments are unlikely to match landscape-scale population dynamics
and should be primarily interpreted as indicators of local ungulate abundance and use.

Although we assume that most fecal steroids found in the lake sediments were leached
from dung and transported from uplands via overland flow or originated in dung deposited
directly along the lake margins, there are other potential sources to consider. In the Yellowstone
Northern Range, ungulates often expire on the frozen lake surface during winter, fall through ice,
or become mired in floating vegetation mats along lake margins. These decomposing carcasses
release substantial quantities of fecal steroids (von der Liihe et al., 2018). Further study is needed
to quantify the relative fecal steroid contributions of dung and carcasses to lake sediments.

To our knowledge, the fecal steroid profiles of bison, elk, pronghorn, and mule deer have
not been previously characterized. Our results show that the dung of many North American

ungulate species can be identified by broad-spectrum fecal-steroid characterization. Multivariate
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analysis of sterols, stanones, and stanols with secondary bile acids resulted in complete
differentiation of sampled species, except elk and bison (Fig. 4.2). Although this approach is not
suitable for fecal source identification of mixed sediments (e.g., soils and lake sediments) due to
the inclusion of compounds that have significant non-animal environmental sources, it would be
useful for discerning sources of materials with unmixed fecal components, such as coprolites.
Our fecal steroid analysis shows that, like Eurasian moose, North American moose dung is
characterized by exceptionally high relative levels of 24-ethylcoprostanol and 24-
ethylepicoprostanol (Harrault et al., 2019).

Knowledge of past ecological conditions is an important reference for restoration efforts,
natural resource management, and scientific inquiry, yet pre-20™ century animal populations and
their dynamics are poorly understood. Population data from protected areas are often used to
establish historical baselines because human impacts in such places are considered low (e.g.,
Pachzelt et al., 2013; Pedersen et al., 2023). However, our results demonstrate how
contemporary animal population densities within protected areas, especially those lacking
predators, like Yellowstone National Park before the reintroduction of wolves, can differ
dramatically from long-term averages. Further development of sedimentary fecal biomarker
records can shed light on prehistoric herbivore communities and thereby inform ecological

conservation and restoration initiatives.

Conclusions

Fecal steroid biomarkers in lake sediments are promising tools to help managers and
conservationists understand native ungulate population dynamics through time. While written

records in the Americas are limited to the past several hundred years, sediments containing fecal
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steroids extend to the Pleistocene and beyond. Analysis of the Buffalo Ford Lake record
demonstrates how such records can be used to identify variability in species dominance, local
abundance, and environmental impacts at sub-decadal to millennial timescales. The Buffalo Ford
Lake record provides important context for understanding local ungulate population responses to
evolving land uses and management approaches since the arrival of Euro-Americans.
Specifically, our results point to two millennia of continuous presence of elk and bison and
exceptionally high densities of these ungulates in the 20" century at a small catchment in the
Yellowstone Northern Range.

This study establishes proof of concept for the application of fecal steroids for lake-
sediment reconstructions of wild paleoherbivore identity and abundance. Additional calibration
studies are needed to evaluate the sensitivity of fecal steroids to fluctuations in herbivore use.
Further development of biomarker reference databases will help characterize intra- and
interspecies variability and thereby improve differentiation. Future research comparing new
records of past ungulate populations from fecal steroid biomarkers with changes in a host of
ecosystem properties and conditions can provide key insights into how dominant paleoherbivores
shaped and interacted with ecosystems, and how changes to herbivore communities and densities
have impacted ecosystem dynamics. Because herds of large herbivores operate at landscape to
regional scales, multi-site networks are needed to fully characterize past herbivore dynamics.
Continued development of fecal steroid records can address critical questions about the historic

role of bison, elk, and other ungulates in the Yellowstone Northern Range and beyond.
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CHAPTER FIVE

CONCLUSION TO DISSERTATION

Summary

Methodological advancements are opening new horizons in the study of paleoherbivores.
In this dissertation I leverage recent advances in the analysis of dated fossil bone deposits and
molecular biomarkers to develop new paleoherbivore records. As I have shown, such records can
help address key questions about herbivore ecology and help tell the stories of ecologically and
culturally significant species like bison.

As shown in Chapters 2 & 3, radiocarbon dates associated with fossil bones provide
critical information about the geographic distribution and relative abundance of common animals
at regional to continental scales. When linked with environmental datasets, such reconstructions
can be used to understand how species responded to changing environmental conditions in the
long term (Chapter 2) and how species interact with and actively shape ecosystems (Chapter 3).
Paleoenvironmental data repositories facilitate advances in paleo-informatics and paleo-analytics
and promise to generate further insights from the fossil record.

In general, analysis of molecular biomarkers in lake sediments is in its early stages and
many questions remain about applications and limitations. Chapter 4 demonstrates how
molecular biomarkers can document the local presence of large herbivores and provide
information about their ecosystem impacts. In the Yellowstone Northern Range, variability in
fecal steroid signatures of different species allows for characterization of dominant species

within a small watershed. When compared with other paleoenvironmental proxies (pollen,
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charcoal, geochemistry, and diatoms), the data showed the changes in ungulate abundance
altered the vegetation and possibly the lake. Further work is needed to develop comprehensive
fecal steroid databases that include more species and more samples to better characterize
intraspecies variability. Development of more lake sediment records in the Yellowstone Northern
Range will expand inference from watershed to regional scales. Additionally, better
interpretation of sedimentary fecal biomarkers requires improved understanding of their dispersal

pathways and taphonomy.

Significance

This dissertation highlights the role of herbivores in North America broadly, and in
rangeland and forest transition ecosystems in particular, prior to Euro-American modification.
Large herbivores drive critical trophic and non-trophic processes that shaped subsequent
ecological interactions and dynamics across a range of timescales. Without reliable
paleoherbivore reconstructions, long-term herbivore-environment interactions have been largely
left to speculation. This can have unintended and sometimes unfortunate consequences for
rangeland management.

Information on the role of large herbivores in past ecosystems shapes our understanding
of how those ecosystems once functioned and influence decisions as to how they should be
managed today. For example, the view espoused by Mack and Thompson (1982), that large
herbivores were absent from the Intermountain West, and therefore native plant communities
were not adapted to grazing, is widely held among scientists, managers, and conservationists.
This claim is used to argue for the reduction or elimination of populations of domestic, feral, and

wild ungulates that currently inhabit the steppes west of the Rocky Mountains. Yet, a
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comprehensive survey of the postglacial bison fossil record demonstrates that bison herds were
more common in western US ecosystems than previously thought (Chapter 2). This calls into
question widely held assumptions about the historic role of large grazing animals in sagebrush
and salt desert scrub systems in the Intermountain West (Perryman et al., 2021), and raises a new
compelling question: How did these apparently fragile systems persist in spite of herbivore
disturbance?

The notion that bison were historically abundant in eastern forests and woodlands is also
popular among some scientists, managers, and conservationists, yet it too appears to be similarly
mistaken, based on the fossil record. This view of abundant eastern bison is advanced by
proponents of alternative grazing systems, who claim that conventional grazing practices
produce poor ecological outcomes because such systems fail to emulate the way bison would
have grazed (Green Cover Seed, 2022). Instead, they argue, adaptive multi-paddock grazing, a
high-density, short-duration rotational grazing scheme, produces more desirable ecological
outcomes because it creates intense temporary disturbances that are then permitted sufficient
time to recover. Although this grazing strategy may replicate historical bison behavior in some
settings, this approach is being promoted in systems, such as eastern hardwood forests
(Apfelbaum et al., 2022; Mosier et al., 2021), where the fossil record suggests that bison likely
did not have persistent populations during most of the Holocene (Chapter 2). Furthermore,
habitat reconstructions of fossil bison in the Ohio River valley indicate that bison there likely did
not congregate in large herds to graze open patches of grassy forage. Instead, they kept to valley
bottoms and fed primarily on browse (Widga, 2006). In addition, focusing on grazing to restore

disturbance patterns to ecosystems in eastern North America overlooks the historical importance



120

of fire, which dominated biomass consumption throughout the region during the Holocene
(Chapter 3).

There is perhaps no better example of efforts to preserve the native fauna observed by
Lewis and Clark on their 1804 journey than Yellowstone National Park. Yet even there, predator
extirpation and supplemental feeding in the early and middle 20" century, based on a naive
understanding of herbivore population ecology, resulted in spectacular population instability and
threatened the integrity of the forage base (Rush, 1933). Given the paucity of fossil bone
deposits, scientists and managers have only inferred the nature of long-term ungulate population
dynamics in the Yellowstone Northern Range (National Research Council et al., 2002), and left
understanding of the historical abundance and relative dominance of ungulates to speculation.
However, fecal steroid biomarkers in lake sediments now provide a means to reconstruct
temporal changes in herbivore dominance and density within a specific catchment (Chapter 4).
With this discovery and recent innovations in isotope analysis, the stage is set to reconstruct past
ungulate abundance, community dynamics, migrations, and ecological impacts in the entire

Yellowstone Northern Range through time.
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Supplementary Figure 2.1. Area of modeled bison distribution across 1000-year intervals
between 20-0 ka.
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Supplementary Figure 2.2. Response curves for Temperature Seasonality (bio4) in 1000-year
intervals between 20-0 ka.
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Supplementary Figure 2.3. Response curves for Mean Temperature of the Wettest Quarter (bio8)
in 1000-year intervals between 20-0 ka.
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Supplementary Figure 2.4. Response curves for Mean Temperature of the Warmest Quarter
(bio10) in 1000-year intervals between 20-0 ka.
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Supplementary Figure 2.5. Response curves for Mean Temperature of the Coldest Quarter
(biol1) in 1000-year intervals between 20-0 ka.
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1000-year intervals between 20-0 ka.
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Supplementary Figure 2.7. Response curves for Precipitation Seasonality (bio15) in 1000-year
intervals between 20-0 ka.
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Supplementary Figure 2.8. Response curves for Precipitation of the Wettest Quarter (biol6) in
1000-year intervals between 20-0 ka.
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Supplementary Figure 2.9. Response curves for Precipitation of the Warmest Quarter (bio18) in
1000-year intervals between 20-0 ka.
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Supplementary Figure 2.10. Response curves for Precipitation of the Coldest Quarter (bio19) in
1000-year intervals between 20-0 ka.
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20-19 ka

Predicted probability

0 0.63 1

Supplementary Figure 2.11. Bison distribution map 20-19 ka.
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19-18 ka

Predicted probability

0 0.63 1

Supplementary Figure 2.12. Bison distribution map 19-19 ka.
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18- 17 ka

Predicted probability

0 0.59 1

Supplementary Figure 2.13. Bison distribution map 18-17 ka.
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17 - 16 ka

Predicted probability

0 0.57 1

Supplementary Figure 2.14. Bison distribution map 17-16 ka.
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16 - 15 ka

Predicted probability

0 0.59 1

Supplementary Figure 2.15. Bison distribution map 16-15 ka.
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15-14 ka

Predicted probability

0 0.53 1

Supplementary Figure 2.16. Bison distribution map 15-14 ka.
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14 - 13 ka

Predicted probability

0 0.55 1

Supplementary Figure 2.17. Bison distribution map 14-13 ka.
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13-12ka

Predicted probability

0 0.49 1

Supplementary Figure 2.18. Bison distribution map 13-12 ka.
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12-11ka

Predicted probability

0 0.62 1

Supplementary Figure 2.19. Bison distribution map 12-11 ka.
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11-10 ka

Predicted probability

0 0.5 1

Supplementary Figure 2.20. Bison distribution map 11-10 ka.
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10-9ka

Predicted probability

0 0.55 1

Supplementary Figure 2.21. Bison distribution map 10-9 ka.
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9-8ka

Predicted probability

0 0.59 1

Supplementary Figure 2.22. Bison distribution map 9-8 ka.
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8-7ka

Predicted probability

0 0.58 1

Supplementary Figure 2.23. Bison distribution map 8-7 ka.
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7-6ka

Predicted probability

0 0.56 1

Supplementary Figure 2.24. Bison distribution map 7-6 ka.
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6-5ka

Predicted probability

0 0.58 1

Supplementary Figure 2.25. Bison distribution map 6-5 ka.
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5-4ka

Predicted probability

0 0.44 1

Supplementary Figure 2.26. Bison distribution map 5-4 ka.
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4-3ka

Predicted probability

0 0.47 1

Supplementary Figure 2.27. Bison distribution map 4-3 ka.
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3-2ka

Predicted probability

0 0.61 1

Supplementary Figure 2.28. Bison distribution map 3-2 ka.
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2-1ka

Predicted probability

0 0.54 1

Supplementary Figure 2.29. Bison distribution map 2-1 ka.
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1-0ka

Predicted probability

0 0.58 1

Supplementary Figure 2.28. Bison distribution map 1-0 ka.
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Supplementary Table 2.1. Fossil bison observations used in this study (file available at
https://doi.org/10.1016/j.quascirev.2022.107472).



https://doi.org/10.1016/j.quascirev.2022.107472
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Supplementary Table 3.3. Moisture availability site metadata. Sites listed from west to east.

Site Latitude (°N), Record start,end | Type Method References
longitude (°W) (Cal yr BP)

Lake of the Woods 43.48, -109.89 17750, 250 Lake level GPR (Pribyl and Shuman, 2014)

Rainbow Lake 44.94, -109.50 17750, 250 Lake level GPR (Shuman and Serravezza, 2017)

Upper Big Creek Lake | 40.91, -106.62 17750, 250 Lake level GPR (Shuman et al., 2015)

Hidden Lake 40.50, -106.61 7750, 250 Lake level GPR (Shuman et al., 2009)

Little Windy Hill Pond | 41.43, -106.33 17750, 250 Lake level GPR (Minckley et al., 2012)

Kettle Lake 48.61, -103.62 12972, -45 Geochemistry | XRD (Grimm et al., 2011)

Nebraska Sand Hills 42.23,-101.40 33390, -67 Dune activity | OSL dates (Forman et al., 2005; Goble et al., 2004; Mason et al.,
2011, 2008, 2003; Miao et al., 2007, 2005; Schmeisser
McKean et al., 2015)

Steel Lake 46.97, -94.68 10751, 123 Geochemistry | XRD (Nelson et al., 2006; Shuman and Marsicek, 2016)
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Supplementary Table 3.4. Charcoal site metadata. Sites ordered from driest to wettest.

Site Mean Latitude (°N), Elevation | Record start, end | Average sample Region References

annual | longitude (°W) (m) (Cal yr BP) resolution (cm/yr)

precipit

ation

(mm)
Kettle Lake, ND 355 48.61, -103.62 610 12730, -46 6 NG (Grimm et al., 2011)
Rice Lake, ND 434 48.01,-101.53 631 10424, -9 28 NG (Umbanhowar, 2004)
Coldwater Lake, ND 476 46.01, -99.07 593 11670, -48 25 NG (Umbanhowar, 2004)
Moon Lake, ND 494 46.85, -98.16 457 13570, -34 72 NG (Clark et al., 1996)
Beaver Lake, NE 522 42.47,-100.67 913 6265, 36 168 NG (Schmieder et al., 2013)
West Olaf Lake, MN 590 46.60, -96.19 400 8888, 42 52 GFT (Nelson et al., 2004)
Deming Lake, MN 671 47.17,-95.17 485 9148, 740 93 GFT (Clark and Royall, 1996)
Steel Lake, MN 679 45.97, -94.68 429 9604, 298 81 GFT (Nelson et al., 2004)
Sharkey Lake, MN 756 44.59, -93.41 309 13037, -34 50 GFT (Camill et al., 2003)
Kimble Pond, MN 759 44.22,-93.84 308 12340, -47 65 GFT (Camill et al., 2003)
Fish Lake, MN 766 44.23,-93.67 321 14588, -43 151 GFT Jim Clark, unpub.
Seven Lake, WI 822 43.61,-88.14 311 11049, -55 17 GFT (Long et al., 2011)
Dark Lake, WI 827 45.28,-91.48 348 8558, -42 151 GFT (Clark and Hussey, 1996)
Butler Lake, WI 830 43.66, -88.13 317 14861, -50 18 GFT (Long et al., 2011)
Hell’s Kitchen, WI 844 46.19, -89.70 517 11263, 1200 174 GFT (Clark and Royall, 1996)
Nelson Lake, IL 925 41.84, -88.38 216 18038, 114 105 GFT (Nelson et al., 2006)
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Supplementary Table 3.5. Pollen site metadata. Sites ordered from driest to wettest.

Site Mean annual | Latitude (°N), | Elevation | Record Average Region References
precipitation | longitude (°W) | (m) start, end sample
(mm) (Cal yr BP) | resolution

(cm/yr)

Kettle Lake, ND 355 48.61, -103.62 610 12830, -45 551 NG (Grimm et al., 2011)

Rice Lake, ND 434 48.01,-101.53 631 9693, -30 88 NG Eric Grimm, unpub.

Lost Lake, MT 444 47.64,-110.48 1098 9420, -35 43 NG (Barnosky, 1989)

Moon Lake, ND 494 46.85, -98.16 457 13969, -35 170 NG (Laird et al., 1996)

Pickerel Lake, SD 527 45.50,-97.28 563 11138,0 86 NG (Watts and Bright, 1968)

West Olaf Lake, MN 46.60, -96.19 400 8905, -110 78 GFT (Nelson et al., 2004; Nelson and
590 Hu, 2008)

Steel Lake, MN 45.97, -94.68 365 12070, -50 125 GFT (Nelson et al., 2004; Tian et al.,
689 2005; Wright et al., 2004)

Fox Lake, IA 724 43.68, -94.70 380 9315, -9 99 GFT (Commerford et al., 2016)

West Okoboji Lake, IA 726 43.34,-95.13 439 15231, -18 110 GFT (Van Zant, 1979)

Sharkey Lake, MN 44.59,-93.41 309 12034, 61 165 GFT (Camill et al., 2003; Geiss et al.,
756 2003)

Kimble Pond, MN 308 12254, -48 | 236 GFT (Camill et al., 2003; Geiss et al.,
759 44.22,-93.84 2003)

Devil’s Lake 802 43.42,-89.73 306 14342, -4 122 GFT (Maher Jr., 1982)

Stewart’s Dark Lake, WI | 824 45.30,-91.45 334 10649,482 | 192 GFT (Heide, 1984)

Chatsworth Bog, IL 905 40.68, -88.32 228 13260, 800 | 64 GFT (King, 1981)
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Supplementary Table 3.4. Herbivore mass estimates, based on average values from scientific
ublications.
Herbivore | Mass (kg)

Horse 540
Cattle 450
Goat 70

Sheep 50
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Bison observations
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Northern grasslands
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Supplementary Figure 3.1. Fossil bison observations in North America 10,000-0 Cal yr BP.
Observations the grassland-forest transition (green) and northern grasslands (tan) ecoregions
were used to create regional bison abundance curves. Data from Wendt et al. (2022).
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Supplementary Figure 3.2. Moisture availability proxy records of midcontinent North America
10-0k Cal yr BP, with summarized hydroclimate phases (top). See Supplementary Table 3.1 for
site and record metadata.



194

North America (modern) Sub-Saharan Africa (modern)
+ = Fire + = Fire
e« == Herbivory (livestock) e == Herbivory (wild + livestock)

p -]
w

1.0 -—‘ L
o - o
Q [) (0]
£ % IS
a 0.8 2
o c
Q Q
[&] [&]
2 0s 2
© @®
£ €
> =
5 0 5
c c
ke ie]
G 0.2 IS
g g
g # sty g
0.01
200 600 1000 1400 1800 200 800 1000 1400 1800
Mean annual precipitation (mm) Mean annual precipitation (mm)

Supplementary Figure 3.3. Comparison of proportion of biomass consumed by herbivores and
fire across precipitation gradients in modern North America (panel A) and Sub-Saharan Africa
(panel B). Lines are based on loess regressions through the points. Data for Sub-Saharan Africa
are from Archibald and Hempson (2016).
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A BF19 & BF87 Composite

. Buffalo Ford Lake, WY
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Supplementary Figure 4.1. Composite age-depth model and sediment accumulation rate for
BF19 & BF87. (A) Composite age-depth model for Buffalo Ford Lake based on '“C dates from
BF19 (blue density curves), 2'°Pb dates from BF87 (green density curves), and the charcoal lens
from the 1988 Yellowstone fires using rbacon version 2.5.7 (Blaauw and Christen, 2011). (B)
Sediment accumulation rate over core depth. The dotted red line represents the weighted mean

age at a given depth, gray shading and the dotted gray lines represent the distribution of the most
likely age-depth model and 95% posterior density intervals.
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Supplementary Figure 4.2. Percentage diagrams of major pollen types and spores, total sum of terrestrial pollen, the ratio Pinus and
Pseudotsuga to Artemisia and Poaceae pollen, local density of ungulates based on fecal steroid biomarkers (total zoostanols: sum of
24-ethylcoprostanol, 24-ethylepicoprostanol, coprostanol, and epicoprostanol), and charcoal data (CHAR and BCHAR) with
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Supplementary Table 4.1. Recent population estimates for ungulates in Yellowstone’s Northern

Range.

Species Estimated population | Year Citation

Elk 5800 2019 (Yellowstone
National Park, 2019)

Bison 4460 2022 (Yellowstone
National Park, 2022a)

Mule deer 1850-1900 2022 (Yellowstone
National Park, 2022b)

Bighorn sheep 345 2018 (Yellowstone
National Park, 2022c)

Pronghorn 500-600 2022 (Yellowstone
National Park, 2022d)

Moose <200 1996 (Yellowstone
National Park, 2022c¢)

White-tailed deer Negligible 2022 (Yellowstone

National Park, 2022¢)



Supplementary Table 4.2. Concentrations (png/g) of fecal steroids from dung samples. <LOD = Below limit of detection.

E = k-

— -] 1 =

3 = = 2 2 =

g g ) o g £ 3 - 3|8 | £ E E

s 5 = k] — £ 2 2 s 2 3 S I 2 = S S

a = = g 73 s © S 5 2. = = — 2 = o = El S, 19

— = < = E = = = 3 ) 2 e =l 2 = = El s 19 e

) S b= 2 = 2 £ s > > 2 ] o} = ] S ] g 5 =

2 | E £ g g Z g Z £ g 2 £ g 7 g - 2 H

£ £ 3 2 ) z s < s ¥ ? £ ) ) g = 2 B 2 2 g

& o] @ @ 3 g 3 S 3 3 3 g 2 5 2 2 = 3 = E S
B12 Bison B. bison Bison Range, MT 104.56 28.55 59.45 56.03 40.72 224.19 223.80 17.47 12.86 22.45 90.96 358.80 0.26 0.75 0.23 <LOD <LOD
B14 Bison | B.bison Bison Range, MT 91.88 21.49 66.59 54.42 55.91 199.49 230.14 19.56 18.91 39.67 93.55 414.57 | 0.25 0.76 0.11 <LOD | <LOD
B16 Bison B. bison Bison Range, MT | 212.43 44.46 114.20 81.65 59.28 326.05 326.62 14.24 8.78 18.04 81.97 518.79 | 0.66 0.93 0.23 <LOD | <LOD
B18 Bison B. bison Bison Range, MT 117.29 34.20 60.37 77.35 50.68 250.54 293.66 16.00 10.97 20.64 80.32 473.49 0.17 0.52 0.13 <LOD <LOD
B2 Bison B. bison Bison Range, MT 63.11 12.93 48.52 | 40.77 18.61 154.40 221.63 12.55 28.01 87.16 69.46 | 256.21 0.29 0.59 0.19 <LOD | <LOD
B20 Bison B. bison Bison Range, MT 123.55 30.18 68.91 60.04 67.72 299.70 326.12 15.90 12.26 34.45 83.84 538.84 1.81 1.29 0.24 <LOD <LOD
B22 Bison | B.bison Bison Range, MT 117.23 3251 67.60 62.75 55.00 | 242.06 285.64 13.87 11.19 15.49 80.33 44829 | 0.09 0.62 <LOD <LOD | <LOD
B24 Bison B. bison Bison Range, MT 123.51 27.48 72.68 55.93 58.26 248.15 32291 15.87 10.28 18.98 79.02 463.11 0.27 0.25 0.09 <LOD <LOD
B26 Bison B. bison Bison Range, MT 128.16 31.33 61.93 53.28 69.71 244.63 319.46 12.98 9.95 2145 72.68 448.69 0.36 0.45 0.14 <LOD <LOD
B28 Bison B. bison Bison Range, MT 84.72 | 2293 65.90 51.87 58.22 252.26 291.82 18.01 14.42 33.40 100.13 463.75 0.33 2.78 0.15 <LOD | <LOD
B32 Bison B. bison Bison Range, MT 4.76 2.86 16.91 9.72 3.00 35.68 88.51 8.76 8.50 136.90 41.09 119.24 0.29 2.52 0.07 <LOD <LOD
B4N | Bison | B.bison Bison Range, MT 128.99 | 48.69 55.78 81.07 | 46.19 178.71 236.26 14.81 16.52 16.55 88.68 365.22 0.47 1.05 0.17 <LOD | <LOD
B4C Bison B. bison Cooke City, MT 129.79 579 99.75 43.51 34.05 648.10 62.35 27.46 21.74 15.83 222.55 611.72 2.63 0.68 0.35 <LOD <LOD

B6C Bison | B.bison Cooke City, MT 91.63 22.34 70.00 57.21 59.10 | 21091 227.33 15.56 11.57 24.21 83.65 44435 7.73 9.52 0.35 <LOD | 0.77

B6N Bison B. bison Bison Range, MT 76.41 18.94 71.79 | 4638 | 40.13 213.93 249.05 11.87 12.22 15.37 93.22 | 403.32 0.21 0.47 0.13 <LOD | <LOD
B8C Bison B. bison Cooke City, MT 38.55 11.99 48.68 2491 18.38 290.94 186.63 14.63 37.01 44.50 155.58 319.80 0.91 0.92 0.22 <LOD <LOD
B8N Bison B. bison Bison Range, MT 25.93 6.77 20.96 17.73 10.60 80.96 105.90 8.83 10.01 45.43 40.45 153.86 | 0.11 0.34 0.09 <LOD | <LOD
EIN Elk C. canadensis Bison Range, MT 111.39 72.78 78.84 68.16 62.83 267.57 473.45 0.00 23.53 512 116.06 0.00 0.49 0.40 <LOD <LOD <LOD
E2 Elk C. canadensis Bison Range, MT 123.25 46.17 84.53 56.79 | 41.78 566.23 425.32 593 23.72 23.63 216.59 594.10 | 024 | 0.16 <LOD <LOD | <LOD
E3 Elk C. canadensis Bison Range, MT 140.92 50.13 70.30 58.23 45.60 305.42 397.80 14.16 14.37 18.03 94.51 487.96 231 0.57 <LOD <LOD <LOD
E4 Elk C. canadensis Bison Range, MT 121.77 28.08 107.41 42.22 39.13 347.68 392.25 0.00 13.34 19.32 138.21 646.58 0.69 0.56 <LOD <LOD <LOD
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Supplementary Table 4.2 Continued. Concentrations (png/g) of fecal steroids from dung samples. <LOD = Below limit of detection.
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ES Elk C. canadensis Bison Range, MT 78.86 43.42 50.23 37.75 38.59 194.00 305.44 7.00 20.68 20.40 94.28 418.29 1.01 0.72 <LOD <LOD <LOD
E6 Elk C. canadensis | Bison Range, MT 95.57 | 3536 | 86.10 | 40.82 48.16 | 238.48 425.09 | 1021 | 20.01 2223 | 107.02 | 563.75 | 0.61 | 0.61 <LOD | <LOD | <LOD
E7 Elk C. canadensis Bison Range, MT 65.99 43.08 84.92 48.73 36.09 332.96 476.65 0.00 19.64 80.86 149.48 621.97 0.88 2.60 <LOD <LOD <LOD
M1 Moose A. alces Silver Gate, MT 49.52 | 12.07 | 19.13 6.93 20.84 | 831.83 786.87 0.00 2.06 2496 | 15726 | 305.07 | 097 | 1.18 0.56 <LOD | <LOD
M2 Moose A. alces Silver Gate, MT 41.43 24.41 2223 6.33 44.72 616.04 1307.35 5.61 726 143.32 183.75 143.13 0.82 2.08 0.30 <LOD <LOD
M3 Moose A. alces Silver Gate, MT 27.96 19.84 15.26 4.66 38.82 444.55 1039.49 6.26 6.09 32.66 128.38 96.80 0.74 1.95 <LOD <LOD <LOD
M4 Moose A. alces Silver Gate, MT 49.89 | 31.28 | 48.76 8.06 52.66 | 743.19 | 1545.21 8.27 4.56 21.69 | 23492 | 255.03 | 030 | 2.04 <LOD | <LOD | <LOD
M5 Moose A. alces Silver Gate, MT 27.68 20.30 49.07 6.36 10.28 160.31 704.38 52.14 18.20 82.42 364.11 80.58 0.29 2.13 <LOD <LOD <LOD
M6 Moose A. alces Silver Gate, MT 67.30 | 2793 | 53.64 8.81 61.89 | 77292 | 1391.23 7.72 3.97 13.95 | 316.61 | 27235 | 0.65 | 2.50 <LOD | <LOD | <LOD
M7 Moose A. alces Silver Gate, MT 50.48 21.49 33.55 6.23 19.54 546.71 914.54 4.66 3.56 18.57 173.07 272.56 0.63 3.46 <LOD <LOD <LOD
MDI1SG | Muledeer | O.hemionus Silver Gate, MT 54.89 | 75.85 | 33.68 | 10.85 | 168.08 | 490.74 997.46 323 | 1379 | 221.24 81.49 | 24449 | 0.69 | 11.05 | <LOD | <LOD | <LOD
MDIN Mule deer | O. hemionus Silver Gate, MT 61.12 | 1592 | 64.49 9.44 49.78 | 676.94 306.75 3.62 8.37 57.80 | 137.53 | 110.09 | 0.19 | 0.92 <LOD | <LOD | <LOD
P1 Pronghorn A. americana Bison Range, MT 148.52 34.57 58.60 22.04 34.54 633.88 462.85 3.67 13.96 59.90 99.75 595.62 1.64 6.14 0.29 <LOD <LOD
P2 Pronghorn | A. americana | Bison Range, MT | 140.02 | 34.62 | 60.05 | 21.81 42.14 | 629.71 480.62 3.90 16.96 31.79 11145 | 549.49 184 | 6.27 <LOD | <LOD | <LOD
P3 Pronghorn A. americana Bison Range, MT 119.52 35.27 65.73 26.33 94.21 739.19 476.73 4.81 18.76 0.00 122.62 548.33 1.59 9.55 <LOD <LOD <LOD
P4 Pronghorn | A. americana | Bison Range, MT 112.89 33.43 69.36 | 25.89 94.46 | 719.17 478.05 5.36 18.75 0.00 125.14 578.33 1.92 5.98 0.42 <LOD | <LOD
P5 Pronghorn A. americana Bison Range, MT 109.11 32.18 68.11 20.20 101.34 814.42 501.30 5.57 16.11 134.26 136.29 549.04 0.31 1.75 0.31 <LOD <LOD
P6 Pronghorn A. americana Bison Range, MT 121.12 39.09 62.14 21.37 136.57 897.56 581.29 4.86 19.29 130.93 132.93 560.26 1.07 7.95 0.48 <LOD <LOD
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Supplementary Table 4.3. Concentrations (ng/g) of fecal steroids from Buffalo Ford Lake, Yellowstone National Park, WY, USA.

<LOD = below limit of detection.
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0 -69 | 278 160 1781 1321 96 724 245 872 1746 5641 | 3156 170 <LOD | 72 42 <LOD
2 =55 | 116 87 1175 707 35 431 172 518 978 3243 | 2045 88 <LOD | 108 34 <LOD
4 -46 | 147 107 1549 1054 39 595 244 969 1634 5761 | 3227 288 7410 79 142 <LOD
6 -34 | 147 114 1222 895 28 413 210 659 1025 4291 | 2732 233 <LOD | <LOD 84 <LOD
8 =28 | 157 123 1720 1084 49 549 237 877 1296 5703 | 3284 159 5342 <LOD 63 <LOD
10 =25 | 205 132 1935 1173 56 567 233 807 1407 5202 | 3678 346 <LOD | 73 93 <LOD
12 =20 | 199 148 1881 1203 61 588 258 821 1598 5609 | 3948 270 <LOD | 75 81 <LOD
14 -14 | 408 294 3445 2015 84 964 485 1411 2545 9872 | 6703 248 <LOD | <LOD 146 <LOD
16 -8 | 248 177 2145 1212 61 628 301 800 1296 5786 | 4104 282 5421 56 134 <LOD
18 0 | 302 225 2024 1393 61 884 411 947 1600 7105 | 5747 375 7861 57 193 <LOD
20 8 | 555 423 3138 | 2287 89 1317 478 1081 2296 7251 | 6020 289 4792 <LOD 176 <LOD
25 27 | 426 325 3422 2159 86 1198 397 931 2323 8351 | 7439 375 8287 <LOD 332 <LOD
30 41 | 470 338 4725 3063 75 553 287 1182 2946 7158 | 5935 228 9909 72 60 <LOD
35 65 | 259 194 2358 1148 55 312 146 615 1306 3870 | 3286 898 <LOD | 117 764 <LOD
40 107 | 194 151 2513 1629 57 295 150 659 1515 4174 | 4126 759 3945 112 587 <LOD
45 174 | 161 120 2063 868 31 222 130 469 1022 2725 | 2479 235 <LOD | 105 130 <LOD
50 259 | 176 126 2516 1088 40 317 171 690 1617 4309 | 3092 174 10457 44 60 <LOD
60 439 | 131 97 1822 676 36 296 159 549 925 3815 | 2460 105 1534 31 26 <LOD
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Supplementary Table 4.3 Continued. Concentrations (ng/g) of fecal steroids from Buffalo Ford Lake, Yellowstone National Park,

WY, USA. <LOD = below limit of detection.
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70 620 | 48 39 589 270 14 149 59 177 354 1334 937 107 145 36 <LOD <LOD
80 782 | 434 337 2973 1185 55 819 335 942 1750 5710 3847 197 <LOD 39 40 <LOD
90 987 | 268 191 3313 1635 29 337 173 788 2082 5493 2850 167 14331 <LOD 21 <LOD
100 1194 | 261 253 2817 1616 66 497 195 939 2271 6743 4241 288 6166 90 55 <LOD
110 1401 | 258 208 2268 1269 35 443 203 892 1785 6007 3846 204 <LOD 11 17 <LOD
120 1611 | 260 322 4693 945 58 473 259 994 2674 7125 3666 317 12626 34 33 <LOD
130 1825 | 233 224 3979 1631 36 426 153 1007 2580 7321 3842 186 <LOD 76 90 <LOD
140 2034 | 284 195 2852 1404 62 523 168 818 1882 7069 3842 796 40085 <LOD 409 <LOD
150 2231 | 299 315 3651 1125 64 221 241 749 1461 6800 3918 236 43211 49 44 <LOD
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Supplementary Table 4.4. Compound information for analyzed fecal steroids.

Trivial name

IUPAC nomenclature

CAS number

Mass-to-charge ratio (m/z)

24-ethylcoprostanol
24-ethylepicoprostanol
B-sitosterol
campesterol
cholestanol
cholestanone
cholesterol
coprostanol
epicoprostanol
ergosterol
stigmastanol
stigmasterol
chenodeoxycholic acid
deoxycholic acid
hyodeoxycholic acid
lithocholic acid

ursodeoxycholic acid

24-ethyl 5B-cholestan-3(-ol

24-ethyl 5B-cholestan-3a-ol
stigmast-5-en-3f-ol

campest-5-en-3-ol

Sa-cholestan-3f-ol

Sa-cholestane-3-one

cholest-5-en-33-ol

5B-cholestan-3f-ol

5B-cholestan-3a-ol
3B-Ergosta-5,7,22-trien-3-ol
Sa-stigmastan-3f3-ol

stigmasta-5,22-dien-3f-ol
(30,5B,70,88)-3,7-dihydroxycholan-24-oic acid
(30,5B,120)-3,12-dihydroxycholan-24-oic acid
(30,5B,60)-3,6-dihydroxycholan-24-oic acid
(30,5B)-3-hydroxycholan-24-oic acid
(30,5B,7P)-3,7-dihydroxycholan-24-oic acid

CAS 4736-91-8
CAS 5060-24-2
CAS 83-46-5
CAS 474-62-4
CAS 80-97-7
CAS 566-88-1
CAS 57-88-5
CAS 360-68-9
CAS 516-92-7
CAS 57-87-4
CAS 19466-47-8
CAS 83-48-7
CAS 474-25-9
CAS 83-44-3
CAS 83-49-8
CAS 434-13-9
CAS 128-13-2

215,398
215, 398
396, 357
343,382
215, 445
316, 386
329, 368
215,370
215, 370
363,253
215,473
484,394
370, 355
370, 208
370, 255
215,372
370, 255
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