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Grazers and browsers
Long trotted the ancient lands:
Humankind’s lifeblood



Preface

On the 6th of September 2016, the following e-mail came through from Andrea
Schlitzberger at 23.46 h. Andrea works at Springer Nature, and Springer published
a book we co-edited unassumingly called The Ecology of Browsing and Grazing.
The message read:

So far ca. 12,700 chapters of your Ecological Studies volume on “The Ecology of Browsing
and Grazing” published in 2008 were downloaded, which is an excellent success and shows
the great interest in this topic. Therefore we would like to ask you if you think a new edition
would make sense. A new edition should include at least 20% new material. A completely
new book on a similar topic would also be possible. What do you think and would you be
interested in acting as volume editor?

Now, it took us a couple of days to respond, because we had to liaise as to
whether we were interested in taking on the project. We had recently finished three
other books for other publishers (Prins and Gordon 2014; Gordon et al. 2017; Prins
and Namgail 2017) and were not thinking of jumping into another book project
anytime soon. However, both of us are passionate ungulate ecologists and humbled
by the interest in the original book. Also, a lot has happened in the world of the
ecology of browsing and grazing ungulates in particular and large mammalian
herbivores specifically over the past 11 years. For example, the development of
new paleontological and genomics techniques, significant improvements in GPS
technology and sensors and analytical techniques using artificial intelligence with
big data, to name a few. Also, whilst only 11 years had passed since the book was
published, it is clear that the plight of many species of wild ungulate species is dire
and in need of firm evidence to support conservation and management efforts.
So, on the 2nd of October 2016, we went back to Springer to say “yes”, we would
be interested on four conditions:

1. That this would not be a minor tweak of the original book: we have already
mentioned the major new developments that have happened in the field over the
past 11 years.

2. Also, with the new book we wanted to have a slight change in the emphasis of the
book to provide insights into the impact of large mammalian herbivores on the

ix
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ecosystems in which they live. With the growing need to restore dysfunctional
ecosystems, keystone herbivore species are often the first that are being brought
back into systems and we need evidence to make sure we’re doing the right thing
and that we preclude or limit perverse outcomes.

3. Rather than go back to the original authors, we try to have first authors for the
chapters as women or researchers outside Australia, Europe or the USA and
Canada. This would give a voice to those who are not always able to get their
research findings and ideas into the mainstream of Anglo-centric thinking.

4. Finally, and this was a sticky one, we wanted to have a share of the sales’ value of
the book and not an honorarium as is normally the case.

Well, clearly, there was some negotiation required. Surprisingly, we had a bit of
knock-back on the second condition as it was deemed that it might affect the
“quality” of the book. We hope you will agree, that, whilst we were not 100%
successful in our endeavour to have first authors for the chapters as women or
researchers outside the Anglo-centric sphere, the book is still a very good summary
of the field! The second bone of contention was our fourth condition and we did not
manage to reach a compromise in the end: just like chairman Mao Zedong used to
say that the last argument comes from the barrel of the gun, Springer informed us
kindly but firmly that our wish did not fit in their business model. End of discussion.
We accepted because of our love for nature and science that we want to share, and for
dissemination, you need publishers. It is as it is, isn’t it?

Of course, we wish to thank all of the contributors to the book for their sterling
efforts and patience as we have crafted the chapters into a coherent and com-
prehensive review of the field of the ecology of browsing and grazing. Special
thanks, though, to Dr Yvette Williams, who has managed to keep the two of us on
point and has ensured that we were apprised of the current state of play of the book
and who we needed to chivvy along! We couldn’t have done it without her
support.

So, there you have it, The Ecology of Browsing and Grazing II. Between October
2016 when we were asked to work on the sequel to The Ecology of Browsing and
Grazing, to the date that we finished our editing work, the number of downloads of
the 2008 book has increased from 12,700 to 20,800, showing that this field of
science is thriving. We think we will leave you with the last couple of sentences
of the Conclusions because these catch our sentiments as both of us love our ecology
and are teachers at heart:

researchers should not forget that these ungulates are made of flesh and blood, that they
graze and browse in real landscapes, and that there is a profound need for hard-core ungulate
ecologists with a broad set of skills and deep understanding of ‘their’ animals. As a bonus,
we, and all other ungulate ecologists, get to see, feel and understand some of the most
beautiful creatures that share our planet.

Townsville, QLD, Australia ITain J. Gordon
Wageningen, The Netherlands Herbert H. T. Prins
18th February 2019
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Chapter 1 ®)
The Ecology of Browsing and Grazing IT <z

Iain J. Gordon and Herbert H. T. Prins

Globally, many terrestrial ecosystems have been and are being heavily influenced by
human activity, both directly and indirectly. Humanity and our domestic animals
(1.4 billion cattle, 1.2 billion sheep and 0.5 billion goats, but only some 120 million
horses and 13 million camels; Encyclopedia.com) have now so much impact on
global ecosystems that we have entered the Anthropocene (Lewis and Maslin 2015).
Wild ruminants number merely 75 million (Hackmann and Spain 2010), and are
native to all continents except Antarctica. In such ecosystems extensive grazing and
browsing by domestic and wild large mammalian herbivores (hereafter called large
herbivores) and, in places, burning have shaped vegetation composition, structure
and dynamics. Through their grazing, browsing, trampling and defecation large
herbivores not only shape the structure and distribution of the vegetation but also
affect nutrient flows and the responses of associated fauna. Consequently, it is the
interactions between management or population dynamics of large herbivores and
the vegetation they consume that shape the biodiversity, structure and dynamics of
these ecosystems, covering vast parts of the globe. Therefore, a knowledge of the
determinants of the distribution, movements and activities of herbivores, and how
these interact with vegetation composition and dynamics, is required in order to
predict the broader impact of these animals, now and into the future.

In 2008 we edited a volume, in Springer’s Ecological Studies Series (Gordon and
Prins 2008), in which we investigated “how large herbivores not only influence the
structure and distribution of vegetation, but also affect nutrient flows and the
response of associated fauna. The mechanisms and processes underlying the herbi-
vores’ behaviour, distribution, movement and direct impact on vegetation, and the
dynamics of nutrients, plant species, and vegetation (were) discussed in detail.”

1. J. Gordon (<)
James Cook University, Townsville, QLD, Australia
e-mail: lain.gordon@jcu.edu.au

H. H. T. Prins
Animal Sciences Group, Wageningen University, Wageningen, The Netherlands
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2 1. J. Gordon and H. H. T. Prins

Over 10 years have passed since the publication of the book “The Ecology of
Browsing and Grazing” and substantial new research has been published in the
meantime, improving our understanding of the relationship between and large
herbivores and plants how these can be managed to support a range of outcomes
including conservation, hunting and livestock production.

In this book we slightly change the emphasis to focus more heavily on the impact
of browsing and grazing. Our aim is to draw together the leading research in
understanding the mechanisms and processes which underlie the behaviour, distri-
bution, movement of domestic and wild large herbivores, and their direct and
indirect impacts on the dynamics of nutrients, plant species and vegetation compo-
sition in terrestrial ecosystems, including the impacts of changes in management,
environment and the climate. The Chapters in “The Ecology of Browsing and
Grazing II’ encompass fundamental and applied research aimed at cross-cutting
issues in palaeontology, ecology, nutrition and management. This research demon-
strates how an understanding of the processes of plant/animal interactions allows
research to provide practical advice on the management of large herbivores to
integrate production and conservation in terrestrial systems.

The focus on “browsing and grazing” relates to the major dichotomy in the form
of the foods eaten by large mammalian herbivores. Grasses (i.e., monocotyledonous
plants) and browse (i.e., dicotyledonous plants [forbs, bushes and trees]) not only
differ in their evolutionary roots but also in their chemistry, morphology, 2D/3D
structure and distribution. These differing characteristics of grass and browse plant
have led to morphological, physiological and behavioural adaptations of large
mammalian herbivores that feed on grass and browse (Gordon and Prins 2008).
This in turn has ripple-on effects on the herbivores’ ecology, population dynamics
and community composition. Whilst we are the first to admit that “browsing and
grazing” is a gross simplification (see Codron et al. Chap. 4), the classification had
provided a useful heuristic allowing researchers to move beyond the complexity of
ungulates, and their interactions with ecosystems in which they exist, across the
globe, to determine the common processes underlying these interactions. In this
book we see what value the classification has had in understanding the ecology and
impact of large mammalian herbivores, and other mammalian herbivore taxa (see
Gordon et al. Chap. 15), over the past 10 years since the publication of The Ecology
of Browsers and Grazers.

One other issue that we should clarify here, that is, the different definitions of
“small”, “medium”, “large” and “mega-" herbivores in the literature. To our knowl-
edge there is little clarity as to the weight at which vertebrate move from small to
medium to large (but see Caughley and Krebs 1983 who state “large mammals and
small mammals really do have different ecologies and that both groups of ecologists
are right about their animals”). We are attracted to this explanation. We think there
may be a break-point in the interval 25-35 kg body weight below which regulation
tends to be intrinsic and above which it tends to be extrinsic. However, in the
mammalian paleontological literature “mega-herbivores” refers to those having an
estimated weight of more than 44 kg (or 100 lbs) (Martin 1967; cf. Martin 1966
where he uses 50 kg); whereas, in the dinosaur palaecontology and mammalian
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ecology literature mega-herbivores related to those weighing more than 1000 kg
(Owen-Smith 1988; Mallon and Anderson 2015). We also note that in the reptilian
herbivore literature giant tortoises are classed as mega-herbivores (e.g., Hansen
2015). Given scaling rules there is no reason to assume that the classification is
anything other than arbitrary and that the ecology of herbivore species lies on a
continuum in relation to weight that may be taxon specific. Being mammalian
herbivore ecologists ourselves we have encouraged the authors in the book to
adopt definition of mega-herbivores weighing over 1000 kg.

In “The Ecology of Browsing and Grazing II” our logical framework for the
Chapters is firstly to demonstrate that, since the time of the rise of the first ungulates
in the early Eocene (54 M years ago), there have been feedbacks in which these large
herbivores have adapted to the plants on which they forage and plants, in turn, have
evolved defences against herbivory (Saarinen Chap. 2). New techniques, including
coprophilous fungi, Sporormiella, and dung beetles have allowed us to use paleo-
ecological proxies to interpret the fossil record and show that ungulates have had
major impacts upon the ecosystems in which they have lived for millennia (Rowan
and Faith Chap. 3). The dynamics of these ungulate populations and communities
still resonates today through the structure and composition of plant communities
across the continents (Smit and Coetsee Chap. 13).

To understand the impact of modern day assemblages of ungulates on the
ecosystems in which they live we firstly need to understand the morphological and
physiological adaptations that herbivores have to their diets (Codron et al. Chap. 4),
and the foraging behaviours of herbivores as they relate to the abundance and
distribution of different food types (grass vs browse) (Venter et al. Chap. 5).

As resource availability is so important for many large herbivores, the relation-
ship with their plant food types impacts individual large mammalian herbivore
species’ population dynamics (Kiffner and Lee Chap. 6), and their community
composition and dynamics (Mishra et al. Chap. 7). Obviously, food is not the only
determinant of the current size, distribution and dynamics of large mammalian
herbivore species and communities, land use change and human induced climate
change (Boone Chap. 8) are also significant drivers in the Anthropocene.

As a consequence of their keystone role in many of the ecosystems in which large
mammalian herbivores exist, they have major impacts on a range of ecological
processes, driving the dynamics of soils (Sitters and Andriuzzi Chap. 9), plants
(Sabo Chap. 11) and other fauna that rely on plants for food and/or shelter (Katona
and Coetsee Chap. 12).

These impacts on individual biological components of ecosystems also has knock
on effects for other abiotic system drivers. For example, through their impact on
vegetation biomass and distribution large mammalian herbivores create landscapes
that are more or less fire prone (Smit and Coetsee Chap. 13). These interactions
between biotic and abiotic determinants of ecosystem structure and dynamics create
positive and negative feedback loops that cascade through the ecosystem (van
Langevelde et al. Chap. 10). Given this immense importance of humans in deter-
mining the future of ungulate species and communities, using our up-to-date under-
standing of the relationship between large mammalian herbivores and ecological
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processes will improve the ways in which systems are managed for production and
conservation outcomes (Fynn et al. Chap. 14), and to meet a range of other
ecosystems services (e.g., fire control).

Whilst “The Ecology of Browsing and Grazing II” is focused on large herbivo-
rous mammals, primarily wild ungulates and domestic livestock, we sought to
include short contributions that highlight how the understanding of the relationship
between plants and herbivorous vertebrates has both shaped their evolution and their
modern day impacts. As such, we have included a Chapter with sections covering
groups from dinosaurs to birds, in which the authors show how the heuristic of
classifying plants as grass and browse has improved our understanding across
diverse taxa of vertebrate herbivores.

We end this edited volume with a Chapter (Gordon and Prins Chap. 16) in
which we draw conclusions and flag issues that deserve more research in the vibrant
field of plant-animal interactions of vertebrate herbivores.
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Chapter 2 ®)
The Palaeontology of Browsing and Grazing <2

Juha Saarinen

2.1 Introduction

Throughout their evolutionary history herbivorous mammals have encountered
drastic climatic and environmental changes, which have led to changes in their
diet and adaptations to feeding on various plant materials. The most abundant
large herbivorous mammals are the ungulates, large hooved laurasiatherian mam-
mals, which have an extensive fossil record on most continents (except Australia and
Antarctica) throughout the Cenozoic era (ca. 65 million years to present). They were
the dominant large herbivores in terrestrial ecosystems during the Cenozoic,
although some groups, such as pigs (Suidae), include omnivorous forms as well.
Many lineages of large herbivorous land mammals have experienced drastic changes
in their feeding ecology during the Cenozoic following global and local changes in
climate and vegetation (Janis 1993, 2008; Stromberg 2011). The most prominent of
these dietary changes is the gradual shift from browsing to various degrees of
grazing in many ungulate groups, especially during the latter part of the Cenozoic
known as the Neogene (ca. 23 million years to present), following global climatic
cooling and the spread of grasslands (Janis 2008). Eventually this led to the
evolution of a few lineages of specialised grazing ungulates (mostly among equids
and some bovids) during the last few million years (Janis 2008). This was achieved
by changes in the digestive system (e.g., Ilius and Gordon 1992; Gordon 2003;
Clauss and Rossner 2014) and by increasing wear-resistance of the molar teeth,
which are used for grinding food (e.g., Janis and Fortelius 1988). Complex enamel
patterns and increased crown heights (hypsodonty) evolved in many large bodied
grass-eating mammal lineages (Janis and Fortelius 1988; Fortelius et al. 2002; Janis

J. Saarinen (PX)
Natural History Museum, London, UK

University of Helsinki, Helsinki, Finland
e-mail: juha.saarinen @helsinki.fi
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et al. 2002, 2004; Fortelius et al. 2006; Janis 2008; Damuth and Janis 2011). A
similar overall pattern occurred in the other major large herbivorous mammal
groups, such as proboscideans (relatives of the modern elephants), xenarthrans
(sloths and armadillo-like, herbivorous glyptodonts) and large herbivorous marsu-
pials (e.g., Lister 2013; Vizcaino 2009; Janis et al. 2016).

Browsing refers to feeding on various woody and non-woody dicotyledonous
plants, including leaves, shoots and bark of trees, shrubs and dicotyledonous herbs,
whereas grazing means eating grass. The most common feeding strategy in extant
(and many fossil) ungulates is, however, feeding on various proportions of both
browse and grass. This is called mixed-feeding. According to the traditional classi-
fication, browsers are defined as having less than 10% grass in their diet, mixed-
feeders as having between 10% and 90% grass in diet, and grazers as having more
than 90% grass in diet (e.g., Hofmann and Stewart 1972; Fortelius and Solounias
2000). These dietary classes enable simple categorisation of ungulate diets, but there
is a continuum of herbivorous species from those utilising almost no grass to those
feeding almost exclusively on grass, and this can also vary to some extent between
populations of a species according to available vegetation and presence of competing
ungulate species (e.g., Rivals et al. 2015; Rivals and Lister 2016; Saarinen et al.
2016; Saarinen and Lister 2016). In this chapter I use the term “frugivore” for
mammals feeding mostly on fruits and seeds, whereas the term “folivore” is occa-
sionally used as a synonym of “browser” to specify diets based on leaves and shoots
particularly, rather than feeding on fruits (frugivorous diet) or both fruits and leaves
(frugivorous-folivorous diet) (see Blondel 2001).

Broadly the trend in the evolution of ungulate faunas since the Mid-Miocene
(ca. 16 Ma) has been towards increasing numbers of grazing-adapted species and
subsequently a decline in the number of specialized browsing species, but the details
are, of course, much more complex depending on local habitats and resources (Janis
et al. 2002; Janis 2008). In the past, researchers often used generalized interpretations
about diet based on the ecomorphology (e.g., hypsodonty) of herbivorous mammal
species. However, diets can vary considerably within species, and many simplified
ecomorphological characteristics (such as hypsodonty of teeth) can reflect adapta-
tions to other environmental factors than dietary composition (see further discussion
in the next section). This has been clearly demonstrated for many extant and extinct
mammals by dietary analyses based on proxy methods such as dental micro- and
mesowear and stable isotope analyses (see next section). Dietary adaptations in extant
(and Pleistocene Eurasian) ungulate families are variable. Deer (Cervidae) have in
general retained relatively unspecialized, browse-based diets required for sufficient
nutrient intake for the seasonal growing of antlers (Geist 1998). This is reflected in
their relatively unspecialized, mostly low-crowned (brachydont) and simple denti-
tions (Geist 1998). Also rhinoceroses (Rhinocerotidae) have mostly retained browse-
dominated diets and brachydont dentitions, but unlike the deer, some rhinoceros
species such as the Pleistocene woolly rhinoceros (Coelodonta antiquitatis), the
extant African white rhinoceros (Ceratotherium simum) and especially the late
Neogene elasmotheriines evolved into grazers with relatively hypsodont dentitions
(e.g., Janis 2008). Bovids (Bovidae) and derived horses (Equidae, Equinae) thrived in
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the Pleistocene and recent environments by mostly evolving towards increasingly
specialized grazing diets (e.g., by increasing hypsodonty and dental complexity)
(e.g., Janis 2008).

2.2 Browsing and Grazing in Fossil Ungulates: What Tooth
Wear, Stable Isotopes and Morphological Adaptations
Tell us About Diets in the Past

2.2.1 Ecomorphology: Evolutionary Adaptations to Browsing
and Grazing

2.2.1.1 Overall Morphology

Many skeletal adaptations of mammals, especially in the skull, reflect their feeding
ecology. For example, the skulls of the plesiomorphic browsing ungulates tend to
have narrow muzzles, moderate-sized attachment surfaces for the masseter muscles,
comparatively large attachment surfaces for the temporalis muscles and relatively
shallow jaws holding low-crowned teeth, whereas the more derived grazers usually
have wider muzzles, deeper jaws facilitating more high-crowned teeth, posteriorly-
located orbits and larger attachment surfaces for the masseter muscles (Janis 1995).
Many specialised browsers, such as moose, tapir and many fossil ungulates, have
retracted nasals, indicating the presence of a large, flexible upper lip or a proboscis
for effective collecting of leaves and other plant parts. Grazing rhinoceroses tend to
have backwards-inclined occipital surfaces in their skulls, reflecting a downwards-
oriented head posture, whereas in browsing rhinos the occiput is vertical, reflecting a
more horizontal head posture (Loose 1975). However, the most prominent clues to
dietary adaptations are found in the dentition, as shown in the following two
sections.

2.2.1.2 Hypsodonty

Hypsodonty refers to (relative) tooth crown height. It is typically measured as a ratio
between tooth crown height and the length or width of the occlusal surface of a tooth,
but often it is enough to assign the teeth to three commonly used categories of
hypsodonty, which are: (1) brachydont (low-crowned), (2) mesodont (medium-
crowned) and (3) hypsodont (high-crowned) (Janis and Fortelius 1988; Fortelius
et al. 2002). All herbivorous mammal lineages started as brachydont but many show
increase in tooth crown height later during their evolutionary history. An increase in
tooth crown height is perhaps the most universal response in herbivorous mammals
to increase the durability of their molar teeth in response to increased tooth wear
rates caused by abrasive dietary items (Janis and Fortelius 1988). Traditionally it was
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thought that hypsodonty is specifically an adaptation to grazing, as chewing on
tough, fibrous grasses with phytoliths (small mineral particles within grass leaves)
abrades the teeth causing increased wear rates (Damuth and Janis 2014). However,
another possibility is the general increase of hypsodonty in dry, open environments
where exogenous grit on the plant food (following dust accumulation or soil
ingestion) could abrade the teeth heavily (e.g., Damuth and Janis 2011; Madden
2015). Several studies indicate that both grazing, exogenous grit especially in dry,
open environments, and sometimes even the accumulation of volcanic ash, can
accelerate tooth wear and are likely to have contributed to the evolution of
hypsodont dentitions in herbivorous mammals (e.g., Fortelius et al. 2002; Damuth
and Janis 2011, 2014; Stromberg et al. 2013; Madden 2015). Whatever the ultimate
cause, hypsodonty in extant ungulates is nonetheless most common and prominent
in grazing forms such as modern horses.

However, the correlation between hypsodonty and grazing only reflects evolu-
tionary adaptation and it does not give more detailed information about dietary
variation within species, sometimes even between species. There are several excep-
tions to the hypsodonty-grazing connection: the extant hippopotamus (Hippopota-
mus amphibius) has brachydont molars despite being a grass-dominated feeder
and some hypsodont mammals, such as the extant pronghorn (Antilocapra ameri-
cana) and the takin (Budorcas taxicolor) have browse-dominated mixed-feeding
diets in their extant populations. Many small mammals developed ever-growing,
rootless (hypselodont) dentition to cope with very high tooth wear rates, but in
large herbivorous mammals this only happened in a few specialised species, the
most intriguing examples being the Plio-Pleistocene rhinoceroses of the genus
Elasmotherium and many endemic South American notoungulates (Ortiz-
Jaureguizar and Cladera 2006). Why hypselodonty evolved only in a few specialised
lineages of ungulates is due to the problem of maintaining a complex occlusal
morphology once enamel has worn away, unless new enamel is constantly erupting
(Janis and Fortelius 1988). A notable exception to the scarcity of hypseolodonty in
large herbivorous mammals is the Xenarthra (the major clade of placental mammals
including sloths, anteaters and armadillos), all of which have hypselodont dentitions,
because, as their teeth lack enamel, their tooth wear rate is high regardless of the
abrasiveness of their diet (Vizcaino 2009).

2.2.1.3 Tooth Morphology and Complexity of Enamel Patterns in Large
Herbivorous Mammals

Another way to increase the efficiency of molar teeth is to increase the complexity of
enamel patterns on the occlusal surface (Janis and Fortelius 1988). This creates an
increasingly complex system of enamel ridges for shearing through tough plants,
such as fibrous browse and especially grass.

Mammal teeth are complex in structure and require precise occlusion to function
effectively (Ungar 2010). However, this complex system of tooth structure and
chewing enables herbivorous mammals to process many kinds of plant foods



2 The Palaeontology of Browsing and Grazing 9

effectively. The early evolution of mammal dentition during the Mesozoic saw the
development of offset upper and lower molar positions (enabling precise occlusion
between the upper and lower dentitions), and a triangular construction where three
principal cusps in upper molars (protocone, paracone and metacone) form a triangle
(trigon) matching a similar (but reverse) construction in the lower molars (trigonid)
(Ungar 2010). In more derived tribosphenic molars, a talonid basin was formed in
the lower molars by the addition of hypoconid, entoconid and hypoconulid cusps
behind the trigonid. Finally, in quadritubercular or eutheromorphic molars, the
evolution of another cusp (hypocone) formed the plesiomorphic upper molar mor-
phology of most omnivorous/herbivorous mammals consisting of four principal
cusps, while in the lower molars the trigonid and talonid basins became equally
sized an often partially fused, also becoming surrounded mainly by four principal
cusps (Ungar 2010). This was the starting point of the evolution of herbivorous
mammal dentitions during the Cenozoic.

The earliest ungulates, and many other groups of herbivorous mammals such as
proboscideans, started their dental evolution from brachydont (low-crowned) molars
with the four principal cusps as separate knobs on the tooth surface (bunodont dental
morphology) (e.g., Rose 2006; Ungar 2010). These kinds of bunodont dentitions
are typical for omnivorous and frugivorous (fruit eating) mammals, and are still seen
today (although usually with more complex pattern of cusps) in omnivorous herbi-
vores such as the wild boar (Sus scrofa) and many other suids (e.g., Janis 2008;
Ungar 2010). Bunodont molars function best in rather unspecialised crushing
of various food items (including fruit, seeds and other plant material), whereas the
more derived lophodont, selenodont and plagiolophodont molar morphologies of
browsing and grazing herbivorous mammals are more optimal for cutting and
shearing tough plant material such as branches, leaves and grass (Ungar 2010).
When herbivorous mammals started to adapt to consuming tough plant material
(dicotyledonous leaves rather than fruit and other softer plant parts), increasingly
effective cutting ridges started to evolve between the cusps on the tooth surfaces.
This commonly led to the evolution of bilophodont molars where the anterior pair
and the posterior pair of principal cusps are connected by two transverse cutting
blades, or lophodont (trilophodont or ectolophodont) molars where, in addition to
the transverse lophs, there is a prominent outer loph (ectoloph) running longitudi-
nally on the buccal (cheek) side of the tooth (e.g., Fortelius 1985). With the
consumption of increasingly tough dietary items, especially grass, these features
became more complicated with complex folding and fusion of the lophs, and
sometimes added lophs or other ridges (Janis and Fortelius 1988; Janis 2008).
These molars with complex folding and fusion of lophs are called plagiolophodont,
and they are often further strengthened by extensive dental cement filling gaps
between the lophs (Fortelius 1985).

Many artiodactyls, most importantly ruminants and camels, evolved another kind
of advanced tooth morphology known as selenodonty (analogous to lophodonty),
where the four principal cusps of the molars are elongated into crescent-shaped,
longitudinal crests (analogous to lophs), enabling effective processing of plant
material (Fortelius 1985). Also selenodont molars often became structurally more
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complex (becoming convergent to plagiolophodonty) in grazers, such as many
grazing bovids (Fortelius 1985). One recently discovered dental adaptation specif-
ically for processing grass-dominated diets in woodland and wetland habitats is the
structural fortification of cusps (Zliobaité et al. 2016, 2018). Molars with structurally
fortified cusps are particularly typical in many selenodont ruminants that live in
woodland and wetland habitats and feed on fresh grasses, such as water buffalos,
reduncine antelopes and axis deer, but similar adaptations are also seen in suids,
hippos and other herbivorous mammals (Zliobaité et al. 2018).

These are the common ways that most large herbivorous mammals, such as
ungulates and marsupials, increased the complexity of the occlusal surface of
their molar teeth. However, slightly different processes occurred in proboscideans
(elephants and their fossil relatives) and herbivorous xenarthrans (sloths and arma-
dillos). The proboscideans started as bunodont, but quite early in their evolution their
molars evolved extra pairs of cusps, which were arranged so that they form multiple
transverse rows or “lophids” together with smaller accessory cusps, except for
deinotheres (Deinotheriidae), which had bilophodont molars similar to some brows-
ing ungulates such as tapirs (Sanders et al. 2010). In mammutid proboscideans the
cusp pairs were compressed and formed cutting lophs. Finally, in true elephants, the
cusp rows or lophids fused into narrow ridges called lamellae or “plates”, which
multiplied in number and were bound together with extensive dental cement
(loxodont or lamellar tooth morphology). In elephants, an increase in hypsodonty
and lamellar count through time also occurred within genera, such as in the mam-
moth lineage (Mammuthus) (Lister et al. 2005). The xenarthrans had peculiar
dentitions without the hard, wear-resistant enamel, so their molariform teeth are
often simplified in shape (Vizcaino 2009). Nonetheless, differences between the
hardness of differentiated dentine in xenarthran teeth created ridges analogous to the
enamel ridges in other placental teeth as the teeth were worn, such as the bilophodont
worn shape typical of browsing sloths and the multi-lobed morphology of the
glyptodonts (giant herbivorous relatives of armadillos).

2.2.2 Dietary Proxy Methods
2.2.2.1 Microwear

Microwear analysis is the first proxy method for reconstructing diets of fossil
mammals based on tooth wear (Walker et al. 1978), by counting the abundance of
different kinds of microscopic scratches and pits on tooth enamel caused by chewing
different kinds of food objects (Fig. 2.1). The hypothesis behind that method is that
during the tooth wear abrasive plant material (such as grass phytoliths) cause long
scratches on the worn enamel facets of the teeth, whereas browse does not: in the
latter case the microscopic wear pattern is more pitted. The benefit of this method is
that it is applicable to virtually all kinds of teeth and it should give consistent results
for mammals with very different tooth morphologies. However, microwear analysis
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Fig. 2.1 Examples of hypsodonty and molar morphology in herbivorous mammals.
(1) Hypsodonty categories: A = hypsodont, B = mesodont, C = brachydont. Image from: Fortelius
et al. (2002). (2) Examples of tooth morphogy types of herbivorous mammals. A. Bunodont
(peccary). B. Bilophodont (kangaroo). C. Columnar (warthog). D. Selenodont (deer). E. (Ecto-)
Lophodont (rhinoceros). F. Plagiolophodont (horse). G. Bunolophodont (rodent—woodchuck).
H. Lamellar (rodent—capybara). Image from: Janis and Fortelius (1988). (Permits to re-use the
figures have been received from the original authors and publishers)

only reveals the last few meals of the animal instead of long-term average dietary
signal (e.g., Rivals et al. 2010). Furthermore, it has been suggested that other factors
than diet, such as external soil material from the environment, may obscure the
dietary signal provided by microwear analysis (Rivals et al. 2010). On the other
hand, microwear can, for example, reveal feeding on hard seeds, which the other
proxy methods do not pick up (Rivals et al. 2012). Ungar et al. (2003) developed a
new practical method for analysing microwear surface textures by combining con-
focal microscopy with scale-sensitive fractal analysis (the dental microwear texture
analysis, Scott et al. 2005). This methodological improvement has made dietary
analyses based on microscopic tooth wear patterns more objective compared to the
original method based on visual counting of scratches and pits.

2.2.2.2 Mesowear

Mesowear analysis (Fortelius and Solounias 2000) is based on the empirical obser-
vation that increasing abrasiveness of plant material (especially grasses) will wear
the tooth cusps blunter and lower as compared to non-abrasive plants which allow
tooth-to-tooth wear (attrition) to maintain high occlusal relief and sharp cusps, in
molar teeth that are in a similar state of wear (Fig. 2.2). Why grasses are especially
abrasive on tooth enamel is still not totally understood, but whether it is because of
high phytolith contents, external grit accumulating on grass leaves or even simply
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Fig. 2.2 Tooth wear -based dietary analysis methods. (1) Examples of microwear: more scratched
microwear signal (A and B) indicates grazing and more pitted (C) browsing, whereas fruit eating
(D) is indicated by gouges. Image modified from Semprebon et al. (2016a). (2) Traditional
mesowear scoring. The shape of the cusps is scored as sharp, rounded or blunt, and the relief as
high or low. Image modified from Fortelius and Solounias (2000). (3) Mesowear angle analysis.
The relief of the worn enamel ridges of e.g., proboscidean molars can be measured as angles using a
digital angle meter. Sharper angles (as for the modern African elephant, Loxodonta africana, molar
here) indicate more browsing diet than blunter angles (as for a woolly mammoth, Mammuthus
primigenius, molar here). Photos: Juha Saarinen, Tsavo Research Station an American Museum of
Natural History. (Permits to re-use the figures have been received from the original authors and
publishers)
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the coarse fibres of plant leaves (e.g., Lucas and Omar 2012; Damuth and Janis 2011;
Lucas et al. 2014), the empirical basis of this observation is extensive (e.g., Fortelius
and Solounias 2000; Kaiser et al. 2013; Saarinen and Lister 2016). Mesowear
analysis is done by visually scoring the cusp shape as sharp, rounded or blunt and
the relief (the relative height of the cusps) as high or low. When large samples of
ungulate molar teeth are analysed, the mesowear scores reflect the relative amount of
abrasive material (mostly grass) in the diet of the ungulate species and local
populations/assemblages. The method is easy to use, it can be readily applied to
fossil ungulate molars and it gives a robust signal of the abrasiveness of the diet of an
herbivorous mammal over a relatively long period of its life. Blind tests have shown
that the mesowear analysis based on the traditional visual observing is mostly
consistent between observers (Loffredo and DeSantis 2014).

Since the introduction of the mesowear analysis (Fortelius and Solounias 2000),
the method has been extended to cover lower molars of rhinoceroses (Hernesniemi
et al. 2011), lower molars of ruminants (Fraser et al. 2014), marsupial teeth (Butler
et al. 2014) and rodent and lagomorph teeth (Ulbricht et al. 2015). Moreover, a
“mesowear ruler” with references to more detailed cusp shape categories has been
used (Mihlbachler et al. 2011), and the cusp shape and relief can be transferred into
univariate mesowear scores/values to facilitate statistical analyses and comparisons
(e.g., Rivals et al. 2007, 2010; Saarinen et al. 2016). A further recent development is
the new approach called “mesowear III”’, where the mesial and distal shape of the
inner rather than outer enamel band of buccal cusps/lophs is analysed (Solounias
et al. 2014).

2.2.2.3 Extending the Mesowear Method: Mesowear Angle Analysis

The main limitation of the traditional mesowear analysis, based on visually observ-
ing the relief and shape of the worn cusps, is that it can only be done for teeth with
easily observable outer edge from which those features are easy to observe, such as
the selenodont and (ecto-) lophodont molars of perissodactyls and ruminants
(Fortelius and Solounias 2000). However, the principle can be extended to cover
other types of tooth morphology.

Proboscideans (elephants and their fossil relatives) have specialised transverse-
lophed or lamellar molars where the relief and shape of the worn lophids/lophs/
lamellae cannot easily be visually observed, and this is further complicated by the
specialised fore-aft chewing cycle of the elephants where the lophs/lamellac meet
obliquely to the direction of the lophs (Maglio 1973; Saarinen et al. 2015). However,
differences in the relief of worn enamel ridges on the molar surface develop in
proboscidean molars, and these are related to diet following the principle behind the
mesowear analysis: increasingly abrasive foods (usually grass) wear the enamel
ridges lower in relation to the softer dentine valleys in the lophs, creating lower
relief on the molar surface. This relief can be measured as angles placed at the
bottom of the worn dentine valleys on the molar surfaces (Saarinen et al. 2015;
Fig. 2.2(3)). The blunter the angles are, the lower is the relief, indicating an
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increasingly abrasive, grass-based diet. This method has also been successfully
utilised for palaeodietary analyses of xenarthrans, which do not have enamel in
their teeth, but develop different patterns of occlusal relief on the worn teeth, which
are similarly related to grass vs. browse (Saarinen and Karme 2017). As a result of
these and other methodological developments, the mesowear analysis can now be
used for palaeodietary analyses of practically all herbivorous mammals from ungu-
lates (Fortelius and Solounias 2000; Hernesniemi et al. 2011; Fraser et al. 2014) to
proboscideans (Saarinen et al. 2015), xenarthrans (Saarinen and Karme 2017),
marsupials (Butler et al. 2014) and small mammals (Ulbricht et al. 2015).

2.2.2.4 Stable Isotopes

Stable isotope fractions in tooth enamel offer proxy methods for dietary analyses
of several mammal groups. Values of 8'°C and 8'°N isotopes differ in
C3-photosynthetisising plants and C4-photosyhtetisising plants (most of which in
the tropics are grasses), so they leave different isotope fractions in the teeth of
herbivorous mammals eating them (Lee-Thorp and van der Merwe 1987; Cerling
etal. 1997). This methodology can only be used for comparing the fractions of C3 and
C4 plants in the diets, but it is useful because strong C4 signal reflects diets based on
grasses in tropical and subtropical areas where C4 grasses dominate (Cerling et al.
1997). However, a limitation of this method for palaeodietary analyses is that it only
reflects grazing vs. browsing more or less directly in tropical and subtropical areas
where most grasses are C4 photosynthesising, and even there only when C4 grasses
started to become abundant in the Late Miocene ca. 10 Ma (e.g., Cerling et al. 1997,
2015). Another limitation is that not all grasses, even in the tropics, are C4
photosynthesizing. Thus, tooth wear -based palaeodietary analyses (microwear and
mesowear) are needed to evaluate feeding on C3 photosynthesizing grasses.

2.3 The History of Ungulate Diets and Evolution
Throughout the Cenozoic Fossil Record

2.3.1 Palaeocene (65-56 Ma): The Time of Archaic
Ungulates, or “Condylarths”

Grasses originated long before they became a prominent part of the diets of herbiv-
orous mammals. The earliest fossil record of grasses dates back to Late Cretaceous,
and fossilised grass phytoliths have even been discovered in the coprolites (fossil
dung) of sauropod dinosaurs from the Late Cretaceous of India (Prasad et al. 2005).
However, for a very long period (in most parts of the world until the Miocene,
ca. 23-5 Ma), grasses were a relatively minor element of plant communities and they
did not form extensive grassland ecosystems (e.g., Stromberg 2011).
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After the extinction of large non-avian dinosaurs in the Late Cretaceous mass
extinction ca. 65 Ma, mammals started to diversify and fill in the ecological niches of
large terrestrial animals (Alroy 1998; Smith et al. 2010; Raia et al. 2013). Global
temperatures increased drastically during the Palacocene, leading to the exceptionally
warm ‘Palacocene-Eocene Thermal Maximum” at the end of this epoch (Zachos et al.
2001, 2008). Consequently, tropical and subtropical forest environments were the
dominant habitats globally (e.g., Stromberg 2011). Among herbivorous mammals,
perhaps the most prominent event was the emergence and radiation of early ungulates,
often grouped together in a paraphyletic assemblage called the “Condylarthra”, which
are characterised by brachydont (low-crowned) and bunodont (cusps as separate
knobs) dentitions, suggesting adaptation to omnivorous, relatively generalist diets
(Rose 2006). The condylarths were globally widespread during the Palaeocene, being
the dominant medium- to large-sized mammals in Eurasia, North America and South
America, and they ranged from small forms with weasel-like bodies (Hyopsodus) to
larger, up to about sheep-sized omnivorous forms (e.g., Arctocyon and Phenacodus).
Some of the later condylarths, such as Meniscotherium, show the development of
increasingly lophodont (cusps elongated and fused into ridges) dentitions, suggesting
increasing adaptation to browsing herbivorous diets (Williamson and Lucas 1992).

Other groups of large herbivores, probably unrelated to modern ungulates,
emerged too, the ecologically most important being the pantodonts, which evolved
dilambdodont (upper molars with a W-shaped ectoloph on the buccal side) or
functionally bilophodont (molars with two transverse crests) dentitions suggesting
adaptation to frugivorous-folivorous or browsing diets (Rose 2006). The pantodonts
originated in Asia and spread to North America where they became particularly
diverse, including various species ranging from relatively small (e.g., Pantolambda),
to large, roughly tapir to bison-sized forms (Barylambda, Coryphodon, Titanoides)
(Rose 1981, 2006; Beard 1998). Another group of large, bilophodont herbivores, the
Dinocerata, emerged in Asia (Prodinoceras), and soon dispersed to North America
(Rose 1981, 2006; Beard 1998). In addition, there were a couple of groups with a
body build suggesting fossorial lifestyles and sturdy skulls and dentitions suggesting
diets based on gritty roots and tubers. These were Tillodonta, which originated in
Asia and dispersed to North America, and Taeniodonta, an endemic North American
group (Lucas and Schoch 1998; Lucas et al. 1998). In South America, an enigmatic
group of ungulate-like mammals called Xenungulata existed during the Palaeocene,
and some of them (e.g., Carodnia) were quite large, roughly tapir-sized herbivores
with bilophodont molars suitable for browsing (Rose 2006).

2.3.2 Eocene (56-33.9 Ma): The Emergence and Radiation
of Modern Mammal Lineages

The Eocene was the longest epoch of the Cenozoic era, lasting ca. 22 million years,
and drastic changes happened in mammal faunas throughout this time. Ungulates
had started to diversify during the Late Palacocene, and during the Early Eocene



16 J. Saarinen

climatic optimum most of the major modern orders of herbivorous mammals
emerged, including the even-toed ungulates (Artiodactyla), the odd-toed ungulates
(Perissodactyla) and endemic South American ungulates (Meridiungulata). The
proboscideans (Proboscidea) and hyraxes (Hyracoidea) also emerged as a result of
a separate radiation of the Afrotherian ungulate-like herbivores (Paenungulata). In
addition, several archaic groups of medium- and large-sized herbivorous mammals
flourished especially during the Early and Middle Eocene, such as Pantodonta,
Dinocerata, Tillodontia, Taeniodonta and the last archaic “condylarth” ungulates.
The diversity of mammals was higher on both the species and higher taxonomic
levels during the Middle Eocene than ever before or after (Janis 1993; Blondel 2001;
Saarinen et al. 2014). The global climate during the Early Eocene was warmer than
ever during the Cenozoic, and subtropical forest environments reached very high
latitudes (e.g., Erlebe and Greenwood 2012). During the latter part of the Eocene, the
global climate started to cool, but still remained warm and humid, much warmer than
later during the Cenozoic (Zachos et al. 2001, 2008). Grasses were a rare component
of the floras globally throughout the Eocene. No specialised grazers have been
discovered from the Eocene. Nevertheless, there was variation in the diets of the
herbivorous mammals and in general there was a shift towards folivorous browsing
diets throughout the Eocene among many lineages that started as omnivores or
frugivores.

2.3.2.1 Eurasia

The climate during the Early and Middle Eocene was warm and humid, and global
sea level was high, making Europe a large archipelago which had connections to
North America and Asia. The mammal fossil assemblages of this time, such as that
from the locality of Abbey Wood, UK, indicate palacoenvironments essentially
similar to modern tropical rainforests (Hooker and Collinson 2012). There was a
change in European large herbivore faunas at the beginning of the Eocene when
some taxa, especially the large bilophodont pantodont Coryphodon eocaenus,
arrived from North America (Hooker and Collinson 2012). This species was the
largest browser in the Early Eocene European forests. It shared its habitat with
some late surviving condylarths, which had bunodont dentitions and probably
omnivorous or frugivorous diets, such as Hyopsodus and Phenacodus, another
newcomer from North America. However, the Early Eocene large herbivorous
mammal faunas were dominated by early perissodactyls, including early and small
horses (Equidae) such as Pliolophus vulpiceps, palacotheres (Eurasian relatives of
horses) such as Hyracotherium leporinum, large tapiromorphs with bilophodont
dentition known as lophiodonts (genus Lophiodon) and other smaller tapiromophs
such as Hyrachyidae (e.g., Blondel 2001). The dentition of most of these early
perissodactyls, together with the less abundant early artiodactyls represented by
Diacodexis and other forms derived from it, was brachydont and still predominantly
bunodont or buno-lophodont, suggesting that they were largely frugivores (Blondel
2001). The key to why the early perissodactyls were more diverse and abundant than
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the early artiodactyls is probably the difference in the evolution of digestive systems
in these major ungulate groups: the perissodactyls developed an enlarged caecum
and colon for digesting plant material in the Early Eocene which made them more
effective as browsers of leaves than the artiodactyls which probably had not yet
developed an effective fermenting system (Janis 1976).

Middle Eocene palaeobotanical evidence suggests that the palacoenvironments of
Europe were similar to modern tropical rainforests (Collinson and Hooker 1987,
Collinson 1992) and rich fossil sites, such as the exceptionally preserved assemblage
of fossil plants, invertebrates, fish, reptiles, amphibians, birds and mammals
from Messel, Germany, support that interpretation. The Middle Eocene large her-
bivorous mammal faunas from Europe were strongly dominated by what appear to
be quite unspecialised frugivorous-folivorous and browsing perissodactyls, such as
the buno-lophodont palaeotheriids (e.g., Propalaeotherium, Palaeotherium and
Plagiolophus) and the large bilophodont lophiodontids (Lophiodon). Also one
genus of early true horses (Eurohippus) is known from sites such as Messel,
Germany. A frugivorous-folivorous diet has been confirmed for the palacothere
Propalaeotherium from Messel and Geiseltal by analysis of preserved stomach
contents (Sturm 1978; Wilde and Hellmund 2010). However, the diversity of
artiodactyls increased drastically as well, with many new lineages emerging, and
browsing forms started to dominate over omnivorous and frugivorous forms
(Blondel 2001). Among these were the first selenodont ungulates of the families
Xiphodontidae and Amphimerycidae.

During the Late Eocene the environments of Europe changed somewhat as the
result of the climatic cooling but they were still dominated by evergreen forests,
albeit these were subtropical rather than tropical (Collinson and Hooker 1987;
Collinson 1992). The herbivorous mammal faunas changed too and there was a
shift from frugivorous-folivorous diets to increasingly specialised folivorous brows-
ing in both perissodactyls and artiodactyls. The perissodactyls were dominated by
browsing forms (e.g., large palaeotheriids such as Palaeotherium magnum), whereas
some earlier groups such as the lophiodonts became extinct. True horses (Equidae)
also vanished from Eurasia at this time, retuning much later in the Early Miocene
with the dispersal of anchitherine equids from North America. The overall diversity
of perissodactyls declined and artiodactyls became the dominant ungulates in
Europe during the Late Eocene (Blondel 2001). New types of artiodactyls appeared,
such as the small-sized selenodont cainotheres (Cainotheriidae) with probably
frugivorous-folivorous diets, and the large-sized buno-lophodont anoplotheriids
(Anoplotherium), which have been interpreted as a specialised, bipedally high-
browsing animals somewhat similar in feeding ecology to the later chalicotheriid
perissodactyls (Hooker 2007).

The Eocene palacoenvironments of Eastern and Southern Asia were mostly
dominated by forest and woodland palacoenvironments (e.g., Zaw et al. 2014),
and this is reflected in the mammal faunas which were dominated by diverse large
browsers, especially perissodactyls (Wang et al. 2007). In Central Asia more arid
environments, with drought-adapted shrubs, were present as early as in the
Palaeocene, but those were still mixed with forest and woodland vegetation (Jacobs
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et al. 1999). Several major groups of ungulates originated in Asia during the Early
and Middle Eocene and soon migrated to North America, and somewhat later, at
the beginning of the Oligocene, to Europe. Among the perissodactyls, these were
the amynodonts (Amynodontidae) and hyracodonts (Hyracodontidae), which were
early relatives of rhinoceroses, and eomoropids which were early relatives of
chalicotheres. True rhinoceroses (Rhinocerotidae) emerged during the Late Eocene
in Asia and North America, with either of these continents considered to be the area
of origin for that group (Prothero et al. 1989).

Even more important evolutionary radiations occurred among the artiodactyls in
Asia during the Middle Eocene, with the emergence of several major groups,
including the anthracotheres (Anthracotheriidae), a group of suiform artiodactyls
with buno-selenodont dentition, related to later hippopotamids, with typically
amphibious lifestyles (Lihoreau and Ducrocq 2007). Their dentition indicates diets
based predominantly on unspecialised consumption of fruits, leaves and other plant
material (Blondel 2001), but more specific palacodietary analyses would be needed
to further confirm this. Another group of suiforms was the large-sized, fully terres-
trial and relatively cursorial entelodonts (Entelodontidae), which were characterised
by large skulls and dentitions which comprised carnivore-like canines, strong trian-
gular premolars and bunodont molars (Foss 2007). This kind of dentition indicates
omnivorous diet with probably a large component of animal carcasses (Boardman
and Secord 2013). The earliest entelodonts was the relatively small Eoentelodon
from the Middle Eocene of China. Finally among the radiation of suiform artiodac-
tyls was also the ancestral group of pigs (Suidae) and peccaries (Tayassuidae) known
as Palaeochoeridae, with bunodont teeth and probably omnivorous diets (Liu 2001).

Perhaps most importantly regarding later Cenozoic mammal faunas, the ruminants
originated in Asia during the Middle Eocene, being represented by small species with
incipiently selenodont dentitions, such as Archaeomeryx and Archaeotragulus
(Métais et al. 2001, 2005).

2.3.2.2 North America

During the Early Eocene (Wasatchian and Early Bridgerian), North America had a
connection with the European archipelago, and, as a result, they shared many similar
mammal taxa (Rose 1981; Janis 1993). The global temperatures were extremely high
and the environments of North America were dominated by tropical forests and
woodlands (Zachos et al. 2008; Stromberg 2011). Even arctic areas were covered by
subtropical forest, as shown by the rich fossil assemblage containing, among others,
fossil plants, fish, mammals, turtles and alligators from the High Arctic of Canada
(Erlebe and Greenwood 2012). The large browsing bilophodont pantodont
Coryphodon was widely distributed in North America, from where it dispersed to
Europe. The ungulate faunas, indicated especially by the rich fossil assemblage from
the Green River Formation, Wyoming, were dominated, for the first time, by early
horses (Equidae) represented by several small species with very low-crowned, buno-
lophodont molars (Rose 1981). Their dental morphology indicates a dietary
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adaptation to feeding on fruit and browse (e.g., Janis 2007), and mesowear analysis
indicates a diet that was more abrasive than in later browsing anchitheriine equids,
also suggesting the consumption of fruits with hard seeds (Mihlbachler et al. 2011).
Originally they were all included in the genus Hyracotherium, but actually comprise
several genera and species such as Eohippus, Sifrihippus and Protorohippus, possi-
bly including taxa more closely related to the European palaecotheres (Froehlich
2002). The next most abundant taxa, which had been the dominant ungulates in the
Late Palacocene, were the condylarths Phenacodus, Ectocion and Hyopsodus, of
which Phenacodus and Hyopsodus were also present in Europe. The first artiodac-
tyls were represented by the small diacodexeids with unspecialised bunodont den-
tition, such as Diacodexis and Bunophorus (Rose 1981). In addition to the abundant
early equids, the perissodactylan radiation in North America included early
tapiromorphs (e.g., Homogalax) and early brontotheres (Eotitanops borealis),
which were small compared to the later very large forms of their clades and had
relatively simple buno-lophodont dentitions and probably rather unspecialised fruit
and browse diets. Eotitanops was replaced by a somewhat larger (tapir-sized) but
otherwise quite similar genus Palaeosyops during the latter Early Eocene. As in
Europe, most of these early herbivores were probably largely frugivore-folivores.
The dinoceratans dispersed from Asia to North America during the Early Eocene and
were represented first by the prodinoceratid Probathyopsis and later by the larger
uintathere Bathyopsis. Their bilophodont dentitions indicate browsing diets (Rose
2006). Tillodonts of the genus Esthonyx were also present and may have been
fossorial animals. Their heavy tooth wear has been interpreted to have resulted
from grit associated with roots and tubers and they may have used their enlarged
incisors to pull roots from the ground, as indicated by wear marks (Lucas and Schoch
1998).

Middle Eocene large herbivorous mammal faunas from North America were
extremely diverse, including many lineages of early perissodactyls (equids,
brontotheriids, hyracodonts, amynodonts, eomoropids and various tapiromorphs)
and artiodactyls together with archaic groups of roughly ungulate-like herbivores
with uncertain phylogenetic relationships, such as Tillodontia and Dinocerata (e.g.,
Janis 1993; Gunnell et al. 2009). Palacoenvironmental proxy data indicates the
dominance of subtropical-tropical forest environments, although some continental
inland areas were starting to change towards drier and more open woodland condi-
tions, although grasses were largely absent in all the environments (Stromberg
2011). The equids were still represented by small archaic “hyracotheres” with
buno-lophodont dentitions and frugivorous-folivorous diets, such as Orohippus
and Epihippus, but they were less diverse than in the Early Eocene. In contrast,
the brontotheriids radiated into several medium- to large-sized genera, such as
Palaeosyops, Telmatherium, Mesatirhinus, Metarhinus, Dolichorhinus and
Diplacodon. The brontotheres had brachydont, buno-lophodont teeth with a prom-
inent ectoloph, and typically high and sharp mesowear signals, indicating browsing
diets (Mihlbachler 2008; Saarinen, own observations). Other perissodactyls included
various tapiromorphs (e.g., Homogalax, Helaletes and Hyrachyus) and early rela-
tives of later chalicotheriids (a group of highly specialised clawed perissodactyls)
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known as eomoropids (Eomoropus). These taxa also had buno-lophdont or incipi-
ently bilophodont molars and were most likely quite unspecialised browsers of fruits
and leaves. A new group of perissodactyls, the rhinocerotoid amynodonts arrived
from Asia, represented by the genus Amynodon, which had more specialised
lophodont molars roughly similar to those of true rhinoceroses and were most likely
browsers (Wall 1998). However, unlike most early rhinocerotoids, some later
amynodonts during the Late Eocene—Early Oligocene (Metamynodon in North
America and Cadurcotherium in Eurasia), evolved more hypsodont molars, but
whether this was an adaptation to feeding on gritty or particularly tough plants is,
as yet, not well understood (Prothero et al. 1986; Blondel 2001). On the other hand,
some late amynodonts, such as Cadurcodon, apparently had a tapir-like proboscis,
suggesting a specialised browsing rather than grazing diet (Prothero et al. 1986).

Among the artiodactyls, three major new groups endemic to North America
emerged: the merycoidodonts (oreodonts) and agriochoerids (Oreodontoidea)
represented in the Middle Eocene by Protoreodon, the protoceratids (Protoceratidae)
represented by Leptomeryx and Leptoreodon and camels (Camelidae) represented by
Protylopus. These lineages of selenodont artiodactyls were probably all part of the
Tylopoda, of which only camels survive today, and became the dominant groups of
large herbivorous mammals in North America during the Oligocene. The last
condylarths were represented by the small-sized, squirrel-like genus Hyopsodus.
The dinoceratans were represented by advanced uintatheriids, which evolved into
large-sized taxa such as Uintatherium and Eobasileus. Some of these were heavily
built, megaherbivore-sized (over a ton in body mass) herbivores, and they had robust
skulls with bony horns, long and blade-like upper canines and bilophodont molars
suitable for leaf browsing (Rose 2006). The presumably root digging tillodonts were
represented by the largest, about bear-sized genus Trogosus.

Unlike in Europe but similarly to Central Asia, there was a drastic change in
the Late Eocene in North America towards substantially more open environments, at
least in what is today the western inland of USA (Stromberg 2011). However,
the paleoenvironments were still predominantly open woodlands and shrublands,
with grasses being present but not yet forming extensive grassland environments
(Stromberg 2011). These environments supported diverse herbivore communities
with predominantly browsing diets (Boardman and Secord 2013; Mihlbachler and
Solounias 2006; Mihlbachler et al. 2011). Probably the best fossil Late Eocene fossil
record in North America comes from the famous White River Badlands of western
USA, where the deposits range from Late Eocene to Early Oligocene and record a
change in climate, vegetation and mammal assemblages across the Eocene-
Oligocene boundary. The large herbivorous mammal fauna included the latest and
very large-sized brontotheres (Megacerops), amynodonts (Metamynodon),
hyracodonts (Hyracodon), early true rhinoceroses (Trigonias and Subhyracodon)
early anchitheriine equids (Mesohippus), anthracotheres (Aepinacodon, Elomeryx),
entelodonts (Archaeotherium), peccaries (Perchoerus), early small camels
(Eotylopus and Poebrotherium), agriochoerids (merycoidodont-like selenodont
artiodactyls represented by Agriochoerus), merycoidodonts (Oreonetes, Bathygenys
and Merycoidodon), protoceratids (Pseudoprotoceras) and early traguloid ruminants
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(Hypertragulus and Leptomeryx). Mesowear analysis indicates that the Late Eocene
merycoidodonts had somewhat more abrasive diets than the very browse-dominated
diets in the abundant Early Oligocene merycoidodonts, reflecting possibly a higher
level of mixed-feeding, or feeding on leaves and fruits with seeds (Mihlbachler
and Solounias 2006). The protoceratids, a camel-related group of selenodont
artiodactyls, had tooth wear typical for browsers (Janis 1982). The small
anchitheriine horse Mesohippus had more specialised lophodont molars than its
“hyracothere” predecessors, and mesowear analysis indicates that it had a diet
based largely on dicotyledonous leaves, rather than the more generalised diet of
the “hyracotheres” based on leaves and fruit with abrasive seeds. Based on various
analyses of dental mesowear, microwear, morphology and stable isotopes, most of
the rest of the ungulate fauna were also browsers, but some such as the early
rhinoceroses Subhyracodon and Trigonias, the anthracothere Aepinacodon and the
early camel Eotylopus show some indication of browse-dominated mixed-feeding
(Boardman and Secord 2013). Based on microwear analyses, the bunodont peccary
Perchoerus was a hard object browser and the entelodont Archaeotherium was a
high-abrasion omnivore (Boardman and Secord 2013). Based on stable isotope
analyses, the large browsing brontothere Megacerops and the peccary Perchoerus
were feeding in more closed habitats, and the equid Mesohippus and the
agriochoerid Agriochoerus in more open habitats, than the rest of the cohabiting
fauna (Boardman and Secord 2013).

2.3.2.3 Africa

Much less is known about the Eocene mammal faunas and palacoenvironments of
Africa than those of Eurasia and North America. The palacoenvironments were
mostly dominated by forests, woodlands and marshes, although there are indications
of more open environments and presence of (possibly wetland) grasses in the Middle
Eocene of Western Africa (Jacobs et al. 2010) and Late Eocene of Northern Africa
(Stromberg 2011). The latest Palacocene—earliest Eocene deposits of Ouled Abdoun
basin in Morocco comprise enigmatic condylarth-like mammals (Abdounodus and
Ocepeia) and the earliest proboscideans (Eritherium, Phosphatherium and
Daouitherium). The El Kohol deposits from Algeria, slightly later Early Eocene in
age, contain the larger early proboscidean Numidotherium and the basal hyracoid
Seggeurius. Nothing much is known about the diets of these early African large
mammals, but their brachydont, bunodont dentitions indicate omnivorous or frugiv-
orous feeding ecologies, the only exception being Numidotherium, which shows
bilophodont molars better suited for processing folivorous browse (Rasmussen and
Gutiérrez 2010; Sanders et al. 2010).

The best Eocene mammal record from Africa comes from the Late Eocene and
Early Oligocene Fayum Beds from Egypt, which will be discussed further in the next
section for the Oligocene.
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2.3.2.4 South America and Australia

Also South America and Australia remain relatively enigmatic in terms of herbivo-
rous mammal diets during the Eocene. South American palaeoenvironments were
dominated by tropical to temperate forests, and grasses were sparse, although fossil
phytoliths indicate the presence of grasses in Patagonia (Strémberg 2011). Early and
Middle Eocene palacobotanical records from Australia indicate rainforest and
sclerophyllous forest environments in northwestern, central and southeastern parts
of the continent (Stromberg 2011). During the Late Cretaceous and earliest Cenozoic
there was a land connection between these continents, which enabled some early
marsupials to colonise Australia from South America (Woodburne and Case 1996).

The endemic South American ungulates (Meridiungulata) diversified during
the Eocene into various species of medium- and large-sized notoungulates and
litopterns, which had lophodont dentitions resembling those of perissodactyls
(Rose 2006). Some of the notoungulates had already evolved hypsodont cheek
teeth earlier than the ungulates on other continents, suggesting perhaps a diet
based on relatively fibrous plants, or the accumulation of volcanic ash on the plants
they were feeding on, rather than feeding on grasses which were scarce in the still
quite heavily forested palacoenvironments (Janis 1993; Ortiz-Jaureguizar and
Cladera 2006; Reguero et al. 2010; Stromberg 2011; Stromberg et al. 2013).

We know next to nothing about the diets and dietary adaptations of Eocene
mammals in Australia. A probable condylarth ungulate, Tingamarra porterorum,
from the Early Eocene of Queensland (Godthelp et al. 1992) had buno-lophodont
molars indicating perhaps a frugivorous-folivorous diet, but the fossil mammal
record from Australia enables more thorough glimpses to the evolution of herbivo-
rous mammal diets on the continent earliest from Late Oligocene onwards.

2.3.3 Oligocene (33.9-23 Ma): A Time of Global Climatic
Cooling

The Oligocene is characterised by a cooling of global climate which started during
the Late Eocene, after the globally extremely warm “greenhouse” climate of the
Early and Middle Eocene (Zachos et al. 2001, 2008). This cooling trend also resulted
in the Antarctic glaciation. However, global temperatures were still much higher
than in the late Neogene, especially Pleistocene, and most of the globe was still
dominated by subtropical and temperate forest and woodland environments,
although more arid and open environments developed e.g., in Central Asia and
central North America, and C4 grasses originated, possibly in response to a signif-
icant drop in atmospheric CO, content (Vicentini et al. 2008; Strémberg 2011).
Herbivorous mammal faunas across the globe still consisted predominantly of
browsers. However, in the Late Oligocene, some semi-open, grassy woodlands
occurred in South America, e.g., in Salla, Bolivia (Stromberg 2011), where some
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of the earliest grazing ungulates and mylodontid sloths occurred (Croft and
Weinstein 2008; Shockey and Anaya 2011).

2.3.3.1 Eurasia

Europe remained predominantly forested throughout the Oligocene, although the
vegetation changed towards more temperate conditions (Stromberg 2011). The
beginning of the Oligocene in Europe was marked by a turnover of the mammal
faunas known as the “Grande Coupure”, where new mammal taxa migrated from
Asia to Europe as the result of marine regression that opened a land connection
between Europe and Asia. There are rich European Early Oligocene mammal
assemblages, e.g., from Ronzon and Phosphorites du Quercy, France, and Bouldnor
Formation, UK, and Late Oligocene assemblages such as La Milloque, France, and
Rickenbach, Switzerland. Among the most prominent newcomers were early rumi-
nants with body sizes similar to modern tragulids and moschids, such as Gelocus,
Bachitherium, Amphimeryx, Lophiomeryx and Amphitragulus, including musk deer
-like genera, such as Dremotherium and Bedenomeryx. Other abundant ungulate
groups include anthracotheres (e.g., Anthracotherium, Bothriodon, Elomeryx and
Microbunodon), entelodonts (Entelodon), cainotheres (Cainotherium, Cainomeryx),
xiphodonts (Xiphodon), early suids (e.g., Palaeochoerus), the last palaeotheres
(Plagiolophus), late amynodonts and hyracodonts (relatives of rhinos, represented
by Cadurcotherium and Egyssodon, respectively), true rhinoceroses (Ronzotherium)
and tapirs (Protapirus). As far as we know, most of these medium and large-sized
herbivorous mammals were browsers and had brachydont dentitions, but some of the
early ruminants might already have started to shift towards mixed-feeding, as
indicated by tooth wear studies (Novello et al. 2010). Moreover, the amynodont
Cadurcotherium had evolved more high-crowned molars, but not much is known
about its diet, although feeding on plants with grit or phytoliths in more open
environments has been suggested (Blondel 2001).

Anthracotheres were a group of eco-morphologically pig or hippo-like ungulates
with a tendency for amphibious lifestyles, characterised by elongate skulls and
peculiar buno-selenodont molars which were brachydont and had large, separate
cusps, but the cusps were elongated into longitudinal, crescent-shaped structures.
They had originated in Southern Asia during the Eocene and migrated to Europe
during the Eocene-Oligocene transition. Their closest living relatives are whales and
hippopotami (Boisserie and Lihoreau 2006). The most likely diet of the European
Oligocene anthracotheres has been interpreted as mixed fruit and browse based on
the tooth morphology (Blondel 2001), but further palaeodietary analyses would be
needed for more precise information about their diets and feeding ecology. The
entelodonts, represented in the European Oligocene by the genus Entelodon, were by
this time already very large (cow to bison-sized), fully terrestrial suiform artiodactyls
with brachydont, bunodont molars and strong triangular premolars, indicating an
omnivorous/scavenging diet (e.g., Blondel 2001). The early true pigs (Suidae) were
small and also had bunodont teeth typical of omnivores.
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The early ruminants had brachydont, selenodont molars and they ranged from
small forms which probably had rather unspecialised frugivorous-folivorous diets
(e.g., Amphimerycidae) to somewhat larger forms with more specialised folivorous
browse diets, such as Bachitherium, Bedenomeryx and Dremotherium (Blondel
2001). The browsing ruminants most probably had partially developed foregut-
fermenting stomachs (because those are present in all modern ruminants in some
form) and were ruminating (Janis 1976; Blondel 1998, 2001). Cainotheres and
xiphodonts, the small non-ruminant, tylopod-related selenodont artiodactyls, proba-
bly had rather unspecialised fruit and browse-based diets (Blondel 2001). Most of
the perissodactyls in the Oligocene of Europe were browsers ranging from
frugivorous-folivorous to folivorous, characterised by lophodont, brachydont denti-
tions (e.g., Blondel 2001; Joomun et al. 2008). Some of them, such as the palacothere
Plagiolophus and the amynodont Cadurcotherium, had more high-crowned cheek
teeth, suggesting a diet based on more abrasive, perhaps fibrous browse (Blondel
2001).

In Central Asia climate became drier at the Eocene-Oligocene transition
ca. 34 Ma, as indicated among other lines of evidence by the beginning of Aeolian
dust accumulation in the Chinese Loess Plaetau (Sun and Windley 2015). The
palaecoenvironments in Central Eastern Asia were a mosaic of wooded and drier,
more open environments, where the vegetation probably consisted of abundant
shrubs, whereas grasses were still scarce (Métais et al. 2003; Prothero 2013).
There was a turnover in the Eastern Asian mammal faunas from the brachydont,
perissodactyl-dominated fauna of the Eocene to faunas dominated by hypsodont
lagomorphs and rodents in the Oligocene (Wang et al. 2007). This has been
interpreted as further evidence for the spread of arid, open habitats. In Southern
Asia, the paleoenvironments remained dominated by forests and woodlands, with
rare grasses (De Franceschi et al. 2008).

The Asian Oligocene large mammal faunas were largely similar to the European
ones in taxonomic composition, comprising anthracotheres (e.g., Anthracotherium),
entelodonts (Paraentelodon), suoids (Sanitherium, Hyotherium) and early ruminants
(e.g., Gelocus, Lophiomeryx), and abundant perissodactyls comprising hyracodonts
(Egyssodon, indricotheres), amynodonts (Cadurcodon), true rhinoceroses
(Epiaceratherium) and tapirs (Colodus) as well as the clawed chalicotheres
(Schizotherium) (Wang 1992; Métais et al. 2003, 2009; Orliac et al. 2010; Prothero
2013). They mostly had brachydont dentitions and browsing diets, but a rare
hypsodont, small (duiker-sized) bovid-like ruminant (Palaeohypsodontus) was pre-
sent in China and Pakistan, suggesting an adaptation to feeding on abrasive, perhaps
particularly fibrous plants (Métais et al. 2003).

One peculiar aspect of the Oligocene Asian faunas are the giant hyracodonts
(rhino relatives) known as indricotheres, which evolved into some of the largest land
mammals (e.g., Paraceratherium, Indricotherium and Dzungariotherium). They had
lophodont, brachydont dentition typical of rhinoceroids and they were browsers
(as shown by mesowear and stable isotope results), probably feeding from the
canopy level of trees (Prothero 2013). During the Oligocene another major group
of perissodactyls that occurred in Eurasia was the chalicotheres (Chalicotheriidae), a
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group of peculiar tapiromorphs with muscular bodies, elongate forelimbs, claws
instead of hooves, relatively small skulls and brachydont, buno-lophodont dentition
(Coombs 1978). During the Oligocene the chalicotheres were represented by small
to medium-sized species of the genus Schizotherium. Studies of tooth mesowear
and microwear support the traditional view based on tooth morphology that the
chalicotheres (at least during the Miocene) were browsers feeding on leaves, but also
included hard objects such as seeds or bark in their diet (Semprebon et al. 2011).

2.3.3.2 North America

The North American Oligocene (Orellan, Whitneyan and early Arikareean) faunas
were dominated by the merycoidodonts (Merycoidodon, Miniochoerus, Eporeodon,
Leptauchenia and Merycochoerus), with body sizes ranging from the about mouse
deer-sized Miniochoerus to the about tapir-sized Merycochoerus (Lander 1998;
Stevens and Stevens 2007; Janis 2008). All of them had selenodont molars, but
some leptaucheniids such as Sespia evolved hypsodont molars earlier than most
other groups of North American ungulates (Mihlbachler and Solounias 2006).
Dental mesowear analysis indicates that the merycoidodonts had predominantly
browsing diets in Early Oligocene, but shifted towards increasingly mixed-feeding
diets during the Late Oligocene (Mihlbachler and Solounias 2006). The most
abundant North American Early Oligocene mammal record comes from the famous
White River Badlands, with the fossiliferous sediments spanning from Late Eocene
to Early Oligocene, demonstrating some changes in the faunal composition, e.g., the
extinction of the large browsing brontotheriid perissodactyls. The paleoenvironment
of the Oligocene Badlands have been interpreted as semi-open woodlands and
shrublands, roughly similar perhaps to the contemporaneous East Asian ones
(Mead and Wall 1998; Stromberg 2011). The camels were represented in the
Oligocene by small species such as Poebrotherium wilsoni, and the protoceratids
by the genus Protoceras. The camels were mostly browsers, but Poebrotherium was
a mixed-feeder of browse and grass, as indicated by dental mesowear and microwear
(Semprebon and Rivals 2010). Protoceras was a folivorous browser with a long
muzzle (Janis 1982; Prothero 1998). Many taxa of medium-sized to large herbivo-
rous mammals were shared between the Late Eocene and Early Oligocene, such as
the entelodonts (e.g., Archaeotherium), anthracotheres (Elomeryx), peccaries
(Perchoerus) and the agriochoerid Agriochoerus, retaining similar diets as during
the Late Eocene (Boardman and Secord 2013). However, a new taxon was the tapir
Colodon, a newcomer from Asia, which was a browser occupying more closed
environments in the Early Oligocene Badlands than the other ungulate taxa (Board-
man and Secord 2013). Some taxa, such as the early traguloid ruminant Leptomeryx,
probably occupied more open environments in the Early Oligocene than in the Late
Eocene, but retained a browsing diet (Zanazzi and Kohn 2008).

The browsing anchitherine equid Mesohippus was also present together with a
new, slightly larger sized genus Miohippus. Dental mesowear analysis indicates that
they had low-abrasive browse diets throughout the Oligocene (Mihlbachler et al.
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2011). The hyracodonts of the genus Hyracodon, similar in size to early horses, were
browsers of tough vegetation in open floodplain and shrubland environments,
whereas the true rhinoceroses of the genus Subhyracodon were browsers or
mixed-feeders in more wooded, riparian environments (Mead and Wall 1998). In
addition, the more hypsodont amynodont Metamynodon was present (Prothero et al.
1986).

2.3.3.3 Africa

The Oligocene fossil mammal record from Africa is quite scarce and it has large
temporal and spatial gaps. The known palaecoenvironments were mostly forests and
swamps (Stromberg 2011; Noret et al. 2012; Jacobs et al. 2010). The best record
comes from the famous Late Eocene to Early Oligocene deposits of Fayum, Egypt,
where the large herbivorous mammal fauna mainly consisted of hyracoids,
anthracotheres, embrithopods and proboscideans (Werdelin and Sanders 2010).
The hyraxes (Hyracoidea) were the most abundant and diverse group of large
herbivores, ranging from relatively small forms (e.g., Saghatherium) to long-legged
and slender (Antilohyrax), to large (Megalohyrax) and even giant, megaherbivore-
sized (Titanohyrax) forms. However, all of these hyracoids had relatively similar
brachydont, buno-lophodont or lophodont dentitions resembling those of perisso-
dactyls and they all were probably browsers on various kinds of vegetation (Ras-
mussen and Gutiérrez 2010). Embrithopods were another group of herbivorous
afrotherians, and they were represented in the Early Oligocene of Fayum by the
rhinoceros-sized Arsinoitherium zitteli characterised by a pair of large bony nasal
horns and robust bilophodont molars with relatively thin enamel. Arsinoitherium has
remained a rather enigmatic taxon in terms of diet, but what little is known indicates
that they were browsers feeding perhaps in relatively open habitats (Noret et al.
2012). Artiodactyls were represented in Africa at this time only by the
anthracotheres (e.g., Bothriogenys), which were roughly hippo-like, amphibious
herbivores with brachydont dentition and probably browse-based diets, similarly
to their relatives in Eurasia and North America.

Fossil proboscideans from Fayum comprise a diverse group of large herbivores.
The largest of the Fayum herbivores was the advanced numidotheriid proboscidean
Barytherium, an Asian elephant-sized herbivore with a bulky and robust skull
indicating the presence of a proboscis, small tusks in upper and lower jaw, and
brachydont, bilophodont molar teeth with morphology and tooth wear suggesting a
browse-based diet (Sanders et al. 2010). Another group of early proboscideans were
moeritheres (Moeritherium lyonsi and M. trigodon), roughly pig-sized animals with
peculiar low and long, barrel-like bodies and small, flat heads with incipiently tusk-
like incisors and brachydont, bunodont/bilophodont cheek teeth suitable for brows-
ing (Sanders et al. 2010). Finally palacomastodonts (Palaeomastodon and Phiomia),
the early relatives of elephantoids (mammutids, gomphotheres and elephants), were
present. They were megaherbivore-sized animals similar to, although slightly
smaller than, the later gomphotheriid proboscideans (among which the true



2 The Palaeontology of Browsing and Grazing 27

elephants later originated), with already well-developed trunks, relatively long and
low skulls, long mandibular symphyses, well-developed upper and lower tusks and
bunodont cheek teeth suitable for processing various kinds of food from fruits and
seeds to leaves (Sanders et al. 2010).

The best Late Oligocene African large mammal record comes from Chilga,
Ethiopia (Sanders et al. 2004; Noret et al. 2012; Jacobs et al. 2010). It shows a
fauna largely similar to that of the Early Oligocene Fayum deposits and consists of
hyracoids (Pachyhyrax, Bunohyrax, Megalohyrax) embrithopods (Arsinoitherium
giganteum) and proboscideans (Palaeomastodon, Phiomia, Chilgatherium and
Gomphotherium). Stable isotope analyses indicate that all these large herbivores
had essentially browse-based diets, but Arsinoitherium and the hyracoids were
feeding in more open habitats than the proboscideans (Noret et al. 2012). Overall
the paleoenvironment has been interpreted as heavily forested (Noret et al. 2012).
Palaeomastodon and Phiomia were essentially similar and probably had similar
kinds of diets as their predecessors in Fayum. Chilgatherium represents a new kind
of proboscidean, the deinotheres (Deinotheriidae), which seem to have evolved from
a moerithere-like ancestor (Sanders et al. 2010). The brachydont, bilophodont cheek
teeth of Chilgatherium, with sharp-angled mesowear also typical of later deinotheres,
indicate folivorous browsing diet. The earliest gomphothere (Gomphotherium sp.)
comes from Chilga, and it had bunodont cheek teeth only slightly more derived than
those of the palaeomastodonts. It probably consumed many kinds of dietary items
from fruits and seeds to leaves, and would likely have had more diverse diet than the
probably mostly folivorous browsing Chilgatherium. This dietary niche partitioning
between the specialised browsing deinotheres and the often dietary more flexible
elephantoids (gomphotheres and later elephants) continued until the extinction of the
deinotheres during the Plio-Pleistocene as indicated by dietary proxy studies
(Calandra et al. 2008; Cerling et al. 1999).

2.3.3.4 South America

In South America, the Oligocene palacoenvironments comprised mostly forests and
woodlands, but some localities, such as the Late Oligocene deposits from Salla,
Bolivia, indicate open, grassy environments (Stromberg 201 1; Croft and Weinstein
2008). Based on dental mesowear analysis, the endemic South American ungulates
(notoungulates) from Salla were mixed-feeders with a large component of grasses in
their diet (Archaeohyrax and Federicoanaya) or specialised grazers (Trachytherus)
(Croft and Weinstein 2008). They are, therefore, possibly among some of the earliest
evidence of primarily grazing mammals in the fossil record. Interestingly, tooth wear
also suggests that the early mylodontid sloth Paroctodontotherium calleorum from
Salla was a grazer, as were later mylodontids (Shockey and Anaya 2011). However,
unlike the Salla notoungulates and sloths which had hypsodont dentitions, the large
pyrotheriid ungulate Pyrotherium from Salla had brachydont, bilophodont molars
and C3-dominated stable carbon isotope values indicating more likely a browsing
diet (MacFadden et al. 1994). Also, Late Oligocene leontiniid notoungulates, such as
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Fredericoanaya from Salla, still had brachydont dentitions and probably browse-
based diets (Croft 2016).

2.3.3.5 Australia

The earliest comprehensive record of a fossil herbivorous mammal fauna from
Australia come from the Late Oligocene deposits of Riversleigh in Queensland,
and Southern Australia (Archer et al. 1989; Travouillon et al. 2009; Janis et al.
2016). The palaecoenvironments of those faunas have been interpreted as relatively
open forests (Travouillon et al. 2009; Stromberg 2011). Similar to modern and
Neogene times, this Oligocene herbivorous mammal community already consisted
of specialised herbivorous marsupials, including diprotodontid vombatomorphs
(Neohelos), early koalas (Litokoala), potoroid kangaroos (e.g., Wakiewakie) and
macropodid kangaroos (e.g., Nambaroo) (Archer et al. 1989; Travouillon et al. 2009).

Not much is known about the diets of these Oligocene herbivorous marsupials, as
detailed palaeodietary analyses based on dental wear and isotopes are largely
lacking. However, the brachydont, bilophodont dentition of the diprotodontid
Neohelos, and the forested palaeoenvironment, indicates a browse-based diet
(Archer et al. 1989; Butler et al. 2017). Based on craniodental analysis, the Late
Oligocene kangaroos were mostly omnivores, but included browsing forms too,
especially in the Riversleigh palacoenvironment, and they already had specialisa-
tions to the hopping locomotion typical of later kangaroos (Janis et al. 2016). The
foregut-fermenting digestion of modern macropodid kangaroos, which enabled a
few of them to become grazers later during the Neogene, was however probably
developing during the Oligocene (Butler et al. 2017). The Oligocene koala
(Litokoala) had brachydont, selenodont molars similar to the modern koala,
suggesting a browse-based diet, but it lacked several of the key cranial adaptations
of the modern koala, which gradually evolved during the Neogene as a specialisation
to feeding exclusively on Eucalyptus leaves (Louys et al. 2009).

2.3.4 Miocene (23-5 Ma): From Forests to Grasslands,
and the Evolution of Grazing Mammals

The Miocene was a time of drastic changes in global climate and ecosystems, during
which forest and woodland -dominated vegetation was gradually replaced, in many
parts of the world, by more open, grassland or savanna-type environments (Cerling
et al. 1997; Stromberg 2011). Global climate became cooler and increasingly
seasonal, and in mid-latitudes increasingly dry, which favoured the spread of
grasslands and eventually C4 photosynthesizing grasses during the later part of the
Miocene (Zachos et al. 2001; Stromberg 2011). Land connection formed for the first
time between Africa and Eurasia, and new connections between Eurasia and North
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America formed too, enabling migrations of major groups of herbivorous mammals
between the continents. These changes were reflected in the evolution and dispersal
of grazing ungulates and other large herbivorous mammals during the Miocene.
Major events include the evolution of hypsodont, mixed-feeding/grazing horses
(Equidae, Equinae) in North America and their dispersal to Eurasia and Africa
during the Late Miocene, the evolution of deer (Cervidae) and giraffes (Giraffidae)
in the Old World with brachydont dentitions and usually browse-dominated diets,
the radiation of bovid ruminants (Bovidae) with increasingly hypsodont dentitions
and mixed-feeding to grazing diets in the Old World, the dispersal of gomphotheriid,
mammutid and deinotheriid proboscideans from Africa to Eurasia and North Amer-
ica during the Early and Middle Miocene, and the evolution of true elephants
(Elephantidae) in Africa during the Late Miocene. Since the Miocene, grazing and
mixed-feeding mammals have been abundant in open grassland and savanna-like
environments, whereas the remaining closed forest environments have still been
dominated by browsers and browse-dominated mixed-feeders (Gordon and Prins
2008).

2.3.4.1 Eurasia

Global temperatures had started rising again during the Late Oligocene, and the Early
Miocene was relatively warm and humid, and the palacoenvironments were domi-
nated by subtropical and temperate forests in Europe (Zachos et al. 2001, 2008;
Eronen et al. 2010a; Stromberg 201 1). The ruminants increased in diversity and body
size, and included, among others, early deer and bovids, which by analogue of their
extant relatives possibly already hadfully developed four-chambered, foregut-
fermenting stomachs (e.g., Janis 1976). Among the ruminants were tragulids
(Dorcatherium), moschids (e.g., Pomelomeryx), palacomerycids (early deer-like
pecorans, such as Ampelomeryx, Triceromeryx and Palaeomeryx), early deer (e.g.,
Procervulus, Lagomeryx and Acteocemas), and the earliest bovids (Eotragus and
Pseudoeotragus). Interestingly, based on dental mesowear analysis, the earliest
Miocene deer seem to have been more mixed-feeding, than the earliest bovids
which were more clearly browsers, at least in the early open habitats of Spain
(DeMiguel et al. 2008). Later during the Miocene the deer became more specialised
browsers whereas the bovids started to diversify and occupy mixed-feeding and
grazing niches. The suids were mostly represented by small and medium-sized,
bunodont omnivores such as Hyotherium, Conohyus and Aureliachoerus, but
included some more specialised forms such as the selenodont Sanitherium and the
bilophodont Listriodon with more specialised browsing diets. In Asia there were even
giant, cow-sized listriodontine suids (Kubanochoerus) during the Middle Miocene.
The Oligocene anthracotheriids went extinct but another kind of anthracothere
Brachyodus migrated from Southern Asia to Europe and was present there during
the Early Miocene. The perissodactyls were represented by abundant rhinoceroses
including the hornless aceratherines (e.g., Plesiaceratherium, Hoploaceratherium
and Alicornops) and teleoceratines (Diaceratherium, Prosantorhinus and
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Brachypotherium), and the horned rhinocerotines (Lartetotherium). All of these
rhinos had similar brachydont, lophodont dentitions indicating browse-based diets.
However, later during the Early Miocene in Spain there were early open and arid
grass-dominated environments (Urban et al. 2010) which had mammal faunas with
predominantly hypsodont dentitions, including an early hypsodont elasmotherine
rhino Hispanotherium. These Hispanotherium faunas are the earliest ones in Europe
with hypsodontungulates, suggesting open habitat and possibly grazing/mixed-
feeding diets in at least some of the species (Fortelius et al. 2002; DeMiguel et al.
2008; Eronen et al. 2010a).

The fruit, bark and browse -feeding chalicotheres (see dietary analysis based on
microwear in Semprebon et al. 2011), such as Anisodon, Chalicotherium and
Metaschizotherium, were also present, as well as tapirs (Paratapirus and Tapirus),
which remained browsers throughout their evolutionary history. During the Early
Miocene, two important migration events had a significant impact on Eurasian
faunas. First, gomphotheriid, mammutid and deinotheriid proboscideans migrated
from Africa, facilitated by the opening of the first important land connection between
Africa and Eurasia, the so called “Gomphotherium land bridge” (Rogl 1998).
Analyses of dental microwear (and mesowear, Saarinen pers. obs.) have shown
that there were dietary differences between these diverse proboscideans that enabled
them to share their environments: e.g., Gomphotherium in Central Europe had more
mixed-feeding diet than the purely browsing Deinotherium (Calandra et al. 2008).
Recent results even show the earliest indication of grass-dominated diet among the
Eurasian proboscideans in the derived trilophodont gomphothere Gomphotherium
steinheimense from an early arid grassland environment in the Middle Miocene of
Central Asia, as shown by the analysis of phytoliths preserved in dental calculus
(Wu et al. 2018). The browsing deinotheres never dispersed to North America,
unlike other groups of proboscideans. The “shovel-tusked” gomphothere
Platybelodon was a browser which used its lower tusks to cut plants (Semprebon
et al. 2016b). The second major event was the arrival of equids in Eurasia again after
a long gap since the Early Eocene, migrating from North America across Beringia.
The Early and Middle Miocene equids in Eurasia were represented by the
anchiteriines with brachydont, lophodont molars (Anchitherium), which had rather
flexible diets ranging from browsing to mixed-feeding according to local conditions,
as demonstrated by dental mesowear analyses (Kaiser 2009; Eronen et al. 2010b).

The remarkable climatic cooling and drying of the climate during the Late
Miocene is reflected in drastic environmental changes in Eurasia, especially in the
mid-latitudes where increasingly dry and seasonal climates led to the spread of
extensive woodlands, savannas and grasslands for the first time (Cerling et al.
1997; Stromberg 2011). The most remarkable changes in the herbivorous mammal
faunas include the radiation and dispersal of bovids and the dispersal and radiation of
the hypsodont, grazing-adapted (but mostly mixed-feeding) hipparionine equids,
which arrived from North America and spread across Eurasia ca. 11-10.5 Ma. The
European large mammal faunas at this time were diverse and included both archaic
forest-adapted and more derived open-adapted species. Central Europe remained
wooded throughout the Late Miocene (Kovar-Eder et al. 2008), although there was a
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shift during the early Late Miocene (Vallesian) from forests to more seasonal semi-
open woodland environments (Agusti and Moya-Sola 1990), that supported such
large browsers as the proboscideans Deinotherium and Tetralophodon, the
chalicothere Chalicotherium, thinoceroses (e.g., Aceratherium and Dihoplus), tapirs
(Tapirus), tragulids (Dorcatherium) and deer (e.g., Procapreolus and Lucentia).
However, there were also mixed-feeding bovids (Miotragocerus), and the
hipparionine horses (Hippotherium primigenium) had diets ranging from browsing
to grass-dominated feeding (Kaiser 2004). Similarly, South Eastern Asia remained
forested and was dominated by browsers, such as chalicotheres (Anisodon), tapirs
(Tapirus), and browsing proboscideans such as gomphotheriids (Sinomastodon) and
stegodonts (Stegolophodon).

However, in large areas over the continent, including the Mediterranean region,
Western Asia, Indian Subcontinent and Eastern Asia, environments gradually
changed from forests and woodlands to increasingly open savannas and grasslands
(Cerling et al. 1997; Stromberg 2011). There was significant aridification in Central
Asia already in Middle Miocene, where palaeobotany and mammal ecometrics
indicate the presence of open grasslands (e.g., Liu et al. 2009; Tang and Ding
2013). These diverse semi-open environments were home to rich mammal faunas
often collectively known as the “Hipparion”-fauna. These were characterised by
diverse hypsodont three-toed hipparionine horses, ranging from large (about zebra-
sized) mixed-feeding forms (e.g., Hippotherium sp.) to small grazers (e.g.,
Cremohipparion matthewi) (Solounias et al. 2010, 2013; Bernor et al. 2014). Bovids
were diverse, being mostly mesodont and mixed-feeders, such as the abundant
Tragoportax sp. (Solounias et al. 2013). Many widespread bovid taxa such as
Gaczella sp. and Urmiatherium sp. had considerable variation in diet, ranging from
browsers to mixed-feeders and sometimes grass-dominated feeders depending on
local environments (Bernor et al. 2014; Eronen et al. 2014). Based on tooth wear
and isotope studies, early bovines (Bovini) had diets based more heavily on grasses,
they lived in more open habitats and had more hypsodont molars than the contem-
poraneous boselaphine bovids in the Middle Siwaliks beds of the Indian subconti-
nent (Bibi 2007). The rest of the Late Miocene Hipparion faunas comprised
abundant rhinoceroses, including species with brachydont or mesodont, lophodont
dentition typical of rhinos with browse-based diets (e.g., Acerorhinus, Chilotherium
and Dihoplus) and more specialised species with more high-crowned, complex
teeth and grazing diets (e.g., Ceratotherium, Iranotherium and Sinotherium), large
browsing chalicotheres (Ancylotherium), giraffes ranging from browsers (e.g.,
Palaeotragus) to mixed-feeders (e.g., Samotherium), large bunodont suids
(Microstonyx) and proboscideans such as specialised gomphotheres of the genus
Choerolophodon with grass-dominated diet, as shown by dental microwear and
mesowear analyses (Solounias et al. 2010, 2013; Bernor et al. 2014; Eronen et al.
2014; Konidaris et al. 2016). Because of the monsoon climate in Eastern Asia, the
palaecoenvironments there were divided into south-eastern areas with more humid
and wooded environments and a larger proportion on brachydont, browsing mam-
mals (including even the last archaic anchitheriine equid Sinohippus) and south-
western inland areas with more dry, seasonal and open environments (Fortelius et al.
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2002; Passey et al. 2007). In these environments, the Hipparion horses and the
hypsodont gazelle Gazella dorcadoides consumed some C4 plants (grasses),
whereas deer and the mesodont and brachydont gazelles (G. paotehensis and
G. gaudryi) were pure C3 plant (probably browse-dominated) feeders, although
the isotopes do not reveal possible feeding on C3 photosynthesizing grasses (Passey
et al. 2007). However, mesowear analysis indicates that the C3 feeders were mostly
browsers and browse-dominated feeders (Eronen et al. 2014).

2.3.4.2 North America

Drastic environmental changes in North America happened during the Early and
Middle Miocene, when savanna and grassland environments started to develop there
as aresult of the uplift of Rocky Mountains that caused a gradual climatic drying in the
western interior of the continent (e.g., Van Devender and McClaran 1995), leading to
the evolution of some grazing ungulates (Janis et al. 2002, 2004; Stromberg 2011). A
greater change from C3 photosynthesizing to C4 photosynthesising grasslands and
from brachydont browser-dominated to hypsodont grazer-dominated ungulate faunas
happened from the Middle to the Late Miocene (Janis et al. 2002, 2004; Stromberg and
McInerney 2011). The Early and Middle Miocene faunas comprise a wide variety of
equids, including browsing anchitheriines (e.g., Megahippus and Hypohippus), early
equine equids with mesodont to hypsodont dentitions (Merychippus and
Cormohipparion), thinos (Menoceras, Diceratherium, Teleoceras, Aphelops),
chalicotheres (Moropus), large entelodonts (Dinohyus), camels ranging from small
gazelle-like forms (Stenomylus) to larger forms (Procamelus, Oxydactylus), moschid
ruminants (Machaeromeryx and Blastomeryx), antilocaprid ruminants (Ramoceros)
dromomerycine palacomerycid ruminants (e.g., Alefomeryx) protoceratids
(Syndyoceras) and diverse merycoidodonts (e.g., Merychyus, Promerycochoerus,
Merycochoerus, Hypsiops and Ustatochoerus). During the Middle Miocene, probos-
cideans migrated from Eurasia to North America, being represented by mammutids
(Zygolophodon) and gomphotheriids (Gomphotherium).

Janis et al. (2002 and 2004) noted that there was a higher diversity of browsing
ungulates in the Early and Middle Miocene North American semi-open savanna-like
environments than in modern savannas and later North American open environ-
ments, which indicates that these were high-productivity savanna-/grassland-type
environments which do not have a modern analogue. Although the Early and Middle
Miocene environments were dominated by browsers in North America, some groups
notably show a shift towards increasingly grazing diets, as shown by dental
mesowear and adaptations to grazing (especially an increase in hypsodonty).
Among these were the first equine horses (e.g., Merychippus), which in the late
Early Miocene showed a shift to mixed-feeding diets and mesodont/hypsodont
dentitions, and existed alongside the (at this time larger) brachydont, browsing
anchitheriine horses until the Late Miocene (Mihlbachler et al. 2011). Similarly,
mesowear analysis shows that the merycoidodonts, which persisted (but were no
longer a significant part of the fauna) in North America until the Late Miocene,
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shifted their diets towards increasingly grass-dominated mixed-feeding during the
Early Miocene, accompanied by increasing hypsodonty in some taxa, as opposed to
their completely browse-based diets in the Early Oligocene (Mihlbachler and
Solounias 2006).

The Late Miocene palacoenvironments comprised largely grasslands and savannas
with diverse herbivorous mammal faunas of hypsodont equine horses
(Cormohipparion, Neohipparion, Protohippus, Pliohippus, Pseudhipparion,
Nannippus), camels (Aepycamelus, Megacamelus), protoceratids (Synthetoceras),
dromomerycine palacomerycid ruminants (e.g., Pediomeryx, Cranioceras),
antilocaprid ruminants (Sphenophalos, Texoceros and Osbornoceros), rhinos
(Teleoceras, Peraceras, Aphelops), peccaries (Prosthennops) and gomphotheriid
proboscideans (Amebelodon, Rhynchotherium, Tetralophodon). Following the spread
of C4 grasslands in North America during the Late Miocene, the ungulate faunas show
a significant decline in browser diversity and the predominance of mixed-feeders and
grazers (Janis et al. 2002, 2004; Mihlbachler et al. 2011). However, some of the late
protoceratids had long muzzles and retracted nasals, suggesting the presence of a
moose-like upper lip and possibly a similar specialised browsing lifestyle (Janis 1982;
Prothero 1998). The dominant grazers were the hipparionine horses, which by this
time had fully hypsodont dentitions and were all grazers or grass-dominated mixed-
feeders in North America, as shown by mesowear analyses (Mihlbachler et al. 2011).
Even among the dromomerycines, a group of deer-like ruminants, there was a shift
in Late Miocene towards mixed-feeding in the derived cranioceratines such as
Pediomeryx, as indicated by dental microwear and mesowear, despite their generally
browsing morphological adaptations (Semprebon et al. 2004). Microwear and
mesowear analyses show that a similar shift to increasingly abrasive, mixed-feeding
occurred within the antilocaprids during the Late Miocene and Early Pliocene,
accompanied with an increase in the hypsodonty of their dentition (Semprebon and
Rivals 2007).

2.3.4.3 Africa

Most of what we know about the Miocene of Africa comes from the rich fossil sites
from East Africa, with some important records from the Early and Late Miocene
of North and South Africa. During the Early Miocene, the palacoenvironments in
East Africa were dominated by tropical forests and woodlands which largely resem-
bled the modern West African lowland rainforests (Jacobs et al. 2010; Grossman
et al. 2014). The North African site of Gebel Zelten (Libya) also indicates a
palaeoenvironment dominated by forests and swamps (Grossman et al. 2014). During
the Middle Miocene in East Africa the environments started to change locally, and the
first C3 grass -dominated grassland environments emerged (e.g., in Maboko and Fort
Ternan, Kenya), driven by seasonal changes from dry to waterlogged conditions
(Retallack 1992; Retallack et al. 2002). However, more drastic changes in the
environments started during the Late Miocene, when C4-photosyntesising grasses
spread forming abundant, partially open grassy woodland and savanna environments
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(Cerling et al. 1997; Stromberg 2011). However, there were local differences in this
pattern, for example, the Lake Turkana region in Eastern Africa got drier earlier than
surrounding areas, serving as a “species factory” of mammals adapted to increasingly
open grassland environments (Fortelius et al. 2016). In South Africa, the shift to C4
grasses apparently happened later, as stable isotope record indicates at least locally
purely C3 conditions throughout the Late Miocene in Langebaanweg (Franz-
Odendaal et al. 2002).

The mammal impact of the land connection between Africa and Eurasia resulted
in significant changes in the Early Miocene African herbivorous mammal faunas
with the arrival of ruminants (e.g., the tragulid Dorcatherium, the early pecoran
Walangania and the giraffid Palaeotragus), suids (e.g., Diamantohyus and
Nguruwe), thinoceroses (Brachypotherium, Turkanatherium, Rusingaceros,
Victoriaceros) and chalicotheres (Butleria). Later, during the Middle Miocene the
bovids Protragocerus and Oioceros arrived, and finally the Late Miocene saw a
significant radiation of the African bovids, including such African taxa as Aepyceros
(impala), cephalophines (duikers), tragelaphines (kudus and relatives), hippotragines
(sable antelopes), reduncines (reedbucks and waterbucks) and alcelaphines (relatives
of wildebeest and hartebeest), and Eurasian immigrants such as antilopines (e.g.,
Gazella) and “boselaphines” (Tragoportax). Meanwhile, the endemic afrotherian
herbivores, especially proboscideans, were thriving in Africa during the Miocene.
The Late Miocene saw the evolution of true elephants (Elephantidae), which soon
started to replace the more archaic gomphotheres. During the Early and Middle
Miocene, the large mammal faunas were dominated by browsers (e.g., Uno et al.
2011), although, based on tooth wear data, there is evidence that some gomphotheriid
proboscideans were already grass-dominated feeders in the Middle Miocene C3
grasslands of East Africa (Saarinen, personal observation). Several stable isotope-
based studies indicate that there was a major shift from predominantly browse-based
to largely grass-based diets during the Late Miocene in Africa, following the opening
of the environments and the spread of C4 grasses (Cerling 1992; Cerling et al. 1997,
1999; Uno et al. 2011). This happened in many lineages of bovids, derived
gomphotheres (Anancus), elephants (Primelephas and Stegotetrabelodon), suids
(Nyanzachoerus australis), rhinos (Ceratotherium), and the hipparionine horses
(Eurygnathohippus), whereas giraffes and deinotheriid proboscideans retained
completely browse-based diets (Uno et al. 2011). Hippos (Hippopotamidae) evolved
in Africa from their anthracotheriid ancestors during the Middle Miocene (Boisserie
and Lihoreau 2006), and were a prominent part of the herbivore fauna in the Late
Miocene (e.g., Archaeopotamus and Hexaprotodon). Isotope and microwear studies
have shown that the Late Miocene hippos already had a tendency for grazing on C4
grasses, in contrast with their browsing anthracotheriid ancestors, although hippos are
actually opportunistic feeders rather than obligate grazers and they have retained a
variable component of C3 plants in their diet until recent times (Boisserie et al. 2005;
Harris et al. 2008).
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2.3.4.4 South America

After the initial spread of grasslands and the dominance of grazing notoungulates and
sloths in the Late Oligocene of Bolivia, the palaecoenvironments of South America
were again predominantly forested over most of the continent during the Miocene,
until the Late Miocene (ca. 7 Ma) when they became increasingly dominated by C4
grasslands (Stromberg 2011). The late Miocene spread of grasslands reflects the
global climatic cooling, drying and increased seasonality, but was also affected by
the uplift of the Andes (Gregory-Wodzicki 2000; Zachos et al. 2001). This is reflected
in the herbivorous mammal communities as a shift from predominantly C3 browsing
to predominantly C4 grazing during the Late Miocene, similarly to other continents
(MacFadden et al. 1996; MacFadden 2000). At this time, South American large
herbivorous mammal faunas comprised endemic notoungulates, litopterns and
xenarthrans, whereas North American immigrants such as equids, camelids and
proboscideans, that became prominent especially in Pleistocene South American
faunas, had not yet arrived. Interestingly, most of the notoungulates were already
hypsodont in the Early Miocene despite their browse-based diets (e.g., Townsend and
Croft 2008), and in fact became largely hypselodont during the Late Miocene (Ortiz-
Jaureguizar and Cladera 2006). It has been suggested that this could be explained by
the high accumulation of abrasive volcanic ash, which would have created a selection
pressure for higher tooth crowns (Stromberg et al. 2013). Among the Xenarthra,
the herbivorous sloths and armadillo-related glyptodonts also had hypselodont
dentitions, but that is easy to understand as compensation for the lack of enamel in
their teeth (Vizcaino 2009). Microwear analyses of the notoungulates Nesodon,
Adinotherium and Protypotherium from the Early Miocene mammal assemblage of
Santa Cruz, Argentina, indicate browse-based diets (Townsend and Croft 2008). New
mesowear-based dietary analysis indicates browse-based diets also for the sloths
(Eucholoeops and Planops) of the Santa Cruz Formation, and a browse-dominated
diet for the early glyptodont Propalaeohoplophorus (Saarinen and Karme 2017).

2.3.4.5 Australia

Our knowledge of the Miocene herbivorous marsupial communities of Australia
comes from the Miocene records from Riversleigh, Queensland, and Lake Eyre
Basin, South Australia. The Early and Middle Miocene palacoenvironments have
been interpreted as rainforests, but during the Late Miocene more open
sclerophyllous forests with grassy undergrowth started to be the dominant environ-
ments (Travouillon et al. 2009; Stromberg 2011). The browsing diprotodontid
Neohelos persisted during the Miocene, and new diprotodontids such as Nimbadon
emerged, as well as the bilophodont palorchestids (Propalorchestes) (Archer et al.
1989; Travouillon et al. 2009). Based on craniodental analyses, most of the Miocene
kangaroos of Australia were omnivores or browser, and their calcaneal morphology
suggests some adaptations to hopping locomotion, although not to the level of
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modern kangaroos (Janis et al. 2016). However, some kangaroos show an increase
in hypsodonty from Middle Miocene onwards and there was a hypselodont species
of wombatid in the Late Miocene of Riversleigh, suggesting some adaptation to
more abrasive or fibrous diets (Dawson and Dawson 2006). A Middle Miocene
species of koala, Stealokoala riversleighensis, shows adaptations in dental
morphology which indicate the beginning of the specialisation to feeding on
fibrous Eucalyptus browse, which culminated in the modern koala (Phascolarctos)
(Black 2016).

2.3.5 Pliocene (5-2.6 Ma): Towards the Ice Age

After the drastic climatic cooling and drying of the Late Miocene, the Early Pliocene
saw a temporary rise in global temperatures, but during latter part of the Pliocene the
temperatures dropped again (Herbert et al. 2016). This gradually led to the onset of
the Pleistocene ice ages with cyclic short-term variation between cold glacial stages
and warmer interglacials (Zachos et al. 2001, 2008). Atmospheric CO, levels
declined during the Late Pliocene (Bartoli et al. 2011). Palaeoenvironmental studies
indicate a continuum of increasingly open, C4 grass-dominated savanna- and
grassland-environments in tropical and mid-latitude regions such as in Eastern Africa
and North America, whereas other regions such as Europe and Southeast Asia were
dominated by forests and woodlands. Many genera of grazing-adapted mammals
originated during the Pliocene, including the monodactyl horses of the genus Equus,
the Asian elephant lineage (Elephas) and the woolly rhinoceroses (Coelodonta).

2.3.5.1 Eurasia

During the Pliocene, relatively warm, forested conditions still prevailed in Europe,
with such thermophilous trees as redwood (Sequoia), bald cypress (Taxodium) and
hemlocks (T'suga) growing as far north as in the Great Britain (Head 1998; Kovar-
Eder et al. 2008; Stromberg 2011). These conditions were reflected by the presence
of such “archaic” browsing forest ungulates as tapirs (Tapirus arvernensis), and the
dominance of deer (Cervidae) such as Arvernoceros and Croitzetoceros in the
ungulate faunas. The deer were mostly browsers, although there were subtle differ-
ences in their diets, e.g., in the locality of Saint-Vallier, France, Croitzetoceros had a
more variable, possibly seasonally changing diet than Metacervoceros, as indicated
by differences in microwear (Valli and Palombo 2008). They were accompanied by
large bovine bovids (Parabos, Alephis), pigs (e.g., Sus strotzzii), brachydont rhinoc-
eroses (Stephanorhinus) and the last hipparionine horses (Plesiohipparion). Rivals
and Lister (2016) studied the diets of the Late Pliocene ungulates from Red Crag
Nodule Bed, Great Britain, using mesowear and microwear analyses. Their results
show that the tapir (Tapirus sp.) and the rhinoceros (Stephanorhinus etruscus) were
browsers, the tapir also including some fruit in its diet. The hipparionine horse
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(“Hipparion” sp.) from the Red Crag Nodule Bed had a mostly grass-dominated but
very flexible diet, ranging from browsing to grazing (Rivals and Lister 2016). The
bovid Parabos was a browse-dominated mixed-feeder, and the cervids (cf. Cervus
pardinensis and cf. Cervus perrieri) had mixed-feeding and browse-dominated diets,
respectively, in the Red Crag Nodule Bed paleoenvironment (Rivals and Lister
2016). The probocideans were represented in Europe by the European mastodon
(Mammut borsoni), a very large browsing species, and a browse-dominated mixed-
feeding gomphothere Anancus arvernensis (Rivals et al. 2015; Saarinen and Lister
2016). True elephants dispersed to Eurasia from Africa during the Pliocene and
became an ecologically important element. Early mammoths migrated from North-
ern Africa to Europe through an Eastern Mediterranean route. The earliest species of
mammoth in Europe, Mammuthus rumanus, had a predominantly browse-based diet,
as indicated by microwear analysis of their molar teeth (Rivals et al. 2015).

In Eastern and Southern Asia, the dominant proboscideans were the stegodonts
(Stegodon), a group of roughly elephant-like forms with brachydont, multi-lophed
cheek teeth. Unlike true elephants, stegodonts retained predominantly browsing
diets throughout their evolutionary history and were associated with forest and
woodland habitats (Sanders et al. 2010; Zhang et al. 2017). The Upper Siwaliks
faunas from Indian subcontinent show diverse large mammal assemblages with
bovids (e.g., the early bovine Hemibos), hippopotami (Hexaprotodon), the last
surviving anthracotheres (Merycopotamus), giant sivatherine giraffes (Sivatherium),
stegodont proboscideans (Stegodon) and early relatives of modern Asian elephant
(Elephas planifrons). The diets of these large herbivores ranged from grass-
dominated (Hipparion, Hemibos, Hexaprotodon and Sivatherium) to mixed-feeding
(Merycopotamus) and browsing (Stegodon), based on stable carbon isotope and
microwear analyses (Patnaik 2015). Central Asia was dominated by open steppe
environments, and the peculiar hypselodont elasmotheriine rhinos of the genus
Elasmotherium originated there, probably adapting to very abrasive “hypergrazing”
grass-based diets (Zhegallo et al. 2005). The Tibetan plateau served as a place of
origin for many genera of cold-adapted ungulates with adaptations to grazing in cold
steppe environments, such as the early woolly rhinoceros (Coelodonta thibetana)
(Deng et al. 2011). The Pliocene ugulate fauna of the Tibetan plateau, including
early mountain-sheeps/goats, hipparionine horses and deer, were feeding on similar
C3 photosynthesizing plants as the modern ungulates in that area, as shown by stable
isotope analyses (Wang et al. 2013, 2016). Moreover, the isotopes indicate similar
high-altitudes but milder temperature than at present (Wang et al. 2013).

2.3.5.2 North America

As a continuum of the drastic environmental changes that started during the Late
Miocene, C4 grass -dominated grasslands were abundant environments over much of
the continent (Stromberg and Mclnerney 2011). The earliest Pliocene in North
America was largely a continuum of the Late Miocene (Hemphillian) in term of
palaeoenvironments and mammal faunas, but very soon during the next stage of the
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Pliocene (Blancan) major changes started to occur (Janis et al. 1998; Morgan and
Lucas 2003). One of the most influential events was the formation of a land connec-
tion between North and South America, allowing mammals to migrate between the
continents (an event known as “the Great American Biotic Interchange”)
(Woodburne 2010). Although the effect of this faunal interchange was more lasting
in South America, it also influenced North America especially through the arrival of
megalonychid and mylodontid ground sloths (Megalonyx, Glossotherium) and the
large, herbivorous armadillo-related glyptodonts (Glyptotherium).

Horses at this time were represented by the last and small hipparionines
(Nannippus) and the modern monodactyl genus Equus, and based on mesowear
analyses they were all grazers, in contrast to the Late Miocene hipparionines which
included a wider spectrum of grass-dominated mixed-feeders and grazers
(Mihlbachler et al. 2011). The artiodactyls were represented by increasingly modern
kinds of relatives of camels, including camelines (Camelops) and lamines
(Hemiauchenia), antilocaprids (Capromeryx) and browsing deer (Odocoileus,
which had migrated to North America from Eurasia) (Morgan and Lucas 2003).
The camels, especially Hemiauchenia, had browse-dominated mixed-feeding diets
(Feranec 2003), and the antilocaprids of this time hade more grass-dominated diets
than later during the Pleistocene and Holocene (Semprebon and Rivals 2007).
Rhinoceroses went extinct in North America during the Pliocene but the browsing
tapirs (Tapirus) persisted until the end of Pleistocene in wooded and warm environ-
ments. The Gray Fossil site in Tennessee, representing a rare record of a subtropical
swamp forest environment with browsing tapirs, Teleoceras-rhinos, mastodons and
other forest taxa, is now considered to be Early Pliocene rather than Late Miocene in
age (Samuels et al. 2018). The Pliocene North American proboscideans included new
taxa of derived gomphotheres (Rhynchotherium, Stegomastodon and Cuvieronius)
and mammutids (Mammut sp.). Of these, based on tooth morphology and tooth wear,
Mammut sp. was a browser and the gomphotheres more opportunistic mixed-feeders
(Rivals et al. 2012; Sanchez et al. 2004).

2.3.5.3 Africa

The Pliocene was a time when the open, C4-grass dominated grassland savannas
started to emerge in East Africa after the initial spread of grassy woodland savannas
during the Late Miocene (Cerling et al. 1997; Stromberg 2011). However, woodland
savannas and associated browser and mixed-feeder dominated herbivorous mammal
faunas still prevailed, as indicated by sites such as the Upper Laetoli beds in
Tanzania (Bamford 201 1a, b; Kaiser 2011). Based on stable carbon isotope studies,
the large herbivore faunas of the Turkana Basin in East Africa were dominated by
mixed-feeders during the Pliocene, becoming dominated by specialised C4-grass
grazers much later, at about the beginning of the Pleistocene ca. 2.5 Ma (Cerling
et al. 2015). This also concurs with other palacoecological and palaecoenvironmental
studies, which suggest that the savanna-like environments of the Pliocene were still
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largely more wooded than in the Pleistocene in East Africa (e.g., Bamford 2011a, b;
Fortelius et al. 2016).

The fossil mammal faunas were rich, dominated by Bovidae representing all
the modern tribes of African bovids (Tragelaphini, Alcelaphini, Antilopini,
Hippotragini, Reduncini and Cephalophini), and pigs (Suidae) represented by such
abundant taxa as Nofochoerus and Kolpochoerus. Based on tooth wear and stable
isotope studies, both the bovids and the suids included C4 grazers as well as mixed-
feeders and browsers (e.g., Uno et al. 2011; Kaiser 2011). Perissodactyls were less
diverse and abundant but were still common elements of the mammal faunas,
including grazing hipparionine horses (Eurygnathohippus), both browsing and graz-
ing rhinoceroses (Diceros and Ceratotherium, respectively) and rare late-surviving
chalicotheres, which would probably have been browsers feeding on leaves and bark
of trees and shrubs (Ancylotherium) (Uno et al. 2011; Kaiser 2011; see also
Semprebon et al. 2011). The proboscideans were diverse and abundant, and they
were represented by several often sympatric species including the browsing
deinothere Deinotherium bozasi, the grazing or mixed-feeding gomphothere
Anancus and predominantly grazing elephants representing the lineages of modern
African and Asian elephants (Loxodonta adaurora, L. exoptata and Elephas recki)
(Cerling et al. 1999; Uno et al. 2011; Saarinen et al. 2015).

2.3.5.4 South America

A shift from mostly C3 browsing to predominantly C4 grass-based diets occurred
during the Late Miocene in many endemic South American ungulates, but other
isotopic evidence suggests that some Pliocene toxodont notoungulates from the
Andes retained C3-plant based diets, possibly due to high altitude (MacFadden
et al. 1994). Otherwise, detailed palacodietary analyses seem to be largely lacking
for the Pliocene of South America, although Ortiz-Jaureguizar and Cladera (2006)
indicate that South American Pliocene faunas were dominated by “grazing types”.
However, the dietary spectrum of Pliocene South American herbivores was probably
much wider, e.g., the common small, burrowing notoungulate Paedotherium
typicum from the savanna-like paleoenvironment of Chapadmalal, Argentina, was
probably a mixed-feeder of low-growing vegetation in various habitats (Croft 2016).
Moreover, a peccary (Platygonus marplatensis) from Chapadmalal had incipiently
bilophodont molars and probably largely browsing/frugivorous diet (Croft 2016).
During the Late Pliocene the opening of the land connection between North and
South America allowed some new groups of large herbivorous mammals to migrate
from North to South America, including some peccaries and camels, but the main
event of the Great American interchange and the subsequent faunal changes coin-
cides with the beginning of the Pleistocene ca. 2.6 Ma (MacFadden et al. 1994;
Woodburne 2010).
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2.3.5.5 Australia

Analysis of the Chinchilla fossil mammal community indicates that the Pliocene
palaecoenvironments of Queensland in Australia were mosaic-like with tropical
forests, wetlands and grasslands (Montanari et al. 2013). Based on stable isotopes,
the kangaroo Macropus sp. was a mixed-feeder on both C3 and C4 plants, and the
kangaroos Troposodon and Protemnodon, as well as the large diprotodontid
Euryzygoma were browse-dominated mixed-feeders with a preference for C3 plants
(Montanari et al. 2013). Mesowear analysis of several species of Plio-Pleistocene
kangaroos from Australia indicates that most of these species were mixed-feeders
(Butler et al. 2014).

2.3.6 Pleistocene (2.6 Ma—10 Ka): The Time of the Ice Ages

The Pleistocene Ice Age started when the global cooling trend had reached a point
after which periodical glaciation events started in the Northern hemisphere following
cyclic changes in the orbit and axis orientation of the Earth (e.g., Hays et al. 1976;
Zachos et al. 2001; Lisiecki and Raymo 2007; Walker and Lowe 2007; Zachos et al.
2008). Continental glaciation of the Antarctic had started much earlier, already in the
Oligocene (Zachos et al. 2008). However, at the beginning of the Pleistocene the
global cooling intensified the effect of the cyclic changes in the Earth’s orbit and axis
on climatic changes, causing summer temperatures to drop periodically low enough
for the accumulation of large continental ice sheets (glaciers) in northern Europe and
in northern North America (Zachos et al. 2008; Lisiecki and Raymo 2007; Walker
and Lowe 2007). Since then the climate oscillated between the extremes of cold
glacial maxima and warm interglacial stages in Northern hemisphere, and the
changes in climate have often been complex and rapid (e.g., Walker and Lowe
2007).

The cold, dry and dramatically oscillating climates of the Pleistocene had a
profound effect on all life on earth, shaping vegetation patterns and animal commu-
nities, and creating heavy selection and extinction pressures on organisms (e.g.,
Kurtén 1968, 1972; Kurtén and Anderson 1980; Geist 1998; Guthrie 2001). The cold
climatic conditions of the Pleistocene increased plant productivity and quality due to
the fertile soils generated by intense glacial erosion and the reduced chemical
defences and fibrousness of plants, providing abundant resources for large herbi-
vores, resulting in the evolution of particularly large species with impressive luxury
organs (horns, antlers and tusks) (e.g., Zimov et al. 1995; Geist 1998; Saarinen et al.
2014). Atmospheric CO, content oscillated following the glacial-interglacial cyclic-
ity, which could also have had an impact on the extent of grassland (especially C4
grass) environments (e.g., Archer et al. 2000). Pleistocene herbivorous mammal
communities, across the world, are typically characterized by dietary successions
from browsers to grazers, with grazers dominating open grassland environments and
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browsers dominating forest environments. Mixed-feeders were typical in both kinds
of palacoenvironments. The Pleistocene ended with the mass extinction of mega-
fauna, which led to the impoverished herbivore communities of the Holocene
(Barnosky et al. 2004).

2.3.6.1 Eurasia

In Eurasia the cyclic changes in the Pleistocene climate caused especially dramatic
periodical changes in biome distributions and environments. There was a general
shift during the Early Pleistocene from forests to open savanna-like environments,
especially in Southern Europe but also as far north as in England, where semi-open,
boreal grassland-heathland environments prevailed during the cool glacial stages
and woodland environments during the warm interglacials (e.g., West 1980). Later
during the Pleistocene, successions of forest vegetation in Europe and Northern
Eurasia were characteristic of the warm interglacial stages (e.g., Stuart 1976). During
the glacial stages, especially in the Late Pleistocene, continental ice sheets and
mountain ranges blocked moisture from reaching the Eurasian inland areas and
caused long-term cold and dry high-pressure climates which resulted in the vast
“mammoth steppe” vegetation to spread over the continent (Guthrie 2001). Tram-
pling and grazing by abundant large herbivorous mammals also contributed in
maintaining the grass-dominated vegetation of the mammoth steppes (Zimov et al.
1995). South-Eastern Asia remained dominated by tropical and subtropical forests
and savannas during the Pleistocene.

In Europe and Northern Eurasia, the constantly changing climatic and environ-
mental conditions of the Early and Middle Pleistocene favoured large herbivorous
mammal species which were able to adapt to these changes and tended to have rather
opportunistic dietary strategies, being able to change their diets based on environ-
mental changes despite their adaptations to either grazing or browsing. Many
“archaic” mammals which were adapted to the warm forest environments of the
Pliocene and had browsing diets, such as tapirs (Tapirus) and the European masto-
don (Mammut borsoni) went extinct in Europe at the transition from Pliocene to
Pleistocene. Also the last hipparionine horses went extinct and were replaced by the
modern horses (Equus), which migrated to Eurasia (and somewhat later to Africa) at
the beginning of the Pleistocene. The large herbivorous mammal communities of the
Pleistocene typically show a continuum of dietary strategies from browsers to
mixed-feeders and grazers. For example in the Early Pleistocene community of
Coste San Giacomo from Italy where the deer (Axis, Eucladoceros and
Croitzetoceros) were browsers, the bovids (Gallogoral, Gazella and Leptobos)
were predominantly mixed-feeders, and the horse (Equus stenonis) was a grazer,
as shown by dental mesowear analysis (Strani et al. 2015). However, the flexibility
of dietary strategies, which enabled mammals to cope with the variable and changing
climatic and environmental conditions, are clearly indicated by dental mesowear and
microwear analyses: e.g., the thinoceros Stephanorhinus hudsheimensis was able to
shift its diets from browsing in a forest environment to mixed-feeding in an open
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environment (Kahlke and Kaiser 2011; Van Asperen and Kahlke 2015). Similarly,
the gomphotheriid proboscidean Anancus arvernensis and the ancestral mammoth
Mammuthus meridionalis were able to shift their diets according to environmental
conditions, despite A. arvernensis being more adapted to browsing and
M. meridionalis to grazing (Rivals et al. 2015; Saarinen and Lister 2016).

During the latter part of the Pleistocene, the glacial-interglacial cyclicity intensi-
fied, and the warm forest-adapted interglacial faunas (the so-called Palaeoloxodon-
Stephanorhinus—chronofaunas) alternated with the cold steppe-adapted
Mammuthus-Coelodonta (woolly mammoth—woolly rhino) chronofaunas locally
over much of the Northern Eurasia (Kahlke 1999; Pushkina 2007). Also these
Middle and Late Pleistocene mammal communities demonstrate a dietary spectrum
from browsers (moose (Alces alces), roe deer (Capreolus capreolus) and Merck’s
rhinoceros (Stephanorhinus kirchbergensis)) to mixed-feeders (giant deer
(Megaloceros giganteus), red deer (Cervus elaphus), fallow deer (Dama dama),
reindeer (Rangifer tarandus) and the narrow-nosed rhinoceros (Stephanorhinus
hemitoechus)) to grass-dominated mixed-feeders (steppe bison (Bison priscus),
aurochs (Bos primigenius)), to grazers (wild horse (Equus ferus) and woolly rhinoc-
eros (Coelodonta antiquitatis)) (Rivals et al. 2010; Rivals and Lister 2016; Saarinen
et al. 2016). However, again dental mesowear and microwear analyses show that
there was typically local variation in the diets of these species, following changes in
vegetation (Rivals and Lister 2016; Saarinen et al. 2016). The diets of mountain-
adapted caprine bovids ranged from mixed-feeding (Rupicapra pyrenaica and
Capra caucasica in the Late Pleistocene of France) to grazing (Middle Pleistocene
argali-like sheep (Ovis ammon antiqua) from Caune de 1’Arago, France) in high-
altitude meadows, as indicated by dental microwear analyses (Rivals and Deniaux
2003, 2005). The ancestral mammoth (Mammuthus meridionalis) was replaced in
the Middle Pleistocene by a more specialised woodland species with browse-
dominated mixed-feeding diet, the straight-tusked elephant (Palaeoloxodon
antiquus), and a more specialised open adapted grazing species, the steppe mam-
moth (Mammuthus trogontherii) (Saarinen and Lister 2016). Finally, the cold
adapted woolly mammoth (Mammuthus primigenius) became the only species of
elephant in Europe and Northern Eurasia during the last glaciation. Based on dental
microwear and mesowear analyses, all of these species of elephant, even the woolly
mammoth with the strongest adaptation to grazing (the most hypsodont molars with
the highest number of enamel ridges), had quite large variation in their diets
following again changes in environments and vegetation structure (Rivals and Lister
2016; Saarinen and Lister 2016).

2.3.6.2 North America

In North America, a roughly similar pattern occurred as in Northern Eurasia, except
that throughout the Pleistocene the environmental differences were not as great
between glacial and interglacial stages but were greater between the heavily forested
eastern part of the continent and the dry, grassland-dominated western part
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(Williams et al. 1998). However, a much larger area of North America was covered
by ice sheets during the glacial stages than in Eurasia, and north of the ice sheet the
mammal fauna was similar to the Siberian mammoth steppes, whereas south of the
ice there were forests and grassland habitats throughout the Pleistocene (Williams
et al. 1998; Guthrie 2001).

The diets of Pleistocene North American large herbivores were characteristically
diverse, ranging from browsers (e.g., moose (Alces alces), white-tailed deer and
mule deer (Odocoileus), American mastodon (Mammut americanum) and
Jefferson’s ground sloth (Megalonyx jeffersoni)) to abundant, often grass-dominated
mixed-feeders (e.g., antilocaprids, bisons (Bison) and the Columbian mammoth
(Mammuthus columbi) and obligate grazers (e.g., horses (Equus) and Harlan’s
ground sloth (Paramylodon harlani)) (Rivals et al. 2007; Semprebon and Rivals
2007; Mihlbachler et al. 2011; Rivals et al. 2012; Saarinen et al. 2015; Saarinen and
Karme 2017). Dental mesowear and microwear analyses indicate that the diets of the
Pleistocene North America bisons (Bison sp.) were less heavily abrasive than in the
modern plains bison (Bison bison), which is a “hyper-grazer” among bovids (Rivals
et al. 2007). The camels in North America during the Pleistocene, including
Camelops, Hemiauchenia and Palaeolama were all browse-dominated feeders,
based on dental mesowear and microwear analyses (Semprebon and Rivals 2010).
The Pleistocene antilocaprids (Tetrameryx, Stockoceros, Capromeryx and
Antilocapra) had less abrasive mesowear signals and more C3 dominated diets
than their Pliocene predecessors, but their microwear analyses still suggest grazing,
indicating perhaps specialisation to utilising relatively non-abrasive C3
photosynthesising grasses (Semprebon and Rivals 2007). The mesowear based
analysis of North American horses through time (Mihlbachler et al. 2011) indicates
that the Equus-horses in the Pleistocene of North America were all grazers.
Microwear analysis indicates that the flat-headed peccary (Platygonus compressus)
had predominantly omnivorous/browsing diet (Schmidt 2008). Within the probos-
cideans, the American mastodon (Mammut americanum) with brachydont,
lophodont molars was a dedicated browser and is typically associated with forest
environments, whereas the Columbian mammoth (Mammuthus columbi) occupied
more open habitats, had specialised hypsodont dentition and was clearly adapted to
grazing, but had quite variable diet ranging from browse-dominated to grazing
(Rivals et al. 2012; Saarinen et al. 2015). Dental mesowear and microwear analyses
of the Late Pleistocene ungulate community of Alaska indicate unusually heavily
grass-dominated dietary spectrum, with even typically browsing or mixed-feeding
deer such as Rangifer and Cervus being grazers despite their brachydont teeth
(Rivals et al. 2010).

2.3.6.3 Africa

The palacoenvironments of East Africa became increasingly dominated by open C4
grasslands during the Pleistocene (e.g., Cerling et al. 1997; Jacobs et al. 2010). The
ungulate communities were by now clearly dominated by abundant and diverse
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bovids. Based on stable isotope studies, the Pleistocene large herbivorous mammal
faunas became dominated by C4 grazers, including alcelaphine (e.g., Megalotragus,
Connochaetes, Alcelaphus), bovine (e.g., Pelorovis) and reduncine (e.g., Kobus)
bovids, zebras (Equus), suids of the Metridiochoerus-Phacochoerus lineage, the
white rhinoceros (Ceratotherium), elephants (Elephas and Loxodonta) and even
sivatherine giraffes (Sivatherium) (Cerling et al. 2015). Also hippos (Hippopotamus)
were locally C4 grazers in some regions such as Turkana and Nakuru. The less
diverse browsers included the black rhinoceros (Diceros), giraffe (Giraffa),
cephalophine bovids and the last surviving deinotheriid proboscidean Deinotherium
bozasi (Cerling et al. 2015). Some lineages of large herbivores, such as the African
elephant (Loxodonta africana) and suids of the Kolpochoerus-Hylochoerus lineage,
shifted their diet from C4-grass dominated grazing to C3-dominated browsing from
the Pleistocene to the Holocene (Cerling et al. 2015). Also, dental mesowear analysis
of the Middle Pleistocene to Holocene bovids from the Kibish Formation, Ethiopia,
shows that all of the taxa shifted their diets to less abrasive (more browse-dominated)
from the Pleistocene to the Holocene (Rowan et al. 2015).

2.3.6.4 South America

During the Early Pleistocene, the Great American Biotic Interchange between North
and South America resulted in the introduction of many new groups of large
herbivorous mammals from North to South America, such as gomphotheriid pro-
boscideans (Stegomastodon, Cuvieronius), lamine camels (e.g., Palaeolama), horses
(Onohippidion, Hippidion, Equus), deer (which radiated into many endemic South
American genera such as Ozotoceros, Hippocamelus and Mazama) and tapirs
(Tapirus) (Woodburne 2010). Of these, proboscideans and horses went extinct in
South America at the end of the Pleistocene. The new immigrants formed diverse
mammal communities together with the endemic South American mammals, such as
notoungulates (e.g., Toxodon), litopterns (e.g., Macrauchenia) and xenarthans,
including diverse megatheriid, megalonychid and mylodontid ground sloths (e.g.,
Megatherium, Nothrotherium, Glossotherium, Lestodon and Scelidotherium) and
herbivorous armadillo-related glyptodonts (e.g., Glyptodon, Neosclerocalyptus,
Doedicurus) and pampatheres (e.g., Holmesina).

MacFadden et al. (1994) analysed the dietary composition of the typical Pleisto-
cene South American ungulates. Their results indicate a continuum of diets from
browsing to grazing, similar to the other continents during the Pleistocene: among
the horses, Hippidion had C3-plant dominated (browsing) diets, Onohippidion had
mixed C3/C4 diets and Equus had C4 grass -dominated diets, and similarly among
the lamine camels, Palaeolama had C3-dominated and Lama C4 grass -dominated
diets. The gomphothere Cuvieronius had highly variable isotope signals indicating a
diet based on wide range of plants. Finally, based on the isotope analyses, the large,
hypselodont notoungulate Toxodon was a C4 grazer, whereas the litoptern
Macrauchenia was a browser on C3 photosynthesising vegetation. New stable
isotope analyses of South American Pleistocene gomphotheres indicate that most
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of them were mixed-feeders, but their diets varied considerably according to envi-
ronmental conditions (Sanchez et al. 2004). For example, the population of
Cuvieronius from Chile had exclusive C3 diets whereas the populations from
Bolivia and Ecuador had mixed C3/C4 diets. The diets of Stegomastodon varied
even more, ranging from C3 browsing in Argentina to C4 grazing in Ecuador. This
kind of flexibility in diet is typical for Pleistocene herbivorous mammals on other
continents too, and is particularly pronounced in proboscideans (Rivals et al. 2012,
2015, Rivals and Lister 2016; Saarinen et al. 2016; Saarinen and Lister 2016).

Finally large herbivorous xenarthrans, including several species of giant ground
sloths, glyptodonts and pampatheres, were abundant, adding to the already diverse
large herbivore faunas (Farifia 1996; Vizcaino 2009). In fact, it has been puzzling
how such abundant and diverse megaherbivore communities could have coexisted in
the Pleistocene South American palaeoenvironments (see Farifia 1996). However,
Saarinen and Karme (2017) noted, based on new dental mesowear analysis, that
there were significant differences between the diets of the Pleistocene xenarthrans:
among the ground sloths Megatherium and Nothrotherium were specialised
browsers, whereas the various mylodontid sloths had diets ranging from mixed-
feeding (Glossotherium) to grazing (Scelidotherium and Lestodon). Among the
glyptodonts, Neosclerocalyptus and Glyptodon were grass-dominated mixed-
feeders, whereas the pampatheres, such as Holmesina, were most likely specialised
grazers. These new dietary observations are in agreement with previous results based
on ecomorphological, stable isotope and microwear analyses (e.g., Bargo et al. 2006;
Vizcaino 2009; Domingo et al. 2012; Green and Resar 2012), but revealed more
diversity in the diets than had been anticipated.

2.3.6.5 Australia

The Pleistocene herbivorous marsupial faunas of Australia were diverse and included
species with highly varied diets, paralleling the patterns seen on other continents.
Based on stable isotope and dental microwear analyses, DeSantis et al. (2017) were
able to resolve the diets of the Middle Pleistocene megafauna from Cuddie Springs,
and found them to be largely browse-dominated. Among kangaroos, the “short-
faced” kangaroo Sthenurus was a browser in more dense-canopy environments
than the rest of the taxa, Protemnodon appears to have been a browser consuming
C3 browse but also C4 photosynthesising shrubs, and Macropus a mixed-feeder
feeding more heavily on C4 grasses and shrubs. Stable isotope and dental microwear
analyses indicate that the giant Pleistocene short-faced kangaroo, Procoptodon
goliath, was a specialised browser of chenopods and C4 photosynthesising saltbushes
(Prideaux et al. 2009). All the Pleistocene kangaroos seem to have been more browse-
dominated feeders than the modern grazing kangaroos. The diprotodontids, including
the giant, megaherbivore-sized Diprotodon and the somewhat smaller Zygomaturus,
were browsers or mixed-feeders with seasonally varying diets. The wombats
Phascolonus and Vombatus were the most heavily C4-dominated grazers, as wom-
bats are today (DeSantis et al. 2017). There was a considerable drying and
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desertification of environments from the Middle to Late Pleistocene in Australia,
which led to a restriction in the diets of the herbivorous marsupials from C4 plants to
increasingly C3-dominated vegetation (DeSantis et al. 2017).

2.4 Discussion

The evolutionary history of browsing and grazing and be summarized as follows:

— Many lineages of frugivorous-folivorous mammals evolved from omnivorous
ancestors during the Palaeocene and early Eocene, including early artiodactyls,
perissodactyls and proboscideans.

— Specialised folivorous browsing mammals evolved and prevailed during the
Eocene and the Oligocene, and continued to be the dominant elements in most
parts of the world until the Late Miocene.

— Following the spread of grassland environments, the major shift from browsing to
grazing happened in many major lineages of large herbivorous mammals (e.g.,
bovids and elephants) during the Late Miocene. However, following the earlier
emergence of grassland environments, the earliest grazers evolved during the
Oligocene in South America among notoungulates and sloths, and in North
America during the mid-Miocene among equine horses. Morphological adapta-
tions to grazing in herbivorous mammals follows the emergence of new (abun-
dant) resources, first the increase in C3 grasses, and then that of C4 grasses. This
emergence of resources is a reaction to changing rainfall patterns, temperature and
COs-levels, all of which react to tectonic movements and tilt of the earth’s axis.

— During the Pliocene and Pleistocene, and to a lesser degree in Holocene and
modern times, diverse herbivore faunas with a dietary spectrum ranging from
browsers to grazers have been typical in all continents. The dietary spectrum of
the species, and dietary variation within species, reflect environmental and
climatic variations locally and through time.

I have deliberately concentrated in discussing the dietary history of specialised
large terrestrial herbivorous mammals such as ungulates, proboscideans and herbiv-
orous xenarthrans and marsupials, and left out primates (which have specialised,
often arboreal lifestyles) and small mammals (especially rodents, which are predom-
inantly herbivorous but are able to utilise micro-niches in their environments).
However, primates and rodents do, in fact, show roughly similar dietary histories
as well, starting out as omnivores and frugivores, and later specialising at browsing
and in some cases grazing. For example, many cercopithecid monkeys, which were
the dominant primates in African forests from the Miocene until today, were
specialised leaf browsers, whereas giant baboons (Theropithecus oswaldi) occupy-
ing East African savannas in the Plio-Pleistocene were grazers (Cerling et al. 2013).
In fact, even some early human relatives (Paranthropus boisei) could have been
feeding on C4 grasses (or their seeds) in East Africa during the Early Pleistocene
(Cerling et al. 2011).
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The various proxy methods (stable isotope analyses and dental microwear and
mesowear) together provide us with an increasingly comprehensive set of tools for
examining the diets of fossil herbivorous mammals, especially browsing vs. grazing.
Whereas the ecomorphology of fossil mammals such as tooth crown height and
complexity of their enamel patterns give valuable clues to what they were adapted to
eat, the tooth wear and isotope proxies enable us to see variation in their diets at the
level of ancient populations and even individuals. Thus we are now provided with
fascinatingly detailed information about past herbivores’ diets. For example, recent
studies of dental mesowear have revealed a roughly similar evolution of dietary
strategies in many groups throughout their evolutionary history, for example the
horses (Equidae): they started as relatively generalistic herbivores feeding on leaves,
fruit and seeds in tropical and subtropical forests, shifted to browsing in increasingly
seasonal forests and woodlands, and finally shifted towards increasingly grass-based
diets when grassland environments started to spread (Mihlbachler et al. 2011).
Despite adaptations to utilising different diets, many large herbivorous mammals
kept a degree of flexibility in their diet, being able to shift it according to changing
environmental conditions (e.g., Rivals and Lister 2016; Saarinen et al. 2016; Saari-
nen and Lister 2016).
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Glossary

Cenozoic the last ca. 66 million years that started from the end-Cretaceous mass
extinction and continues today. The Cenozoic is characterized by a warm and
humid beginning followed by mostly cooling and drying global climate, which
led to the spread of open, arid environments and grasslands. It is also the time
when mammals diversified and filled the ecological niches of large terrestrial
herbivores.

Neogene ca. 23-2.6 million years ago, during which climatic cooling and drying
led to increasing coverage of grass-dominated open habitats in many parts of the
world, driving the evolution of adaptations to grazing in many lineages of
herbivorous mammals.

Pleistocene ca. 2.6 million years to ca. 11,000 years ago, until the present warm-
climatic stage. This was the time of the ice ages characterized by strong cyclic
variations in climate, environments and the distribution of plants and animals in
the northern hemisphere.

Mesowear dietary analysis method applicable to present and fossil mammals,
based on the wear-induced shape of the occlusal surface of molar teeth. It
indicates the amount of grass (in relation to browse) in diet.
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Microwear dietary analysis method based on microscopic wear marks on tooth
enamel, which reflect the relative amounts of grass, browse, seeds and other
dietary items during the last days of an animal’s life.

Bunodont tooth morphology type where the cusps are separate and not fused or
connected by elongated ridges.

Lophodont tooth morphology type where the cusps are elongated and connected
into long cutting ridges (lophs).

Plagiolophodont derived lophodont tooth morphology where the lophs are folded
and fused to form a flat occlusal surface with shearing enamel edges, often
supported by extensive dental cement that covers the tooth crown.

Selenodont tooth morphology type where the cusps have been elongated into
crescent-shaped cutting blades. This is the typical tooth morphology of ruminants
and camels.

Bilophodont tooth morphology type where anterior and posterior cusp pairs have
been fused into two transverse cutting lophs.

Loxodont tooth morphology type where the amount of transverse cutting lophs has
been multiplied to form an efficient shearing surface with multiple enamel ridges,
often supported by extensive dental cement between the lamellae.

Hypsodont a relatively high tooth crown, as opposed to Brachydont which refers to
a relatively short crown.

Perissodactyla odd-toed ungulates, including horses (Equidae), rhinoceroses
(Rhinocerotidae), tapirs (Tapiridae) and many extinct families such as
chalicotheres (Chalicotheriidae), brontotheres (Brontotheriidae), paleotheres
(Palaeotheriidae), hyracodonts (Hyracodontidae) and amynodonts
(Amynodontidae).

Artiodactyla even-toed ungulates, including ruminants (Ruminantia), camels
(Camelidae), pigs (Suidae), peccaries (Tayassuidae), hippopotami
(Hippopotamidae) and many extinct families such as anthracotheres
(Anthracotheriidae), entelodont (Entelodontidae) and oreodonts
(Merycoidodontidae).

Proboscidea the mammal order that comprises elephants and their fossil relatives

Xenarthra the mammal order containing sloths, armadillos, anteaters and their
fossil relatives such as glyptodonts and ground sloths.

Notoungulata an extinct order of endemic South American ungulates.

Litopterna an extinct order of endemic South American ungulates.
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Chapter 3 )
The Paleoecological Impact of Grazing s
and Browsing: Consequences of the Late
Quaternary Large Herbivore Extinctions

John Rowan and J. T. Faith

3.1 Introduction

Extant species of large herbivorous mammals, considered here as taxa >44 kg, are
the primary source of the world’s remaining large mammal diversity. At the family-
level, this includes Antilocapridae (pronghorn), Bovidae (antelopes), Camelidae
(camels), Caviidae (cavys), Cervidae (deer), Elephantidae (elephants), Giraffidae
(giraffes and okapi), Hippopotamidae (hippopotamuses), Rhinocerotidae (rhinocer-
oses), Suidae (pigs), Tapiridae (tapirs), and Tayassuidae (peccaries) (Wilson and
Reeder 2005). By virtue of their diversity, abundance, and body size, these herbi-
vores have massive impacts on their local environments and play important roles in
maintaining ecosystem functionality and diversity (see Chapters in this Book). Such
roles include, but are not limited to, altering fire regimes, facilitating nutrient
cycling, promoting food web diversity, and modifying vegetation structure to the
benefit of other species (Ripple et al. 2015; Malhi et al. 2016). For example, African
savanna elephants (Loxodonta africana), the largest extant terrestrial herbivores, can
disperse seeds up to 65 km from their source, while African forest elephants
(Loxodonta cyclotis) are in many cases the sole disperser of the largest seeds
(e.g., Cola spp.) of rainforest trees (Bunney et al. 2017). Grazing by white rhinoceros
(Ceratotherium simum) maintains short-grass swards that are favored by smaller-

J. Rowan ()
Organismic and Evolutionary Biology, University of Massachusetts Amherst, Amherst,
MA, USA

Department of Anthropology, University of Massachusetts Amherst, Amherst, MA, USA
e-mail: jjrowan @umass.edu

J. T. Faith
Natural History Museum of Utah, University of Utah, Salt Lake City, UT, USA

Department of Anthropology, University of Utah, Salt Lake City, UT, USA
e-mail: jfaith@nhmu.utah.edu

© Springer Nature Switzerland AG 2019 61
I. J. Gordon, H. H. T. Prins (eds.), The Ecology of Browsing and Grazing II,
Ecological Studies 239, https://doi.org/10.1007/978-3-030-25865-8_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-25865-8_3&domain=pdf
mailto:jjrowan@umass.edu
mailto:jfaith@nhmu.utah.edu

62 J. Rowan and J. T. Faith

bodied herbivores (e.g., blue wildebeest, Connochaetes taurinus) and reduces
the strength and spread of wildfires (Waldram et al. 2008). Likewise, at a
macroecological scale, the synergistic relationship between fire and herbivory
regimes has been shown to delimit the major vegetation biomes across Africa
(Hempson et al. 2015).

As implied by the examples above, the vast majority of our knowledge of large
mammal functional ecology and its impacts comes from where they survive in
greatest diversity today—sub-Saharan Africa and, to a lesser extent, southeast
Asia (OIff et al. 2002; Ripple et al. 2015). However, as recently as ~50,000 years
ago, large herbivore diversity paralleling present-day Africa could be found
within virtually all of Earth’s major terrestrial regions (Fig. 3.1). This lost diversity
includes familiar components of high-latitude Ice Age faunas—wooly mammoths
(Mammuthus primigenius), wooly rhinos (Coelodonta antiquitatis), and long-
horned bison (Bison latifrons)—as well as lesser-known taxa, such as the bizarre
South American liptotern Macrauchenia, and the giant Australian marsupial
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Fig. 3.1 ‘Present-natural’ (a) versus present-day (b) maps of global species richness for large
herbivores (species >44 kg). Note that the present-natural map does not reflect literal large
herbivore distribution patterns during the late Quaternary, but instead estimates what the world
might have looked like today if late Quaternary extinctions and extirpations never occurred [see
Faurby and Svenning (2015) for more information]. Data from Faurby and Svenning (2015),
Faurby et al. (2018), and the International Union for Conservation of Nature (IUCN) Red List
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Diprotodon (Stuart 2015). Recent estimates suggest that, in total, two-thirds of the
world’s large mammal genera and over half of its species went extinct towards the
end of the Pleistocene, the bulk of these being herbivores (Barnosky 2008). Based on
our knowledge of present-day herbivore ecology, it follows that the abrupt loss of so
many taxa within a relatively short span of time had significant, far-reaching impacts
on terrestrial ecosystems. Moreover, given their recency, the ecological impacts of
late Quaternary extinctions almost certainly linger to the present-day and are, there-
fore, critical to understanding the factors shaping current patterns of biodiversity and
its future (Corlett 2013; Galetti et al. 2018).

Here, we review global late Quaternary extinctions of large herbivores, empha-
sizing what is known about their consequences for the structure and functioning of
ecosystems. In the literature on late Quaternary extinctions, most scholars follow
Martin (1967) in describing mammalian species >44 kg as ‘megafauna.” We use the
terms ‘large mammals’ or ‘large herbivores’ instead to avoid potential confusion
with the term ‘megaherbivore,” which is often used for animals >1000 kg (after
Owen-Smith 1988). Though we acknowledge the importance of many other extinc-
tions that occurred during older time periods of the Cenozoic (e.g., the Eocene-
Oligocene ‘Grande Coupure’), we choose to focus this Chapter on the late Quater-
nary for three primary reasons. First, this interval is data-rich: late Quaternary
extinctions are documented from well-constrained and highly fossiliferous assem-
blages across much of the world, providing a temporally detailed and geographically
extensive sample (Saarinen Chap. 2). Second, there is a wealth of paleobiological
and paleoecological data for extinct late Quaternary taxa, including body mass
estimates (Smith et al. 2003, 2018) and dietary reconstructions from stable carbon
isotopes (e.g., Koch et al. 1998; Coltrain et al. 2004) and other proxies (e.g., Rivals
et al. 2007; Prideaux et al. 2009; Gonzilez-Guarda et al. 2018). These data can then
be compared to several late Quaternary paleoenvironmental records (e.g., charcoal,
pollen), permitting analyses of the relationship between extinctions and ecosystem
change through time. Third, because the late Quaternary extinctions preferentially
affected the very largest mammal species (Lyons et al. 2004a; Smith et al. 2018), this
event provides an important comparison for present-day biodiversity loss. It is now
widely acknowledged that human activity since the Industrial Revolution
(e.g., climate and land-use change) has fundamentally reshaped global biodiversity
patterns (Barnosky et al. 2011; Ceballos et al. 2015). In many cases, this has caused
extirpation and near-extinction among large-bodied mammals (e.g., Ripple et al.
2014, 2015), and it is likely that the extinction of many of these species, at least in
the wild, will be a hallmark of anthropogenic activity in the twenty-first century
(Barnosky et al. 2011; Ceballos et al. 2015). Thus, late Quaternary extinctions
provide the best ‘natural experiment’” with which we can contextualize and compare
present-day large mammal diversity loss and its downstream ecological
consequences.

The structure of this Chapter is as follows: first, because our review is heavily
reliant on paleoecological proxy data, we provide a brief overview of recent
methods, focusing on advances using dung beetle and dung fungi proxies. This is
followed by an introduction to the topic of late Quaternary extinctions and a brief
overview of the major hypotheses for why they occurred. Regional summaries of
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extinctions and their impacts are then presented for Australia, North America, and
northern Eurasia, which form the bulk of studies to date. Finally, we conclude our
Chapter by discussing the importance of late Quaternary extinctions for guiding
conservation efforts aimed at preserving large mammal diversity today and mitigat-
ing losses of ecosystem functionality.

3.2 Paleoecological Proxies

Traditional paleontological approaches for studying fossil mammals, namely those
founded on the analysis of their hard-tissue skeletal remains, do not readily lend
themselves to assessments of the paleoecological impacts of herbivory. This is
because the vertebrate fossil record is discontinuous and patchy in both space and
time, meaning that empirical fossil evidence for the appearance or disappearance of a
species can often be off-the-mark by a considerable length of time. Likewise, most
species are so infrequent in the vertebrate fossil record that it can be very difficult to
assess temporal trends in their population histories (but see Boulanger and Lyman
2014; Broughton and Weitzel 2018). Together with chronological uncertainties
typically in excess of 100 years (in the case of Late Pleistocene mammals),
establishing causal linkages between the vertebrate fossil record and other indicators
of paleoecological change has proven exceptionally difficult. However, analysis of
other, non-vertebrate fossil proxies in recent years has allowed for the generation of
exciting new insights into the environmental and ecological impacts of late Quater-
nary extinctions. We highlight two relatively new proxies related to large herbivore
dung as examples.

3.2.1 Dung Fungi

The coprophilous fungi Sporormiella is often found in lake and bog sediments that
also preserve ancient pollen (a record of vegetation history), charcoal (a record of fire
history), and other paleoecological proxies, and is increasingly used as a measure of
large herbivore biomass on Quaternary landscapes (e.g., Gill et al. 2009, 2012). Its
use as a biomass proxy stems from the fact that the spores of Sporormiella must pass
through the digestive system of mammalian herbivores in order to complete their life
cycle: Sporormiella germinates on dung and releases spores that, under certain
situations, become incorporated into sedimentary sequences (see review in Baker
et al. 2013). Thus, in much the same way that palynologists infer vegetation change
through the shifting abundance of different pollen taxa in a sedimentary sequence, it
is reasoned that changes in the abundance of Sporormiella provide insight into the
abundance of large herbivores on ancient landscapes. In an early and influential
study, Davis (1987) observed that Sporormiella tends to be rare during much of the
Holocene in the western United States, but are abundant prior to extinction of
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Pleistocene mammals, and after the historic introduction of grazing livestock,
leading to the inference that spores could be used to track herbivore biomass.
Though well-recognized taphonomic problems can complicate this situation
(e.g., Feranec et al. 2011; Johnson et al. 2015), a growing number of studies
highlight the utility of Sporormiella as a reliable paleoecological proxy
(e.g., Baker et al. 2013; Gill et al. 2013). For Quaternary scientists, this means that
it is possible to combine Sporormiella abundance with other records and explore the
relationship between large herbivore biomass, vegetation, and fire history through
time (Gill et al. 2013).

3.2.2 Dung Beetles

So-called ‘dung beetles’ include several lineages of the superfamily Scarabaeoidea
(Order Coleoptera) that have evolved into specialized niches revolving around the
consumption of vertebrate faeces, with the most dedicated coprophagous taxa falling
into the subfamilies Scarabaeinae and Aphodiinae. Though dung beetles originated
alongside the earliest truly massive herbivores—Mesozoic dinosaurs—nearly all
lineages surviving the Cretaceous-Paleogene boundary (~66 million years ago)
had switched to mammalian dung sources, and subsequently diversified and
co-evolved with the radiation of mammals during the Cenozoic (Gunter et al. 2016).
The correlated diversification of dung beetles and their mammalian dung sources
throughout the Cenozoic implies that the two have a tight ecological association.
This is confirmed by studies of both the fossil record and modern ecosystems. For
example, the flightless dung beetle (Circellium bacchus), a species endemic to
southern Africa, preferentially consumes elephant faeces (Galetti et al. 2018).
Though formerly widespread, this species is now restricted to a handful of areas
retaining high elephant densities and is considered to be a species of conservation
concern (Chown et al. 1995; Kryger et al. 2006; Galetti et al. 2018). Likewise, a
study by Schweiger and Svenning (2018) showed that the mean body size of dung
beetle assemblages was correlated with declines in large mammal diversity over the
last ~50,000 years. Such studies imply that late Quaternary dung beetle assemblages
provide a proxy for large mammal biomass and diversity on ancient landscapes.

3.3 Late Quaternary Extinctions and Their Ecological
Consequences

Present-day large mammal communities are depauperate when compared to those of
the Late Pleistocene. Between ~50,000 and 12,000 years ago, the majority of the
world’s large mammals disappeared, either in a series of cascading extinctions over
thousands of years, or within a comparatively shorter amount of time, depending on
geography and other factors (Barnosky et al. 2004; Koch and Barnosky 2006; Stuart
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Fig. 3.2 Body mass histogram (log g) for large herbivore species that survived and did not survive
the late Quaternary extinctions. Silhouettes represent a handful of species mentioned in the text as
examples. From left to right: reindeer (Rangifer tarandus), giant kangaroo (Procoptodon goliah),
muskox (Ovibos moschatus), wooly rhino (Coelodonta antiquitatis), diprotodon (Diprotodon
optatum), African savanna elephant (Loxodonta africana), wooly mammoth (Mammuthus
primigenius). Data from Faurby et al. (2018)

2015). Despite these regional differences, the most striking ecological characteristic
of the late Quaternary extinctions as a whole was their selectivity for taxa of large
body sizes (Fig. 3.2; Lyons et al. 2004a; Smith et al. 2018). Large body size is a trait
correlated with low population densities and a slow life history profile (e.g., delayed
reproduction, long inter-birth intervals) that, in turn, confers significantly greater
extinction risk (Johnson 2002; Cardillo et al. 2005). However, several studies have
demonstrated that the late Quaternary extinction is unique in comparison to body
size selectivity in previous Cenozoic extinctions (e.g., Alroy 1999; Smith et al.
2018), a fact that has fostered ongoing debate over their underlying driver(s) (e.g.,
Koch and Barnosky 2006).

Late Quaternary extinctions have long captured the attention of paleontologists
and archaeologists alike, mainly because humans may have played a decisive role.
Besides the unusual size selectivity of the extinctions, perhaps the most important
reason why human impacts are invoked is that the timing of large mammal disap-
pearances across continents roughly tracks the chronology of human dispersals out
of Africa and across the globe during the Late Pleistocene (e.g., Martin 1984; Martin
and Steadman 1999; Sandom et al. 2014). The alternative hypothesis to human
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impacts is that the late Quaternary extinctions were the outcome of climate-driven
environmental change, though many hypotheses rely on some combination of
climatic or environmental drivers (e.g., Burney and Flannery 2005; Koch and
Barnosky 2006). The influence of one driver over the other may have also varied
by continent; for example, Barnosky et al. (2004) suggested that human impacts
were mostly responsible for Australian and North American extinctions, whereas
climate change was a more likely scenario for Eurasian extinctions. A consensus is
emerging that it is probable that both human hunting and climate change acted in
tandem, with glacial-interglacial transitions forcing the contraction and fragmenta-
tion of herbivore ranges, making populations more susceptible to the effects of
human hunting (Barnosky et al. 2004; Koch and Barnosky 2006; Stuart 2015).
Other hypotheses (e.g., comet impacts, hyperdisease) for the late Quaternary extinc-
tions tend to be controversial and not widely accepted (Lyons et al. 2004b; Pinter
et al. 2011; Holliday et al. 2014).

As discussed above, most research on late Quaternary extinctions has focused on
the hypothesized extinction drivers (e.g., the relative roles of humans vs. climate
change) and the magnitude of taxonomic losses across continents (Barnosky et al.
2004; Koch and Barnosky 2006). Recently, however, studies have turned their
attention towards the downstream ecological impacts of late Quaternary extinctions
for the structure and functioning of ecological communities both in the past and
today (Malhi et al. 2016; Smith et al. 2016). Here, we synthesize the available paleo-
biological and ecological datasets bearing on large herbivore extinctions and
corresponding ecosystem change from 50,000 years ago to the present-day in
Australia, North America, and northern Eurasia, keeping in mind that the conse-
quences of these extinctions can provide powerful insights into understanding the
paleoecological impacts of browsing and grazing and the predicted consequences of
further extinctions due to human impacts in the Anthropocene.

3.3.1 Australia

The chronology of late Quaternary extinctions in Australia has been heavily debated,
with some studies favoring an early (>46 ka), prolonged, and climate-caused
disappearance of the continent’s large mammals (e.g., Wroe et al. 2013), whereas
others argue that most extinctions occurred rapidly between 50 and 40 ka
(e.g., Roberts et al. 2001; Rule et al. 2012) and relate to the appearance of humans
on the continent (van der Kaars et al. 2017). It is generally accepted that by ~40 ka,
most, if not all, extinctions had occurred (Roberts et al. 2001; Gillespie et al. 2006),
with potential sites documenting late survival of extinct large mammals (e.g., the
Cuddie Springs site) being highly controversial (Gillespie and Brook 2006). Regard-
less of its underlying drivers and exact chronology, the late Quaternary Australian
extinction ranks among one of the most severe in the world. Although exact counts
vary, it is generally estimated that this region lost ~88% of genera (Koch and
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Barnosky 2006) and ~91% of species of large mammals, including all taxa >100 kg
(Stuart 2015).

Extinct Australian herbivorous large mammals include a diversity of forms, all of
which evolved from endemic marsupial lineages (Long et al. 2002). This includes
several species with no modern analogs, either in Australia or globally. A prime
example is the giant short-faced kangaroo (Procoptodon goliah), which is estimated
to have weighed 230 kg, and stood up to two meters tall (Helgen et al. 2006).
Multiproxy evidence from functional morphology, dental wear, and stable carbon
isotopes suggests that this species was a specialized consumer of saltbushes (Atriplex
spp.), a rare C,4 dicot (most C,4 plants are tropical grasses). If this dietary inference is
correct, P. goliah would be the only known large mammal species to specialize on
C4 browse (Prideaux et al. 2009). Other enigmatic taxa of the Australian Quaternary
include the largest marsupial ever to exist, Diprotodon optatum, which weighed
nearly 2800 kg and had a shoulder height of 1.8 m (Wroe et al. 2004). In terms of
diet, D. optatum has been reconstructed as either a browser (DeSantis et al. 2017), or
a mixed-feeder preferring browse (Price et al. 2017), which invites ecological
parallels in terms of both body size and diet with extant black rhinoceroses (Diceros
bicornis) in Africa. A recent study by Price et al. (2017), used strontium isotope
ratios (¥’Sr/*°Sr) to show that D. optatum underwent roundtrip seasonal migrations
of up to 200 km, rivaling those of some eastern Africa ungulates in the Serengeti
today (Estes 2014).

Sediment cores from paleolakes yielding pollen, charcoal, and Sporormiella have
greatly improved our knowledge of the ecological impacts of late Quaternary
extinctions. Rule et al. (2012) analyzed the relationship between inferred herbivore
biomass and ecosystem change using a 130,000-year paleoenvironmental record
based on two sediment cores from Lynch’s Crater paleolake (northeast Australia).
Collectively, the Lynch’s Crater records show three major, stepwise vegetation shifts
over the last 130 ka. The first two occurred at ~125 ka and ~75 ka and correspond to
the termination of the Last Interglacial (Marine Isotope Stage Se) and the onset of
Marine Isotope Stage 4, respectively, both of which witnessed cooling and
aridification of Australia. These climate changes led to the replacement of rainforest
angiosperms by rainforest gymnosperms and sclerophyll taxa. At ~41 ka, the third
major vegetation change has no climatic explanation but instead follows, within a
few hundred years, the loss of large-bodied herbivores as inferred from the abrupt
drop in Sporormiella abundance to near-zero. At the same time, charcoal increased
in abundance, and sclerophyll taxa and grasses quickly came to dominate local plant
communities. Rule et al. (2012) proposed that the sudden disappearance of large
herbivores and relaxed herbivory ~41 ka created larger fuel loads which, in turn, lead
to larger and more intense fires, favoring the replacement of rainforest vegetation by
fire-tolerant sclerophyllous plant communities and grasses. Though the Sporormiella
proxy tells us nothing about which species were involved, and there is little direct
large mammal fossil evidence nearby, such changes are fully consistent with con-
temporary observations highlighting the influence of herbivory on fire regimes
(e.g., Waldram et al. 2008).
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A similar study by Johnson et al. (2016) on a 135,000-year sediment core from
Caledonia Fen suggests that herbivore extinctions may have had varying impacts on
ecosystems depending on geography and primary productivity. Caledonia Fen is a
high-elevation site in southeast Australia that was covered by low grasslands and
shrub steppe for much of the Pleistocene, especially during glacial phases with
reduced temperature, precipitation, and atmospheric CO, levels (Kershaw et al.
2007). Like Lynch’s Crater, this site suggests an abrupt loss of large-bodied herbi-
vores midway through the Late Pleistocene ~52-45 ka based on Sporormiella
abundance. Unlike Lynch’s Crater, however, the loss of herbivorous large mammals
at Caledonia Fen occurred independent of any significant shift in fire regimes or
vegetation structure. Johnson et al. (2016) propose that climatic constraints on plant
growth and primary productivity likely limited the ability of vegetation to respond to
relaxed herbivory pressures. For shrubby and grassy landscapes, like those of
glacial-phase Caledonia Fen, such responses might have been an increase in
woody plant cover and an overall increase in vegetation density if fires remained
infrequent, as indicated by charcoal abundance. The record from Caledonia Fen thus
highlights the role of climate and primary productivity in modulating the magnitude
of large herbivore loss on ecosystems.

Outside data from paleolake cores, evidence of large herbivore extinction impacts
in Australia are detectable in the morphology of extant plants, as discussed in
Weber’s (2013) recent review of the co-evolution of plants with extinct herbivores.
For example, many of Australia’s acacias are heavily equipped with large, sharp
thorns. In Africa, such defenses prevent or lessen consumption of acacias by giraffes
(Giraffa camelopardalis) and other large-bodied browsers (Tomlinson et al. 2016),
but no such animal exists in Australia today—the largest browsers are wallabies, no
more than a meter tall (Menkhorst and Knight 2011). When looking to the late
Quaternary record, however, it is clear that the thorny spines of Australia’s acacias
likely evolved to deter consumption by several extinct large-bodied browsers, such
as the massive Diprotodon optatum mentioned above. A similar case of anachro-
nistic plant morphologies involves fruits of the rainforest vine Omphalea, which can
be up to 12.5 cm wide and are, therefore, too large to be dispersed by any living
mammalian herbivore. They are not consumed by the large rainforest bird, the
southern cassowary (Casuarius casuarius), which is Australia’s largest fruit-
dispersing species today, potentially suggesting their disperser was likely a mam-
malian casualty of the late Quaternary extinctions, but this remains to be shown.

3.3.2 North America

Like the extinctions in Australia, those in North America were dramatic in terms of
both magnitude and the breadth of taxonomic and ecological diversity that
disappeared. In total, at least 37 genera went extinct (tally from Grayson and Meltzer
2015), as did a handful of species with surviving North American congeners
(Oreamnos harringtoni, Dasypus bellus, Panthera atrox, Canis dirus). Though
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many of North America’s extinct large mammals are familiar, such as mammoths
(Mammuthus) and mastodons (Mammut), a substantial number are decidedly not.
The giant ground sloth Eremotherium, for example, overlapped in body mass with
African elephants (~3500 kg), whereas the glyptodont Glyptotherium, broadly
resembling a heavily armored armadillo, was about the size of small car
(~1100 kg). Altogether, North America lost at least 73% of its large mammal genera
(tally updated from Koch and Barnosky 2006 to include Cuvieronius and
Mixotoxodon), including all of those weighing >1000 kg (Camelops, Mammuthus,
Mammut, Cuvieronius, Glyptotherium,  Eremotherium, Glossotherium,
Mixotoxodon).

Of the 37 extinct genera, 17 are securely dated to the terminal Pleistocene,
between 12,000 and 10,000 radiocarbon years ago (= ~14,000 and 11,500 calendar
years ago). The others tend to be rare in the fossil record and are poorly dated, which
means that a well-known sampling phenomenon (the Signor-Lipps effect) could
very well explain their apparent absence from the terminal Pleistocene. Indeed,
quantitative analysis of the existing radiocarbon chronology are consistent with a
more or less synchronous loss of all genera at this time (Faith and Surovell 2009).
The timing of the extinctions shortly follows (at least over geological timescales) the
arrival of the earliest Homo sapiens in North America, a temporal correspondence
that played a key role Paul Martin’s (1967, 1984, 2005) formulation of the overkill
hypothesis, which proposes that human hunting was directly responsible for extinc-
tions in North America. Similar parallels between the timing of extinctions and
human arrival elsewhere led him to extend this hypothesis to account for the demise
of the planet’s large mammals across the globe. Though, as noted above, the overkill
hypothesis is hotly contested, particularly among archaeologists (e.g., Grayson and
Meltzer 2015; Meltzer 2015; Nagaoka et al. 2018).

Regardless of the cause(s) of North America’s large mammal extinctions, given
what is known about the ecological roles of large-bodied herbivores (Owen-Smith
1988; Ripple et al. 2015; Malhi et al. 2016), we should expect that the disappearance
of so many large-bodied species would have had tremendous downstream effects
(Johnson 2009; Gill 2014). A growing body of evidence suggests that this is indeed
the case (Robinson et al. 2005; Gill et al. 2009, 2012). Perhaps the most compelling
evidence comes from late Quaternary pollen, charcoal, and Sporormiella records
from two sites in the Midwestern United States, Appleman Lake in Indiana (Gill
et al. 2009) and Silver Lake in Ohio (Gill et al. 2012). Both records show that spores
of Sporormiella decline in abundance shortly after ~14,000 years ago, roughly
coincident with human arrival in the Americas (e.g., Halligan et al. 2016). This
decline precedes the youngest-dated fossils of extinct species in the region (e.g.,
Faith and Surovell 2009; Woodman and Athfield 2009), so it is interpreted as
representing population collapse and local functional extinction.

At both Appleman Lake and Silver Lake, the collapse of large herbivore
populations is followed by vegetation change and altered fire regimes. Broad-leaved
deciduous trees, namely Fraxinus (ash) and Ostrya (hophornbeam), rapidly increase
in abundance. Such species are known to be suppressed by browsing pressure from
extant large-bodied herbivores, leading to the inference that their increase is related
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to herbivory release stemming from the functional loss of large herbivores. The
temporal resolution at Silver Lake is sufficiently high to show that this phenomenon
occurred within 20 years of the Sporormiella-inferred herbivore decline. As was also
demonstrated at Lynch’s Crater in Australia (Rule et al. 2012), the decline of large
herbivores is also linked to charcoal peaks that imply enhanced fire regimes relative
to preceding intervals, likely due to the accumulation of fuel loads in the absence of
large mammal herbivory. Paleoecological archives from southeastern New York
State show a similar pattern of enhanced fire regimes following the decline of
Sporormiella at the end of the Pleistocene ~14,000 to 11,500 years ago (Robinson
et al. 2005).

A common consequence of large mammal extinctions is the loss of seed dis-
persers for plant species that bear large fruits (Janzen and Martin 1982; Galetti et al.
2018; Pires et al. 2018). In many cases, this has led to range contractions and near-
extinctions of mammal-dispersed plant taxa, as was likely the case for Omphalea in
Australia. In North America, Kistler et al. (2015) showed using multiple lines of
evidence that squashes, pumpkins, and gourds of the genus Cucurbita were heavily
impacted by late Quaternary extinctions. For example, though many species are rare
or extinct in the wild today, Cucurbita is common and widespread in Late Pleisto-
cene archaeological and paleontological assemblages, revealing a greater diversity
and broader distribution in the past. These assemblages include fossilized Cucurbita
seeds in the dung of American mastodons (Mammut americanum), suggesting
that the fruits of this genus co-evolved with and were mostly reliant upon
megaherbivores (species >1000 kg) for their dispersal (Newsom and Mihlbachler
2006). Thus, their survival from the early Holocene to today has solely relied on
several independent cases of domestication by early agriculturalists following the
late Quaternary extinctions (Kistler et al. 2015).

Finally, we can consider how the ecological impacts of late Quaternary extinc-
tions of plant-consuming species might extend beyond the herbivore guild. Though
data from modern ecosystems indicate that megaherbivores have relatively low
predation risk (Sinclair et al. 2003), this might not have been the case in the past.
Late Pleistocene ecosystems in North America contained a diversity of extinct
carnivores, such as saber-toothed felids (e.g., Smilodon and Homotherium) and
large relatives of extant lions (e.g., Panthera atrox) and gray wolves (e.g., Canis
dirus). There is some evidence suggesting that these extinct carnivores might have
favored, and were capable of, hunting megaherbivore prey in the past. For example,
Marean and Ehrhardt (1995) used zooarchaeological data to show that a Late
Pleistocene den of Homotherium serum from Texas (Friesenhahn Cave) was dom-
inated by juvenile remains of Columbian mammoth (Mammuthus columbi), imply-
ing that large saber-toothed felids may have specialized on megaherbivore prey.
Likewise, Van Valkenburgh et al. (2016) used comparative analyses of predator-
prey relationships to argue that Late Pleistocene carnivores could effectively hunt
subadult proboscideans, including individuals >1000 kg. Collectively, these studies
suggest that the extinction of large herbivores had cascading effects into the carni-
vore guild and may be, at least in part, responsible for the extinction of many
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carnivore taxa during the late Quaternary (see Faith et al. 2018 for an example of
megaherbivores in African ecosystems).

3.3.3 Northern Eurasia

Unlike the relatively abrupt late Quaternary extinction of North America, Quaternary
extinctions in Eurasia occurred in a series of waves. Stuart (2015) considered four
major extinction waves to have occurred: one during the early Last Glacial
(~117-40 ka), one near the onset of the Last Glacial Maximum (~30-27 ka), one
spanning the Pleistocene-Holocene boundary (~15—4 ka), and another one beginning
in the latest Holocene and continuing today (~4 ka to the present-day). Among large
mammals, Eurasia is estimated to have lost ~35% of its genera and ~37% of its
species, revealing a much more limited extinction than that of Australia and North
America (Koch and Barnosky 2006; Stuart 2015). It is often proposed that limited
Eurasian extinctions relate to the fact that human ancestors have been present in the
region since at least ~500,000 years ago in the form of Paleolithic tool-bearing
species like Homo heidelbergensis and Neanderthals, perhaps in some way buffering
these prey species from the more recent appearance of Homo sapiens (e.g., Sandom
et al. 2014).

Eurasian extinctions are instead often explained in relation to interglacial-glacial
climate change and corresponding vegetation shifts (Prins 1998; Barnosky et al.
2004; Koch and Barnosky 2006). During interglacial periods, such as warm and wet
Marine Isotope Stage 5e (~124,000-119,000 years ago), temperate and Mediterra-
nean forests were widespread across western Europe and correspond to broad
distributions of the extinct straight-tusked elephant (Palaeoloxodon antiquus) and
narrow-nosed rhino (Stephanorhinus hemitoechus) (Stuart 2015). Marine Isotope
Stage Se climates in Eurasia were so amicable that today what we consider a
distinctly tropical species, Hippopotamus amphibius, could be found in Great Britain
and was somewhat larger than its extant African relatives (Stuart 1982). The
population decline and eventual extinction of these common interglacial species
shows clear climatic patterning, such as cyclical north-south range shifts through
time. In terms of vegetation, their extinctions seem to be related to the widespread
replacement of Mediterranean deciduous forest and woodland by open and herb-
dominated steppe tundra—so called ‘mammoth steppe’—during glacial periods
(Allen et al. 2010; Stuart 2015).

The mammoth steppe, stretching from western Europe, northern Asia, and
Beringia to the Yukon (Alaska), was the world’s largest vegetation biome for
much of the late Quaternary and hosted the period’s most iconic fauna. This includes
its namesake, the wooly mammoth (Mammuthus primigenius), extinct steppe bison
(Bison priscus), and wooly rhino (Coelodonta antiquitatis), as well as a handful of
extant species (e.g., muskox Ovibos moschatus, saiga Saiga tatarica, reindeer
Rangifer tarandus, and onager Equus hemionus). Many of the largest species were
specialized grazers, and it is believed that grazing pressure by megaherbivores,
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especially mammoth and rhino, may have helped to maintain open steppe environ-
ments during glacial phases (e.g., Guthrie 2001; Zimov 2005).

Yeakel et al. (2013) used stable isotope ratios and bipartite network analysis to
show that population fluctuations of herbivore species before, during, and after the
Last Glacial Maximum (~26,000-19,000 years ago) cascaded upwards into the large
carnivore guild. For example, large felids in Europe (cave lion Panthera spelea, and
saber-tooth felid Homotherium serum) show shifts towards reindeer-dominated diets
after the Last Glacial Maximum in response to declining availability of other prey
items. Yeakel et al. (2013) suggest that this post-glacial dietary specialization may
explain the eventual disappearance of large felids from Eurasia, assuming that niche
specialization makes species more prone to extinction. This also explains why
generalist carnivores (Canis and Ursus) survived the late Quaternary and are still
found in the region today. Prey-loss as an extinction driver of cave lions was also
discussed by Stuart and Lister (2011) in their review of this taxon.

Other studies show how the collapse of the mammoth steppe fauna could also
cascade downwards, all the way to invertebrate and vegetation communities. An
interesting study by Sandom et al. (2015) used fossilized beetle remains from Great
Britain to test the contested ‘wood-pasture hypothesis’, which proposes that a high
diversity and density of large-bodied herbivores during interglacial phases of the late
Quaternary was associated with heterogeneous vegetation. They found that beetle
assemblages from the Last Interglacial (~132,000-110,000 years ago) document a
mixture of semi-open vegetation consisting mainly of grassy woodlands, and that
beetles reliant on herbivore dung sources comprise over 50% of assemblages,
speaking to a diverse and abundant large herbivore community. On the other hand,
beetle assemblages from the early Holocene (~10,000-5000 years ago) contained
taxa mainly indicative of closed forest conditions, with dung-consuming beetles
comprising only 29% of fossil assemblages. These results suggest that large mam-
mals were sufficiently abundant during past interglacial periods to prevent the
formation of large stands of closed forest. The prevalence of forests during the
early Holocene is likely related to the fact that this period post-dates the extinctions
in Eurasia, thus having a significantly lowered diversity and abundance of large
herbivores to exert varied browsing and grazing pressures, including limiting tree
recruitment (Sandom et al. 2015).

A study by Schweiger and Svenning (2018) used a similar record of Eurasian
dung beetle assemblages to ask whether downsizing of large herbivore communities
during the late Quaternary reverberated into invertebrate communities. They showed
that over the last ~50,000 years, the mean body size of fossil dung beetle assem-
blages gradually declined before abruptly crashing after the Pleistocene-Holocene
boundary, which corresponds to the termination of prehistoric mammal extinctions.
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3.4 Synthesis, Conclusions, and the Future

Our review suggests that the disappearance of the majority of Earth’s large-bodied
herbivores during the late Quaternary fundamentally altered the structure and func-
tioning of ecosystems. Though the underlying drivers and exact chronology of
extinctions varied between Australia, North America, and northern Eurasia, many
of the ecological outcomes of extinctions are shared between them, which speaks to
some degree of universality of the impacts of browsing and grazing mammals. First,
the disappearance of large herbivores fundamentally alters fire regimes and vegeta-
tion communities, keeping in mind that there were important feedbacks between the
two (e.g., Gill et al. 2012), as was seen in the late Quaternary of both Australia and
North America. Second, high herbivore diversity and abundance can maintain
heterogeneous vegetation across landscapes, whereas the decline and subsequent
disappearance of large mammals may have led to homogenization of plant commu-
nities. Third, herbivore losses have cascading effects on both higher and lower
trophic levels. Losses of herbivorous large mammals are clearly linked to the
collapse of large carnivore guilds in North America and Eurasia, but also to
invertebrate communities that have mutualistic relationships with them (e.g., dung
beetles). Such effects are likely to cascade through food webs as large carnivores
provide important scavenging resources for smaller carnivorous species, whereas
dung beetles play important roles in nutrient cycling and secondary seed dispersal.
Fourth, as was seen in both Australia and North America, the disappearance of large
herbivores severely hinders the ability of many large fruit-bearing plant species to
disperse, leading to lower recruitment and in some cases near-extinction in the wild.
Though not discussed here, this anachronism is well-known in South America where
extinct proboscideans once roamed, and many large fruits lack dispersers today
(Janzen and Martin 1982; Pires et al. 2018).

The examples from global late Quaternary extinctions reviewed here underscore
the important role of large herbivores in maintaining ecosystem diversity, function-
ality, and stability. Such late Quaternary ‘natural experiments’ assume even greater
relevance today considering that many extant large herbivores are declining and at
risk of extinction. When plotting the body mass of present-day herbivorous large
mammals by their International Union for Conservation of Nature (IUCN) Red List
status (Fig. 3.3), we see that many of the very largest species are of major conser-
vation concern (i.e., listed by the IUCN as Vulnerable, Endangered, or Critically
Endangered). Across the globe, these species are being decimated by human
populations via bushmeat hunting, deforestation, and the establishment of agricul-
tural lands and associated with habitat change and competition with domestic
livestock (Ripple et al. 2015). Indeed, it is now generally accepted that the decline
and disappearance of the world’s remaining large mammals will likely be a hallmark
of Earth’s human-induced sixth mass extinction over the next century (Barnosky
et al. 2011; Ceballos et al. 2015).

Though mitigating current and future extinctions are of high conservation signif-
icance in terms of both taxonomic and phylogenetic diversity (e.g., Davis et al.
2018), of greater importance is preserving the ecological roles and interactions of
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Fig. 3.3 Body mass histogram (log g) for extant large herbivores, colour-coded by their conser-
vation status according to the International Union for Conservation of Nature (IUCN) Red
List. Silhouettes represent a handful of threatened species. From left to right: addax (Addax
nasomaculatus), babyrousa (Babyrousa togeanensis), Baird’s tapir (Tapirus bairdii), wild ass
(Equus africanus), black rhino (Diceros bicornis), and African savanna elephant (Loxodonta
africana). Data from Faurby et al. (2018)

these species (Estes et al. 2011). A newly emerging subdiscipline of conservation
biology and restoration ecology known as ‘rewilding’ seeks to restore the lost
ecological functions of taxa that have been extirpated or driven to extinction by
human activity. Though there is vigorous debate about what baseline we should use
to rewild landscapes (e.g., Pleistocene vs. pre-Industrial Revolution baselines), the
potential benefits of large herbivore reintroductions are clear (Svenning et al. 2016).
This has sometimes been done through the reintroduction of formerly native species
(e.g., Bison bonasus in European forests), and conservationists are now increasingly
open to the idea of using introduced (non-native) species for restoring vacated
ecological roles and restoring lost ecosystem functionality (Wallach et al. 2018). It
is well understood that we do not yet know enough about the potential ecological
function of such introduced large mammals, and that future research in modern
systems is essential (Lundgren et al. 2018). We agree, and note that a better
understanding of ancient systems can also help in our efforts to sustain biodiversity
into the future.
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Chapter 4 )
Morphological and Physiological e
Adaptations for Browsing and Grazing

Daryl Codron, Reinhold R. Hofmann, and Marcus Clauss

4.1 Introduction

Woody plants and grasses are two functionally, and ecologically distinct, components
of terrestrial vegetation. For herbivores, these represent two distinct food groups—
browse and grass, which differ in spatial distribution, architecture, height above
ground, physico-mechanical, biochemical and fermentative properties, presenting dif-
ferent challenges and constraints to the animals that feed on them. Browse includes
forbs and other non-woody dicots like herbs because, in many ways, these are
structurally and biochemically similar to corresponding parts of woody plants. That
large mammal herbivores, restricting our discussion to members of the ‘ungulate’
orders Proboscidea, Hyracoidea, Perissodactyla, and Artiodactyla, differ in feeding
styles, with respect to whether species consume primarily browse or grass, was
recognized early on, based on field studies of species’ diet compositions in free-
ranging environments (Van Zyl 1965; Gwynne and Bell 1968). But it was the work
of Hofmann (Hofmann and Stewart 1972; Hofmann 1973, 1989) that truly formalized
concepts that browser and grazer species have unique morphophysiological traits
representing evolutionary adaptations to foraging differentially on browse or grass.
The evolutionary significance of browsing and grazing is generally understood,
and debated, within the context of a morphophysiological adaptive landscape. Traits
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including body size, tooth and skull anatomy, morphophysiology of the gastrointes-
tinal tract, and even various behavioural and ecological characteristics of large
mammal herbivores, have been linked, both functionally and statistically, with
browsing and grazing diet niches (Fortelius 1985; Gordon and Illius 1988; Janis
1988; Janis and Ehrhardt 1988; Hofmann 1989; Spencer 1995; Reed 1996; Owen-
Smith 1997; Brashares et al. 2000; Clauss and Lechner-Doll 2001; Clauss et al.
2002; Mendoza et al. 2002; Clauss et al. 2003b; Mendoza and Palmqvist 2006;
Clauss et al. 2008a; Mendoza and Palmqvist 2008; Clauss et al. 2009¢, 2010a;
Codron and Clauss 2010; Fraser and Theodor 2011; Hummel et al. 2011; Kaiser
et al. 2013; Dittmann et al. 2015; Lazagabaster et al. 2016; Meier et al. 2016). Traits
are often found to be convergent, across unrelated taxa or clades, making the
ungulates one of the most conspicuous examples of adaptive radiation in the animal
kingdom.

Some views have favoured an alternative model for herbivore differentiation, a
diet quality-based niche structure driven by differences in feeding selectivity linked
to body size (Gordon and Illius 1994; Robbins et al. 1995; Gordon and Illius 1996;
Pérez-Barberia and Gordon 2001; Pérez-Barberia et al. 2001; Codron et al. 2007;
Clauss et al. 2013). However, such a concept is mostly reconcilable with a browser-
grazer based differentiation if one accepts that feeding selectivity (selective/unse-
lective), and botanical composition of the diet do not covary, but that there may be
unselective browsers and selective grazers (Demment and Longhurst 1987).
Allowing for variability in selectivity within the botanical niche largely adds to
our understanding of browser-grazer differences (Codron et al. 2007).

The process of large mammals acquiring nutrients from plant foods starts with
ingestion (locating and biting food), followed by extensive oral processing, and
finally achieving a level of digestive fermentation which is more intense than occurs
in any other animal group (Karasov and Martinez del Rio 2007). The number of
traits that have been discussed in this context is vast (in compiling data for this
Chapter alone we collected data for a total of 155 variables!). However, the func-
tional and/or statistical relevance (in terms of diet niche) of many of these charac-
teristics is not always clear, and in fact dubious in many instances. A comprehensive
review of the topic was presented more than a decade ago (Clauss et al. 2008b),
which recognized multiple mismatches, in that several concepts linking traits to
dietary function, while contributing substantially to the overall narrative, were not
supported by empirical/statistical evidence. In this Chapter, we present a large set of
statistical analyses of an up-to-date collection of datasets, allowing us to revisit old
hypotheses, and to address recent developments over the past decade. This Chapter,
therefore, complements the discussion presented in Clauss et al. (2008b), and we
encourage readers to consult both to gain a complete perspective on herbivore
adaptation. We reflect on specific anatomical and physiological features of browsing
and grazing herbivores that allow them to overcome foraging challenges associated
with each of the three stages, in succession, of foraging—ingestion, oral processing,
and digestion.
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4.2 Linking Form and Function

Any predicted link between an anatomical (or physiological) trait and diet niche,
i.e., an association derived from the expected functional relevance of the trait, can be
interrogated through one of two approaches: experimental or comparative. Experi-
mental approaches seek qualitative changes in traits following manipulation, from
feeding experiments and, potentially, defaunation, up to surgical removal of organs,
to determine their function by observing the effect of their diminution or absence
(Trautmann and Schmitt 1935; Sakaguchi et al. 1981; Tahas et al. 2017, 2018). Such
approaches offer the most definitive support for functional significance of traits, for
example, demonstrating that tooth wear in non-ruminants is more strongly
influenced by external (grit) rather than internal (silica in forages) abrasives (Miiller
et al. 2014, 2015; and see Saarinen Chap. 2). But, in this example, the experiments
do not tell us whether wear-resistant features of herbivore teeth evolved, in response
to a shift in diet (to include foods with a higher grit load), or to prevailing
environmental conditions. In any case, for mostly logistical reasons, only a few
traits have, so far, been subject to such experimental manipulation. A more conve-
nient hypothetico-deductive approach is the comparative method, a widely-used
approach for studying adaptive trends in evolutionary biology (Harvey and Pagel
1991). Here, the relationship between traits and diet niches, across species, are
evaluated statistically, and rejection of the null hypothesis allows us to conclude
the value of the trait is an adaptive response to diet, or to something for which diet is
a proxy.

4.2.1 Definition of Herbivore Diet Niches

Statistical evaluations of niche-trait associations, in herbivores, have relied on one of
two ways to categorize diet niches. On the one hand, a categorical distinction can be
made between browser and grazer species. This categorical usage is typical of most
earlier studies (reviewed in Clauss et al. 2008b). In this scheme, mixed- or
intermediate-feeders, species that regularly feed on both browse and grass, or switch
diets across habitats and/or seasons, can be treated as a third category of feeding
style. A categorical approach is not only heuristically valuable in reducing complex
diets to simple rules, but has the advantage of being relatively non-sensitive to
dietary variations within any one species. On the other hand, diet niches can be
viewed as a continuum along the browser-grazer axis, typically depicted by the
average percentage grass in the natural diet of each species (Janis 1995; Van Wieren
1996a; Clauss et al. 2003b; Pérez-Barberia et al. 2004). A continuous classification
of diets has been favoured by most recent studies, especially following the intro-
duction of new methods, such as stable carbon isotope analysis, that provide rapid
estimates of proportions of browse:grass consumption, at least in subtropical
savanna environments dominated by C4 grasses (Cerling et al. 2003; Sponheimer
et al. 2003; Codron et al. 2007, 2008b; Lazagabaster et al. 2016). The advantage of
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such an approach is that arbitrary boundaries between niche categories do not need
to be established a priori; in a categorical scheme, the question is always at which
level of browse/grass intake can a species be classified as a browser or grazer (75%?7;
90%?).

In this Chapter we adopt the latter approach, representing the current state of the
field, but also because the ‘continuous diet niche’ relaxes the assumption that
species’ niches (sensu Hutchinson 1959) are fixed. That is, we recognize that
adoption of a specific trait does not prevent a species from feeding in a different
niche space, depending upon circumstance. It simply means the species should be
more efficient, i.e., more competitive, in the primary niche space to which it is
adapted (Codron and Clauss 2010; Damuth and Janis 2011). At the same time, it
should be noted that any morpho-physiological trait that may have evolved as an
adaptation to a particular diet niche, does not necessarily reflect the average of that
niche. In many instances, the trait may simply represent a threshold, above or below
which a herbivore may become more efficient in a particular niche. While testing
predictions about such nonlinear relationships requires the development of trait-
specific models, outside the scope of a large-scale set of analysis such as we present
here, treating diet as a continuous variable is a step closer towards achieving this
ultimate goal.

4.2.2 Adaptive Value of Morphophysiological Traits

When dealing with a large number of traits, some authors have employed multivar-
iate statistics to determine whether these can distinguish between herbivore feeding
styles (Spencer 1995; Mendoza et al. 2002; Mendoza and Palmqvist 2006; Fraser
and Theodor 2011), and indeed between diet niches, of other taxonomic groups
(Stayton 2006; Martin et al. 2016). These methods offer cursory insights of relative
species positions over the adaptive ‘morphospace’ landscape, but cannot link any
single trait with a specific function, and so cannot explicitly resolve the relevance of
particular traits. Univariate analyses, on the other hand, may be misleading in this
regard, in cases where traits have developed as compensatory characteristics that
evolved to accommodate features that do have a direct link to feeding behaviour
(Raia et al. 2010). Actually, such compensation is also likely to raise, spuriously, the
‘goodness-of-fit’ of multivariate models as well. We have tried here to limit our
discussion to only those traits for which there is a specific hypothesis about their
functional relevance as a feeding tool, with some exceptions, which we note below.
Additionally, we provide some examples of correlations between individual traits
that we consider meaningful.

Comparative analyses, with species as the biological unit of interest, are
performed on datasets that are inherently non-independent because species’ traits
are inherited from common ancestors (Garland et al. 2005). A common way to
overcome this is to estimate the correlation between a trait/s and the study group’s
phylogenetic tree (Pagel 1999; Garland et al. 2005; Lajeunesse 2009). We follow the
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method employed by most recent studies on browser-grazer adaptation, using
Phylogenetic Least Squares Regression (PGLS) of the caper package for R (Orme
et al. 2013). Note, though, that from a deductive perspective, PGLS differs from
non-phylogenetically controlled analysis, e.g., Generalized Least Squares (GLS),
primarily in that only the former can be used to infer evolutionary convergence. By
contrast, lack of a significant relationship between mean percentage grass in the diet
with a specific trait does not necessarily mean lack of an adaptive response: the trait
may well have evolved as a response to diet, but only within a specific clade that
dominates the dataset. Therefore, we also provide results from GLS when these
differ from PGLS.

4.2.3 Body Size

Body size is one of the most fundamental biological traits of species, influencing not
only variables that reflect size, but also many characteristics related to physiology,
shape and even ratios of two variables. In some approaches, particularly those
expecting an effect of diet quality, body size has been treated as an alternative to
diet niche as an explanatory factor for trait differentiation (Gordon and Illius 1994;
Pérez-Barberia and Gordon 2001). Others take body size as a factor determining diet
niche itself, with browsers being small and grazers being large, although recognition
that browsers are represented across the herbivore size spectrum means that such an
approach is not always substantiated. Figure 4.1 shows the typical pattern—while
among very small species, there are no strict grazers, and among larger species, there
are less browsers, there is no clear constraint put on feeding type by body mass. Here
we treat body size as a covariate in all analyses, using body mass (log;o-transformed)
as a proxy for size. This approach not only allows for patterns to be inferred while
controlling for body size variations across species, but—for traits which are also
log-transformed—provides estimates of allometric scaling exponents (slopes in
log-log regressions). Detailed discussion of differences in allometric scaling is
outside our scope, but presentation of these results should be useful for stimulating
further discussion about herbivore adaptations.

4.2.4 Data Compilation and Analysis

We compiled a database, from the published literature, of anatomical and physio-
logical measures, as well as mean percentage grass in the natural diet. Additionally,
we collated previously unpublished ruminant data on measures of the palate, the
cranial and caudal rumen pillar thickness, the area of the intraruminal,
ruminoreticular and reticuloomasal orifices (IRO, RRO, and ROO, respectively;
calculated as ovals from two length measurements), the height of the Papillae
unguiculiformes, the larger curvature of the abomasum, and liver mass. In total,
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Fig. 4.1 Although there is a general linear relationship between body size and grazing amongst
large mammal herbivores, browser and grazer species exist at all points along the body mass range
(R = ruminants; NR = non-ruminants)

data for 188 large mammal herbivore species and 95 craniodental, skeletal, and soft
tissue characteristics that have been (or can be) hypothesized to differ across diet
niches were analyzed. The number of species included varied between datasets,
ranging from 10 to 135. The complete dataset, including traits not included as part of
our statistical analyses, is included as an electronic supplement with the online
version of this Chapter. For PGLS, a single mammalian ‘supertree’ was used for
phylogenetic correlation (Fritz et al. 2009b), pruned to incorporate the species
included in each data set. Lambda (A), depicting the strength of the phylogenetic
signal (0 = no signal, values approaching 1 = strong phylogenetic correlation), is
estimated using maximum likelihood estimates. We use a species’ mean body mass
(BM, in kg) as a proxy for body size, taking values reported in each study (where
available) or species’ means as reported in a global dataset (Smith et al. 2003).
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Herbivore digestive strategies are dichotomously distributed between ruminants
and non-ruminants (Clauss et al. 2015). Among large herbivores, non-ruminants are
primarily hindgut fermenters, barring the Hippopotamidae. Traits related, not only to
digestive physiology, but even biting and chewing of foods, are expected to respond
differently between ruminants and non-ruminants. In many instances, therefore,
studies have either been restricted to analysis of one group only (typically ruminants,
or even single families within the Ruminantia, e.g., Bovidae), or analyses have been
repeated on data subsets comprising species only from one group (Pérez-Barberia
et al. 2004; Codron et al. 2008b; Lazagabaster et al. 2016). Here, we adopt a nesting
approach, with digestive strategy treated as a binary variable within which BM and
percentage of grass are nested. Thus, we test explicitly for differences in adaptive
responses (differences in slopes) to percentage of grass between ruminants and
non-ruminants, and reduce Type I error rates that would otherwise be inflated by
conducting multiple analyses of overlapping datasets.

Ultimately, three models (four if both ruminants and non-ruminants are included
in the dataset) are tested for each trait: BM and percentage grass in the diet as single
effects, and BM + percentage grass as covariates. Model fits are compared by an
Information Theoretic approach, Akaike’s Information Criterion (AIC), applying
corrections for small sample sizes (denoted by the subscript ¢). Only models with
AAIC, < 2, where AAIC, is the difference in AIC, of a candidate model from the
lowest AIC, in the set, are reported when assembling tables of results (Burnham and
Anderson 2001; Burnham and Anderson 2002). Thus, if factors like percentage
grass, or ruminant vs. non-ruminant, do not feature in the best-supported models, we
exclude them as effects driving variation in the specific trait.

4.3 Ingestion

4.3.1 Searching: Perception and Posture

One of the few advantages of being an herbivore, as compared to a carnivore, is that
food is relatively easy to find, and it does not run away. This does not mean that
plants are defenceless against herbivory, just that herbivores do not require too much
in terms of perception and mobility when it comes to finding food. Nevertheless,
browse plants and grasses are distributed differently at landscape, patch, and bite
scales, presenting different searching and biting constraints for herbivores (Gross
etal. 1993; Shipley 2007). Whereas grasses grow more-or-less continuously within a
landscape or patch matrix, woody plants are more patchily dispersed. Browsers
should, therefore, spend more time searching and moving between foraging patches
than grazers. Whether browsers and grazers differ in sensory perception, as it may be
associated with locating different food types, has so far received very little attention
in empirical studies (Gordon 2003). Intuitively, we would expect that visual, hear-
ing, and olfactory senses of herbivores are more likely to represent predator-
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detection systems rather than peculiar adaptations for locating stationary food items.
Accordingly, brain and eye size, and indeed maximum visual acuity (determined by
the number of cones per degree of visual angle), is not related to the percentage grass
in species’ diets (Table 4.1).

When suggesting that grazers have a higher density of lingual taste buds, Hof-
mann (1988) also suggested that browsers should rely more on their sense of smell.
This hypothesis matches the finding that the area of the ethmoid bone is negatively
related to percentage grass intake (Table 4.1). An increased ethmoid area means a
larger area for nerves to be conducted to the nose and, ultimately, a more acute sense
of smell. The resulting interpretation that, for diet selection, grazers rely more on
their taste and browsers more on their smell, matches the concept that grasses contain
less anti-digestive or toxic substances, and hence may not exert a strong selective
pressure to evolve a pre-ingestive detection system (Fowler 1983; Mlambo et al.
2015).

Given the difference in spatial distribution of their foods, browsers and grazers
could also be expected to differ in mobility. While limbs, particular hind limbs, tend
to be longer amongst grazers (Table 4.1), such results should be treated with caution
because many elements of limb morphology, including length, likely reflect the
habitats in which species live. That is, grazers typically live in more open habitats
and thus should be expected to take flight more often than browsers, which may
often avoid predation simply by hiding. On the other hand, grasses are a seasonal
resource, dying back in dry seasons (Tainton 1999). For this reason, grazing species
are more often migratory, moving several hundred, or thousand, km to alternate
foraging areas during limiting periods (Avgar et al. 2014); a phenomenon which
could, in part, explain their longer limbs.

4.3.2 Biting: Face, Mouth, Lips, Tongue, and Palate

Browse and grass occur at different heights above ground. With the evident excep-
tion of bamboo, grasses are generally at, or near, ground-level, whereas browse
foods are more heterogeneously distributed in vertical space, from trees of several
metres in height to forbs located at or even below the grass layer (Tainton 1999). A
vertical feeding height stratification amongst browser species accounts for, in part,
the massive variation in body size of these animals (du Toit 1990). Grasses,
however, are somewhat bimodally distributed in this regard, between tall, and
short or ‘lawn’ grasses, and a feeding height stratification of grazers has been
hypothesized from field studies (Bell 1971; Prins and OIff 1998; Murray and Illius
2000), and from investigations of craniodental morphology (Codron et al. 2008b).
The various spatial arrangements of leaves, and fruit, of woody plants also means a
more heterogeneous architecture than in grasses, in terms of individual bites
presented to herbivores. Hence, grazers are typically expected to be less selective
foragers, taking larger—and probably more nutritionally homogeneous—bites than
browsers. A possible exception is amongst grazers feeding on low quality grasses—
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often the taller, more fibrous grass taxa. In these cases, leaf:stem ratios are lower than
amongst lawn grasses, meaning a lower nutritional value overall (because grass
stems are generally tougher, more fibrous, and less proteinaceous than grass leaves)
(Macandza et al. 2004; Benvenutti et al. 2006), and a possible requirement for
smaller, more selective bite sizes in grazers feeding on this resource.

A more regular ground-level feeding behaviour of grazers is best reflected in the
braincase angle—the angle between the basioccipital bone and the palate
(Lazagabaster et al. 2016). A more acute angle translates into a steeper orientation
of the jaw relative to the skull, and hence a strong negative relationship exists
between the braincase angle and percentage grass in the diet (Table 4.2).

Feeding height differences between grazers and browsers are reflected, not only
in head posture, but also the shape and size of the face. Grazers are expected to have
a longer face than browsers, allowing the former to crop bites from short grasses,
even during die-back in the dry season (Spencer 1995; Schuette et al. 1998). Even
after accounting for species differences in body size, face depth, represented by the
region in front of the orbit (measured as the distance between the orbit and the
premolar-molar transition), increases across species with higher percentage grass in
the diet, but less so in ruminants than in non-ruminants (Table 4.2). Also, amongst
ruminants, browsers have a wider distance between the last molars than do grazers
(see max palate width, Table 4.2), suggesting a more pointed face shape in browsers.
A classic explanation for this finding is a typical bauplan constraint (e.g., Janis
1995): in order to accommodate the larger teeth of more hypsodont species (mostly
grazers, see below), the orbita has to be moved posterior to the tooth row, leading,
for example, to a negative relationship between the hypsodonty index and the
masseteric fossa:face length ratio (Fig. 4.2a). Another measure that could be con-
sidered related to face depth, the length of the palate (either as total length, or as the
length of the rugated portion), available for ruminants only, did not show a relation-
ship with percentage grass intake (Table 4.2), which is in line with these measure-
ments being independent from the orbita’s position. This can be interpreted as an
indication that it is the mentioned bauplan constraint, and not a general requirement
for a snout, that leads to longer skulls in grazers.

The length of the rugated portion of the palate (anterior to the maxillary tooth
row) corresponds somewhat to the length of the diastema (the distance between the
base of the third incisor and the most anterior premolar present; Fig. 4.2b). The
diastema has been hypothesized to be longer in grazers (Mendoza et al. 2002),
although the functional relevance of this is unclear. We hypothesize that the dia-
stema is linked to a functional dichotomy of the dental apparatus (Hemae 1967)—
cropping by the incisors on the one hand, which requires that incisors can be brought
into occlusion without impediment from the cheek teeth, and grinding movements of
the cheek teeth on the other hand, which should not lead to concurrent incisor
attrition. In species in which interlocking canines prevent a wide lateral grinding
chewing stroke, such as suids, peccaries, hippos or tapirs (Kiltie 1981; Fortelius
1985; Herring 1985), this functional dilemma does not apply. The evolutionary loss
of upper incisors in ruminants (including camelids), and the extremely loose fit of
overhanging ‘hinged’ upper canines in those ruminant species that have them
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Fig. 4.2 Proxies for face depth (e.g., masseter:fossa face length ratio) are negatively related to M3
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and with the size (mass) of the masseter (d). Diastema, palate and tooth row lengths are presented
relative to BM?*, and masseter mass relative to BM®7>

(Aitchison 1946), can be interpreted as adaptations to avoid disruption of the lateral
chewing stroke by the front teeth. The cropping function of the anterior teeth is
possible in species with a transverse chewing stroke because the mandible is
generally less wide than the maxilla, and cheek teeth, therefore, are not in full
occlusion when the incisors are. One important aspect of the transverse chewing
stroke, in those herbivores that have it, is that it is not a strictly horizontal lateral
movement, but, due to the inclination of the cheek teeth surface, a movement with
both horizontal and vertical components. A longer diastema will increase the
distance between front teeth due to the vertical component of the chewing stroke.
If we accept that grazers generally have a lower occlusal relief in their cheek teeth
(Fortelius and Solounias 2000), i.e., potentially a lesser vertical deflection during the
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chewing stroke, a longer diastema would, theoretically, compensate for this, ensur-
ing the distance between the front teeth. If this was a major function of the diastema,
we would also expect this effect to be larger in non-ruminants (with upper incisors)
than in ruminants (without upper incisors). However, although the corresponding
interaction terms indicated a shorter diastema in ruminants, diastema length was only
significantly related to diet in GLS but not in PGLS, and neither was the diastema:
cheek tooth row length ratio (Table 4.2), suggesting that it is not an important
correlate of diet.

The shorter, more pointed face and mouth of browsers can be linked to a more
selective feeding behaviour, aiming for leaves or fruits of relatively higher nutri-
tional value, while attempting to avoid less nutritious stems, and defensive spines,
within the available browse matrix. Consequently, browsers also have a relatively
longer mobile portion of the tongue (Table 4.2), assisting with selective biting and
with stripping leaves from spiny branches (Meier et al. 2016). Clearly, non-selective
browsers such as elephants (although these animals also eat grass, and are more often
classified as intermediate-feeders) lack this type of facial ‘pointiness’, and while
their trunks do add to dexterity while foraging, they rely more on bulk intake of even
low quality items like bark (Codron et al. 2006; Pretorius et al. 2016).

The biting apparatus of grazers reflects cropping of resources near the ground.
Grazers have wider incisors, and a more protrusive incisor arcade (Table 4.2), that
acts almost as a spade during cropping (Gordon and Illius 1988; Pérez-Barberia and
Gordon 2001), and have a wider muzzle (represented by the absolute width of the
premaxilla, the ratio of dentary length:breadth, or the ratio of muzzle:palate width,
all showing the same relationship to diet; Table 4.2). Within ruminants, both the
palate and the tongue showed a maximum:minimum width ratio (i.e., an hourglass
shape) that increased with percentage grass intake (Table 4.2). However, the rela-
tionship only occurs in GLS for the tongue, and the two measures are not correlated
with each other (Pearson’s r = —0.125, p = 0.398), hence the relevance, if any, of
the hourglass shape for the natural diet is not clear.

Amongst non-ruminants, the response of the face depth/muzzle width complex to
percentage grass in the diet is stronger than amongst ruminants (steeper slopes for
non-ruminants; Table 4.2). In an analysis that evaluated relationships between
craniodental metrics with a presumed feeding height proxy amongst grazers, Codron
et al. (2008b) showed that wide muzzles, and a steeper mandibular angle (a more
direct measure of jaw position relative to the horizontal plane than the braincase
angle), are most extreme amongst short/lawn grass grazers (principally the bovid
tribe Alcelaphini—wildebeest (Connochaetes spp.), hartebeest and their kin). By
contrast, members of the Hippotragini (specifically roan antelope Hippotragus
equiinus and sable antelope H. niger) and Reduncini (waterbuck and reedbuck)
have less-derived versions of these traits, almost resembling browsers. Subse-
quently, the evolution of at least two distinct evolutionary pathways to grazing
(including between the Alcelaphini vs. Hippotragini/Reduncini clades) was detected
in a phylogenetic analysis of African bovid diet niches (Louys and Faith 2015). If
one extends this concept to include non-ruminants, the stronger response to percent-
age grass intake can be explained as a function of many non-ruminant grazers being
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large-bodied, ground-level ‘lawnmowers’, that use their wide mouths and prehensile
lips to crop large mouthfuls, as especially evident in the square-lipped rhinoceros
Ceratotherium simum or the common hippopotamus Hippopotamus amphibius
(Owen-Smith 2013).

4.3.3 Intake Amount and Feeding Time

So far, we have mentioned intake quantity mainly as a function of variations in
potential bite size. Such functions are not trivial, since bite size is the basic unit of
intake for herbivores (Shipley 2007; for carnivores, ecological roles are determined
more by the number of prey individuals taken). Nonetheless, for herbivores, for
which the relatively low nutritional quality and digestibility of food is a limiting
factor, achieving large amounts of total biomass intake is the primary foraging goal.
In herbivores, intake scales higher than metabolic rate (i.e., at a scaling exponent
higher than 0.75), which is possible because gut capacity also scales higher than
metabolic rate (Miiller et al. 2013; and see Table 4.3). Indeed, daily dry matter intake
of mammalian herbivores is an order of magnitude greater than for similar-sized
carnivores (Codron et al. 2016), the latter consuming diets of higher digestibility and
digestible energy content. Consequently, herbivores require digestive tracts of larger
volume (Chivers and Hladik 1980; Clauss et al. 2017). If one postulates a difference
in digestible energy content between browse and grass, then one would also expect a
corresponding difference in intake levels and gut capacity between browsers and
grazers. So far, the available data for food intake from feeding experiments do not
suggest such a difference (Table 4.3). This most likely reflects the fact that, although
grass often contains higher digestible energy levels than browse (Hummel et al.
2006), regional, seasonal, plant species and plant part variability is so high (Paine
et al. 2018) that food-specific intake levels would be senseless. Additionally, intake
is often not aimed at meeting maintenance, but at maximizing energy gain, and,
therefore, increases with forage diet quality in experimental settings (Van Soest
1965; Meyer et al. 2010). To judge whether intake really differs systematically
between browser and grazer species, systematic feeding experiments aimed at
specifically this question would probably be required.

By contrast, another characteristic of browse and grass, namely the speed at
which the material can be fermented, has a more evident effect: browse typically
reaches its maximum fermentation gain faster than grass (Hummel et al. 2006).
Therefore, it makes sense that ruminant browsers have a higher frequency of feeding
bouts, to faster replace the material that is digested quicker, whereas ruminant
grazers have fewer, longer feeding bouts (Table 4.3). Differences in bout frequency
between browsers and grazers also reflect differences in digestive strategies
(Hummel et al. 2006; and see below), such as larger forestomach capacities in
ruminant grazers.

As far as we are aware, differences in intake requirements of short- vs. tall-grass
grazers have not been investigated. Theoretically, however, these two grazer types
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should achieve different instantaneous intakes at different feeding heights, with
species like wildebeest achieving higher intake at lower sward levels than sympatric
medium- or tall-grass grazers like hartebeest (Alcelaphus and Damaliscus spp.)
(Murray 1993; Murray and Illius 2000), or even Reduncini and Hippotragini.
Amongst non-ruminants, however, no difference in instantaneous intake was
achieved by horses of three body size classes feeding at varying sward heights
(Fleurance et al. 2009). Taking ever-increasing bite sizes during cropping might be
a feature unique to ruminant grazers, and could explain the smaller effect of
percentage grass in the diet on traits like muzzle width than in non-ruminants.
Similarly, differences in cheek tooth anatomy—although these function mainly in
chewing—reflect differences in bite sizes. In particular, ruminant grazers have
reduced premolars compared to ruminant browsers (Table 4.4: premolar:molar row
length ratio), possibly enabling larger bite sizes (Janis and Constable 1993; Reed
1996; Codron et al. 2008b; Copeland et al. 2009; Lazagabaster et al. 2016). The
emphasis of mastication is then shifted to the back of the mouth (see below).
Amongst tall-grass ruminant grazers, however, the premolar row is not reduced in
this way, probably because of the smaller bite sizes these species achieve while
cropping (Codron et al. 2008b). Similarly, non-ruminants do not have reduced
premolars, which has been hypothesized as reflecting a requirement for higher
food intake with instantaneous ingestive mastication than in ruminant grazers
(Janis and Constable 1993). We view the relatively large premolars of
non-ruminant grazers and of tall-grass ruminant grazers as convergent, both not
necessarily reflecting a greater intake, but smaller, more consistent bite sizes, and an
evenness of the distribution of chewing emphasis throughout the front and back of
the mouth. This would also explain why intake rates of horses did not vary across
sward heights.

4.4 Oral Processing
4.4.1 Chewing

Mammalian herbivores, more than any other animal group, rely on chewing as a
necessary process in preparing food for digestion (Reilly et al. 2001). The main
purpose of extensive mastication is to reduce ingesta to smaller particle sizes,
enabling passage through the gastrointestinal tract and, more importantly, increasing
the total surface area for fermentation by microbiota in the gut. Therefore, reducing
digesta particle size is a means for herbivores to reduce the need for long digesta
retention times (Clauss et al. 2009d), a trade-off particularly evident when compar-
ing non-chewing herbivorous reptiles that have large digesta particles and long
retention times, with herbivorous mammals that chew their ingesta and have smaller
digesta particles and shorter retention times (Fritz et al. 2010; Franz et al. 2011).
Among mammals, ruminants achieve distinctively finer particles in the lower diges-
tive tract than non-ruminants (Fritz et al. 2009a; Clauss et al. 2015). Although a first
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study with zoo animals indicated a more distinct particle size reduction in large
ruminant grazers compared to browsers (Clauss et al. 2002), no similar difference
was found between grazing and browsing rhinos (Steuer et al. 2010), and further
studies with naturally feeding ruminant species did not reveal any difference in
particle size between feeding types (Hummel et al. 2008; Lechner et al. 2010),
indicating that ruminant browsers are only less efficient chewers on diets fed to
them in captivity.

4.4.2 Cheek Teeth

Herbivores have evolved large, robust cheek teeth (premolars and molars) for
chewing, and an extraordinary level of morphological diversity, across species and
clades, is seen, even in early Eocene forms (Jernvall et al. 1996; and see Saarinen
Chap. 2). Cheek tooth morphology has received perhaps the most research attention,
in terms of traits that represent adaptations to various diet niches (Fortelius 1985;
Janis 1988; Archer and Sanson 2002; Heywood 2010b; Kaiser et al. 2010).

One of the most common classifications of herbivore cheek tooth morphology is
to separate species with low-crowned ‘brachydont’ from those with high-crowned
‘hypsodont’ teeth. Hypsodonty, usually measured as the ratio of the enamel crown
height:occlusal width ratio of the M3 (the hypsodonty index), is associated with
wear-resistance—an adaptation to ensure that sufficient enamel remains in occlusion
throughout the life of the animal (reviewed in Damuth and Janis 2011). Therefore,
hypsodonty is expected to be higher in species that consume more abrasive foods, as
well as species in which attrition (wear that occurs from tooth-on-tooth contact
during occlusion) is higher, although the latter has not been measured empirically.
A positive relationship between the hypsodonty index and percentage grass in the
diet (Table 4.4), based on the presumption that grasses are more abrasive foods than
browse, has been shown repeatedly (Cerling et al. 2003; Sponheimer et al. 2003;
Codron et al. 2007; Clauss et al. 2008b; Hummel et al. 2011; Kaiser et al. 2013;
Lazagabaster et al. 2016). The hypsodonty index is probably the most widely-used
proxy for interpreting diet niches of fossil mammals (Janis 1995; Palmqvist et al.
2003; Cerling et al. 2005; Janis 2008; Damuth and Janis 2011; and see Saarinen
Chap. 2); a correlation between changes in percentage grass in the diet (or inferred
from grass availability) and hypsodonty, over geological time scales, has even been
found within lineages (Feranec 2003; Stromberg 2006). The development of a high-
crowned M3 itself need not be interpreted as a factor restricting the diet niche; in
most datasets, many intermediate-feeding species have as high a hypsodonty index,
or even higher, than many grazers (Janis 1988; Copeland et al. 2009). Thus, even if
the evolution of hypsodonty evolved at faster rates amongst grazing species, the trait
does not preclude browsing, and so a high molar crown is probably an attractive
option for all herbivores, to facilitate a broader niche (Feranec 2007; Rivals et al.
2010; Damuth and Janis 2011).
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One factor driving the association between the hypsodonty index and percentage
grass intake is that plant silica bodies (phytoliths), which are more abundant in
grasses (Hodson et al. 2005), wear down tooth enamel. There has been discussion on
whether phytoliths are harder than tooth enamel or not, and whether they can lead to
tooth wear (for this reason, or irrespective of a hardness difference), or whether
external abrasives (dust, grit) are more likely causative agents for cheek tooth wear
(Baker et al. 1959; Mainland 2003; Sanson et al. 2007; Damuth and Janis 2011;
Lucas et al. 2013; Erickson 2014; Rabenold and Pearson 2014; Xia et al. 2015). On
the one hand, dental wear was caused in feeding experiments, in non-ruminants, by
both diets with high phytolith and high external abrasives content (Miiller et al.
2014, 2015). A similar result was produced in an in vitro study—using a chewing
machine with horse teeth (Karme et al. 2016), and in an experiment with sheep—
sand added to a hay diet led to changes in tooth microwear (Hoffman et al. 2015). On
the other hand, other experimental findings suggest that external abrasives have less
of an effect on the teeth of ruminants than expected, based on the findings in
non-ruminants (Merceron et al. 2016; Ackermans et al. 2018). It has been suggested
that ruminant digestive physiology reduces the effect of dust and grit on molar wear,
because these external abrasives are probably washed off the plant material in the
rumen before it is regurgitated for rumination. This hypothesis could explain why
ruminants chew more cursorily during ingestion and more systematically during
rumination (Dittmann et al. 2017), and why ruminant grazers are generally less
hypsodont than non-ruminant grazers (Table 4.4), but this hypothesis awaits direct
testing.

The higher hypsodonty index of grazers is interpreted as a response to 1) ground-
level feeding and ii) changing environmental conditions, with hypsodonty being
greater in more arid and ‘dusty’ environments (Mendoza and Palmqvist 2008;
Damuth and Janis 2011; but see results in Sanson and Read 2017 for lack of
differences in buffalo Syncerus caffer tooth wear across substrates). As such, the
hypsodonty index has been interpreted as a trait linked to species’ habitats, rather
than diet niches per se (Mendoza and Palmqvist 2008; Kaiser et al. 2013), and it has
been promoted as a proxy for resolving palaeoclimatic conditions (Eronen et al.
2009, 2010).

Only one study has demonstrated an empirical link between hypsodonty, per-
centage grass in the diet, and total levels of silica consumed in free-ranging condi-
tions (Hummel et al. 2011), but that study did not distinguish between silica of
exogenous versus endogenous origin. In their study of feeding height stratification
amongst grazers, Codron et al. (2008b) showed that the hypsodonty index is highest
amongst short-grass grazers, which also points to an exogenous factor (there is no
reason, at this stage, to believe levels of internal abrasives differ between short and
tall grasses).

Regardless of the relative strength of diet versus environmental effects, a higher
hypsodonty index, because this metric is measured on the third molar, reflects a shift
in chewing emphasis from homogeneously distributed throughout the mouth
(in browsers and in most non-ruminants) to the back of the mouth (in grazers,
especially ruminant grazers). Such a shift, along with a reduced premolar row in
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many ruminant grazers (see above), may help reduce torsional forces during masti-
cation (Greaves 1991). Actually, in ruminants there is a negative correlation between
the lower cheek tooth row length and the hypsodonty index (Fig. 4.2c), adding
weight to the functional interpretation of increased M3 hypsodonty shifting chewing
towards the posterior part of the tooth row. However, in tall-grass ruminant grazers
(e.g., Hippotragini and Reduncini), such a shift in chewing strategy has not occurred,
as their premolars are far more pronounced, and their M3 hypsodonty index is much
lower, than short-grass grazers (Codron et al. 2008b). Whether this difference
reflects a difference in diet niche as well requires further investigation; measures
of total enamel volume, rather than the hypsodonty of a single tooth, should answer
this question. Although enamel volume is related positively with percentage grass
intake, as is mandibular molar row length, and, also, the combined length of all
internal enamel structures (Table 4.4), no quantitative comparisons between pre-
sumed short- and tall-grass grazers have yet been made based on these traits.

Regardless of whether the majority of chewing is located at the back, or through-
out, the mouth, differences in masticatory traits between browsers and grazers
should also reflect differences in the fracture properties of these food types. Fracture
properties of leaves are associated with patterns of leaf venation, with polygonal
particles emanating from browse and elongate particles from grass (Kelly and
Sinclair 1989; Sanson 1989; Nultsch 2000). Thus, it is not only the volume of
enamel, but variations in its structural distribution that differs between browsers
and grazers (Archer and Sanson 2002). In line with the more heterogeneous fracture
properties of browse, a more homogeneous cusp wear pattern was found in grazing
rhinos compared with browsing species (Taylor et al. 2013). On a broader taxonomic
scale, the development of fused cusps in Bovidae (antelope and buffalo), and the
absence of this trait in Cervidae (deer), was proposed as an explanation for the fact
that a strictly grazing diet niche is comparatively rare amongst cervids (Heywood
2010a).

The positioning of enamel ridges along the cheek teeth of herbivores also appears
to reflect diet niche differences, in that a greater proportion of occlusal enamel is
aligned at acute angles to the direction of the chewing plane in grazers (Heywood
2010b; Kaiser et al. 2010; and see Table 4.4). One interpretation is that, although
chewing strokes are generally transverse in all herbivores (Fortelius 1985), grazers
have more anterior-posterior jaw movements during chewing than do browsers. In
the latter movement pattern, the alignment of occlusal enamel ridges in grazers could
represent compensation for the straighter alignment of grass blades between occlusal
surfaces (Kaiser et al. 2010).

4.4.3 Musculature, Teeth and Chewing Intensity

Adaptations for fracturing highly resistant plant foods include not only large, robust
teeth, but also powerful chewing muscles, of which the masseter is the most
pronounced (Hendrichs 1965). Presumably as a response to the more fracture-
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resistant properties of grass as compared with browse (see Paine et al. 2018), the size
(mass) of the masseter is positively related to percentage grass intake (Table 4.4;
Clauss et al. 2008a). Skeletal features of the mandible itself also reflect this trend,
including the size of the masseteric ridge and insertion areas, and the area dimen-
sions of the mandibular lever (Table 4.4). The latter is seen as a direct indicator that
the masseteric action in grazers entails a higher workload than browsers, as does the
fact that grazers have a longer moment arm, measured as the mean angle of the
master relative to the zygomatic arch (Varela and Farifia 2015).

The mechanical advantages of larger masseters, with greater areas of action,
implies that bite forces of grazers are greater than those of browsers. Such adapta-
tions operate alongside the differences in cheek tooth morphology described above.
Correspondingly, there are positive correlations between masseter and cheek tooth
variables (Figs. 4.2a and d; see also Fraser and Rybczynski 2014). Notably, these
traits would not preclude animals that have them (typically, grazers) from a browsing
niche, but do appear to limit the niches of browsers.

Comparative investigations of chewing intensity in herbivores have been guided
mostly by hypothesized differences between non-ruminants and ruminants. Indeed,
early observations on the size of masseters showed that this muscle accounted for
substantially less of the total jaw musculature of ruminants than non-ruminants
(Hendrichs 1965). Overall oral chewing intensity is expected to be greater amongst
non-ruminants (Turnbull 1970; Fortelius 1985), because, in ruminants, much of the
mechanical breakdown of food, into smaller particles, is achieved through chewing
by rumination (Trudell-Moore and White 1983; McLeod and Minson 1988). Exper-
imental data provided some evidence for a more regular chewing pattern during
ingestion in horses than in cattle and camels (Dittmann et al. 2017), and also for a
greater chewing intensity amongst horses than cattle—although the latter result
could not be supported statistically, because of a small sample size (Janis et al.
2010). The studies of Janis et al. (2010), and of Fletcher et al. (2010), did, however,
forward a hypothesis that the more complex (and robust) chewing apparatus of
non-ruminants, compared to that of ruminants, is a function of higher workloads
amongst non-ruminants. This concept is corroborated by the finding of a lower strain
measured in goats during rumination as compared to ingestive mastication (Williams
et al. 2011). Again, the fact that the majority of particle size-reducing chewing
occurs in ruminants during rumination, presumably on material that has likely been
washed free of dust/grit, as well as being somewhat ‘softened’ by its residence in the
rumen (Janis et al. 2010; Mihlbachler et al. 2016; Dittmann et al. 2017), is part of this
hypothesis. A comparison of the properties of swallowed ingesta in ruminants with
material regurgitated for rumination is required to address these hypotheses. We can
nevertheless provide corroborative evidence from the comparative approach for a
difference in chewing workloads of non-ruminants vs. ruminants: the responses of
craniodental traits like the hypsodonty index, cheek tooth volume, and molar row
length, as well as the masseteric ridge length and ratio of the masseteric fossa to face
length (negative relationship) to percent grass intake are all stronger (with steeper
slopes) amongst non-ruminants than ruminants (Table 4.4). Hence, the different
digestive strategies of non-ruminants and ruminants differ not only in terms of how



104 D. Codron et al.

an herbivore adapts to make a living out of feeding on low quality diets, but also in
terms of solutions to processing foods of increasing toughness. Under this scenario,
the entire forestomach complex of ruminants can be seen as a feature relaxing the
selective pressure on their chewing apparatus (and chewing intensity). This view
differs from a traditional outlook that sees rumination as an advantageous digestive
strategy, against which non-ruminants can only be competitive with if they achieve
higher intake levels and thereby extract more nutrients per day than ruminants (Janis
1976; Duncan et al. 1990). Rather, we propose that lower demands on oral chewing
apparatus is one of the key advantages to being a ruminant, and may even be the
factor giving ruminants a competitive edge over non-ruminants that, ultimately,
resulted in the former replacing the latter as the most speciose terrestrial herbivores
since the Oligocene (Janis et al. 1994; Janis 2008). Indeed, changes in diversity
patterns of non-ruminants and ruminants in the fossil record are broadly co-incident
with the replacement of browsers by intermediate-feeders and grazers through the
Miocene (Janis et al. 2000), and subsequently higher rates of speciation amongst
ruminant grazers (Janis 2008; Codron In review).

4.5 Digestion

4.5.1 General Digestive Tract Capacity and Digesta Retention

With a past focus on comparative digestive anatomy of browsers and grazers among
ruminants, few generalized expectations exist that apply to all large mammal
herbivores, i.e., to include non-ruminants. Because browse ferments at a faster rate
than grass, we would expect generally longer mean retention times (MRT) of digesta
particles and fluids in the digestive tract of grazers, and a corresponding larger gut
capacity (Hummel et al. 2006). The available data, however, does not corroborate
this concept across herbivores (see results for gut contents wet mass in Table 4.3, and
MRT in Table 4.5). However, across herbivores, the MRT difference between small
particles and fluids (called the selectivity factor), in the whole digestive tract,
increases significantly with percentage grass intake (Table 4.5; and see Steuer
et al. 2010). For the ruminant forestomach, however, the expected effects can be
demonstrated: a more capacious reticulorumen in grazers (results for reticulorumen
wet contents in Table 4.3, and rumen height in Table 4.6) with longer MRT of small
particles (but not of fluids) at this site (Table 4.5), and a resulting distinct increase in
the MRT difference between small particles and fluids (Table 4.5). The effect of
body mass on measures of MRT is much lower than previously suggested (reviewed
in Clauss et al. 2013), and is even absent in the case of fluid MRT in the
reticulorumen (Table 4.5). As a result of the larger rumen capacities and longer
particle MRT, ruminant grazers have been reported to digest fibre better than
ruminant browsers (Pérez-Barberia et al. 2004). Corresponding analyses that include
both ruminants and non-ruminants are lacking, but the effect has been demonstrated
across rhino species (Steuer et al. 2010). The shorter particle MRT in the
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Table 4.6 Models for diet effects on anatomy of the rumen, omasum, and abomasum, and on
stomach contents

Best Model/s (AAIC,. < 2)

%
Trait n | Factors r A BM grass

Anatomy

Rumen cranial pillar thick- |61 | BM + %grass | 0.708 | 0.000 0.34 (0.031)*xxx | +
ness (mm)

Rumen caudal pillar thick- |57 | BM + %grass | 0.675 | 0.000 0.32 (0.043)s5xxx | +
ness (mm)

Rumen wall height (cm) 71 | BM + %grass | 0.856 |0.282 0.35 (0.018)*xxx | +

Reticulum height (cm) 70 |BM 0.864 |0.184 0.32 (0.015)**x |0
Reticulum width (cm) 66 | BM + % 0.820 |0.000 0.28 (0.019)*xxx |0
grass; BM

Reticular crest height (mm) |59 | BM + %grass | 0.542 |0.784 0.36 (0.055):xxx
Intra-ruminal orifice area 52 | BM + %grass | 0.909 | 0.000 0.75 (0.052)%xxx
(mm®)
Reticulo-ruminal orifice 41 |BM;BM + % |0.715 |0.386 0.48 (0.049)sxxx |0
area (mmz) grass

Reticulo-omasal orifice 50 |BM;BM + % |0.442 |0.505 0.45 (0.073)xxxx |0
area (rnmz) grass

Surface papillation in 57 | BM + %grass | 0.569 |0.737 | —0.34 (0.092)%xx | —
rumen (dorsal:atrium %)

Max height of papillae 29 |[BM+ % 0.323 | 0.561 0.24 (0.101)« —
unguiculiformes (mm) grass; BM

Omasal laminal surface 33 | BM + %grass |0.881 |1.000 1.29 (0.096)*#x* | +
area (cmz)

Abomasum fundus mucosa |41 |BM; BM + % |0.043 | 1.000 0.05 (0.037) 0(—)

thickness (mm) grass; %grass

Abomasum pylorus 23 |BM; BM + % |0.371 |0.000 0.26 (0.075)xx 0

mucosa thickness (mm) grass

Abomasum curvature (cm) |65 |BM; BM + % |0.913 | 0.000 0.34 (0.013)*xxx |0
grass

Contents

Dry matter difference 13 | %grass; 0.732 | 0.000 2.42 (1.466) +

(dorsal-ventral rumen) BM + %grass

pH (rumen) 30 | BM; %grass; |0.112 |0.375 0.01 (0.008) 0

BM + %grass

Crude fibre (reticulorumen, |28 |BM;BM + % |0.181 | 1.000 0.07 (0.030)* 0
% of dry matter) grass

Volatile fatty acid concen- |29 |BM 0.181 |[0.000 | —0.07 (0.029)= 0
tration (rumen, Mmol 1)
Volatile fatty acid concen- |16 | %grass 0.339 | 0.000 | —0.06 (0.046) —

tration (caecum, Mmol 1)

n = number of species; A = phylogenetic signal in PGLS; BM = body mass scaling exponent (s.e.);
Ygrass = effect of mean % grass in species’ natural diets on trait (0 = no effect, + = positive
relationship, — = negative relationship [alternative result from GLS in parenthesis if different from
PGLS]; **** = p < 0.0001; *** = p < 0.001; ** = p < 0.01; * = p < 0.05)
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reticulorumen of browsing ruminants might explain why more material, with resid-
ual fermentability, reaches their large intestine, leading to higher concentrations of
volatile fatty acids at this site (Table 4.6).

These results emphasize the difference between particle and fluid MRT for
herbivores. It has been hypothesized that a differential movement of fluid and
particles leads to a ‘washing’ of the digesta with a removal of a part of the microbiota
(Miiller et al. 2011). In foregut fermenters, including ruminants, this should theoret-
ically lead to a higher inflow of microbes into the glandular stomach and small
intestine (Dittmann et al. 2015; Hummel et al. 2015). This advantage has no
relevance in hindgut fermenters, which might be the reason why the characteristic
is generally more pronounced in ruminants (interaction effects for MRT in
Table 4.5). For any herbivore (ruminant and non-ruminant), however, removal of
microbes by ‘washing’ is bound to shift the metabolism of the microbiota from
maintenance towards growth, putatively increasing their fermentative efficiency, and
shifting fermentative processes from the production of CO, and methane towards
microbial cell mass (reviewed in Clauss and Hummel 2017). Why such an option,
which is in theory favourable for any kind of herbivore, may be not available to some
browsers, is explained in the next section.

4.5.2 Ruminant Forestomach Morphophysiology

For a historical overview of the development of interpretations of observed differ-
ences in forestomach morphophysiology between ruminant browsers and grazers see
Clauss and Hummel (2017). At first, differences were mainly linked to putative
differences in fibre content between browse and grass (Hofmann 1989), but data on
the crude fibre concentration of rumen contents do not support this interpretation
(Table 4.6). Similarly, no difference in the pH, or the volatile fatty acid concentra-
tion, in the rumen contents are evident between browsers and grazers (Table 4.6).
One of the components of the primary concept of rumen physiology had focused on
the reticular groove—the anatomical structure facilitating the bypass of milk in
suckling ruminants, and thus preventing it from entering the rumen. This structure
was thought to remain functional in adult browsers (Rowell-Schéfer et al. 2001).
Limited experimental data, however, did not corroborate this concept (Lechner et al.
2009).

In a second step, the focus shifted to another original observation by Hofmann
(1989), namely a difference in the stratification of rumen contents between browsers
and grazers (Clauss et al. 2003b), which was introduced by Hofmann et al. (2008),
and in the predecessor to the current Chapter (Clauss et al. 2008b). A series of studies
demonstrated this difference, using as proxies, either directly a difference in the dry
matter concentration (the reciprocal of the moisture content) between dorsal (upper)
and ventral (lower) rumen contents (with a higher difference in grazers; Table 4.6;
and see Clauss et al. 2009b), a difference in the presence of a gas dome in the dorsal
rumen (Tschuor and Clauss 2008), or indirectly the intraruminal papillation pattern
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Fig. 4.3 Correlations between three proxies for rumen stratification (a—c)—the difference in dry
matter (DM) of dorsal and ventral rumen contents, the proportion of surface papilla in the atrium
relative to the dorsal rumen (SEF), and the selectivity factor (SF) of the reticulorumen contents
(i.e., the ratio of particle:solute retention time). Coping with differences in fluid throughput also
results in a correlation between parotid gland mass (expressed relative to BM®7%) and omasum size
(OLSA = omasal leaf surface area, expressed relative BMO'(ﬂ) (d)

(because stratified rumen contents should be linked to an inhomogenous papillation
in the rumen; Clauss et al. 2009c¢, corresponding to a less homogenous papillation in
grazers; Table 4.6). It was assumed that a higher fluid input in, and throughput
through, the rumen leads to a more pronounced stratification in grazers. The corre-
lations between the different stratification proxies (Fig. 4.3a—c) support this inter-
pretation. Thus, a major difference between browsers and grazers is the ratio of small
particle to fluid MRT in the reticulorumen in the latter (indicating a faster fluid
turnover), and this ratio significantly increases with percentage grass in the diet
(Table 4.5). In browsers, less fluid is put through the reticulorumen, and the rumen
fluid is more viscous (Clauss et al. 2009a, b; Lechner et al. 2010), putatively trapping
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some of the fermentation gases, and resulting in less stratified rumen contents and an
even intraruminal papillation. In grazers, the clear stratification comprises a dorsal
gas dome, and a fibre ‘raft’ or ‘mat’ on top of a liquid layer (Hummel et al. 2009).

Focusing on the stratification creates a logically coherent interpretation of differ-
ent observations. Significantly larger salivary glands in browsers than in grazers
(Table 4.7; and see Hofmann et al. 2008), are no longer equated with a higher saliva
output; larger glands are considered to produce saliva with a higher protein content
(and hence viscosity), the proteins representing a defence against plant secondary
metabolites, in particular against tannins (Austin et al. 1989; Hagermann and
Robbins 1993; Fickel et al. 1998). The necessity to add these proteins to the saliva
is considered a constraint on the amount of saliva that can be produced, and,
therefore, smaller salivary glands—without the need to produce these proteins—
are equated with higher amounts of saliva (Hofmann et al. 2008). The significantly
thicker rumen muscles (the pillars) in grazers (Table 4.6) are considered an adapta-
tion to the fibre ‘mat’ that putatively requires more force for mixing peristalsis than
do homogenous rumen contents (Clauss et al. 2003b). Similarly, the larger
intraruminal orifice in grazers (Table 4.6) may be better suited to allow a mixing
of the fibre ‘mat’, which might tend to block a more narrow opening more easily.
The significantly lower reticular crests in browsers (Table 4.6) are considered to lead
to an incomplete emptying of the reticulum during contractions (Clauss et al. 2010a),
which may be important because with the putatively more viscous rumen fluid and
lower moisture saturation in the rumen of browsers, re-filling of the reticulum with
fluid might be slower. Fluid reticulum contents are a prerequisite of the ruminant
particle sorting mechanism, which operates on particle buoyancy and sedimentation
(Lechner-Doll et al. 1991). Finally, grazers, with the higher fluid throughput through
the reticulorumen, require larger omasa (Table 4.6)—with the main function of
omasa being the resorption of fluid, to prevent too diluted digesta reaching the
sites of auto-enzymatic digestion (Clauss et al. 2006). Therefore, across ruminants,
we would expect a negative relationship between salivary gland size (with smaller
glands producing higher amounts of salivary fluid) and omasum size (with larger
omasa absorbing more of the fluid), as indicated in Fig. 4.3d. A thicker acid-
producing fundic mucosa of the abomasum of browsers (Table 4.6; note that this
is only the case in GLS but not in PGLS, and in contrast to the pyloric mucosa) is
interpreted as an adaptation to putatively higher bicarbonate contents in the rumen
fluid of browsers, due to the higher viscosity and CO, entrapment, which might
require higher amounts of acid for acidification (Clauss et al. 2008b). No functional
relevance, linked to the fluid throughput and viscosity, is attributed to the
ruminoreticular orifice, or the reticuloomasal orifice, which both do not differ
between browsers and grazers (Table 4.6); these openings do not have to accom-
modate the fibre ‘mat’ but pass on only a selection of rumen contents
(ruminoreticular orifice), or those particles intended for passage into the lower
digestive tract (reticuloomasal orifice). Neither the size of the reticulum nor that of
the abomasum differ between the feeding types (Table 4.6), and are not linked to the
concept of fluid throughput.
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Thus, characteristics of grazers were interpreted as enhancing the stratification of
the rumen contents (Clauss et al. 2008b), reinforcing a difference that was thought to
exist between browse (with little propensity to stratify) and grass, based on in vitro
experiments (Sutherland 1988; Wattiaux et al. 1992; Clauss et al. 2001). Note that
this interpretation is still focused on a general difference between the diets, which is
putatively amplified by the morphophysiological characteristics. The hypothesized
adaptive value was supposed to lie in an enhanced ‘filter bed effect’, i.e., the
entrapment of smaller particles in the fibre ‘mat’, with a corresponding longer
particle retention and digestion, which appeared suitable for grass forage; addition-
ally, it was thought that the greater amount of low-viscosity fluid, with a pre-sorting
of particles already in the rumen, would facilitate a more efficient particle sorting
mechanism (that should also lead to more intensive rumination in grazers; Clauss
et al. 2003b). The, presumably, larger particles escaping the forestomach of browsers
(Clauss et al. 2002) were considered an indication for a less efficient sorting
mechanism, and the larger papillae unguiculiformes—papillae around the
reticuloomasal orifice—in browsers (Table 4.6) were interpreted as a compensatory
straining mechanism that partially prevents the escape of large particles (Nygren
et al. 2001).

However, while the basis of fluid throughput as the main determinant of these
morphophysiological interrelationships remains unchallenged, a revision of the
interpretation of its adaptive value became necessary. During an experimental
study, with fistulated non-domestic ruminants, in which differences in rumen con-
tents stratification, rumen fluid viscosity and the ratio of particle to fluid MRT in the
reticulorumen were demonstrated, no difference in the sorting mechanism (of large
vs. small particles), or the size of particles escaping the forestomach, were evident,
suggesting that these factors were not affected by adaptations related to fluid
throughput and stratification (Lechner et al. 2010). The previously documented
differences in particle size were related to the use of artificial diets in captivity
(Hummel et al. 2008; Lechner et al. 2010), and the previous assumption that browse
does not tend to stratify by particle size in in vitro systems was corrected (Clauss
et al. 2009b; Lechner et al. 2010). Additionally, a “filter-bed’ effect could be detected
on grass vs. browse diets, irrespective of the feeding type of the animals (Clauss et al.
2011a; Lauper et al. 2013), and no general difference in the time spent in rumination
appears to exist between browsers and grazers (Table 4.5).

Therefore, the interpretation of the adaptive value of the various characteristics
underwent another revision, and is currently focused on the relevance of the high
fluid throughput itself. In order to avoid semantic circular reasoning, two digestive
strategies in ruminants were defined (the ‘moose-type’ and the ‘cattle-type’), that can
then be compared to the feeding types of browsers and grazers (Clauss et al. 2010b).
As stated above, a high fluid throughput most likely increases the harvest of
microbes from the forestomach and, thus, makes this system more efficient, and
should, therefore, be an adaptation in any ruminant, irrespective of feeding type
(Clauss et al. 2010b; Clauss and Hummel 2017). Note that now, corresponding
adaptations are not linked to a diet property, but to a putative optimization of the
digestive tract itself. While any diet, that does not comprise extreme amounts of
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browse, appears to allow such adaptations, strict browsers, due to their salivary
defence mechanisms, cannot use the advantages of a high fluid throughput (Codron
and Clauss 2010). Correspondingly, while ‘moose-type’ ruminants appear to be
constrained to pure browse diets (and are browsers), ‘cattle-type’ ruminants have a
much broader diet spectrum. In particular, this new concept explains the lack of
‘escalation’ of morphophysiological adaptations from intermediate-feeding to graz-
ing, i.e., many traits considered typical for grazers, including the selectivity factor,
do not become more pronounced from intermediate-feeders to grazers (see also
discussion on hypsodonty index above). Indeed, many of those species that show
particularly extreme ‘cattle-type’ characteristics, such as the Bovini or the muskox
(Ovibos moschatus), with a very high fluid throughput, a distinct rumen contents
stratification, and intraruminal papillation pattern, and extremely large omasa, are
not the strictest grazers, but often intermediate-feeders (Clauss and Hofmann 2014).
The reasons for the differences within ‘cattle-type’ ruminants, as in the various
characteristics linked to fluid throughput, are not considered direct reflections of a
diet niche in this scenario, but expressions of different degrees of ‘escalation’ (sensu
Vermeij 1994, 2013), during the evolutionary optimization of their digestive

physiology.

4.5.3 Organ Size

The original suggestion that liver size is related to diet, with browsers putatively
requiring larger livers for the detoxification of secondary plant compounds (Hof-
mann 1989; Duncan et al. 1998), was detectable in GLS, but not confirmed in PGLS
in the current dataset, also not for ruminants (Table 4.7, interaction). However, the
finding that among ruminants, the proportion of connective (i.e., non-functional)
liver tissue increased significantly with percentage grass in the diet (Table 4.7),
supports the concept that browsers require more functional liver tissue. The masses
of the heart, kidney or lung show no relationship with diet (Table 4.7; even though it
could be expected that some reduction in organ size compensates for larger rumens
of grazers; Clauss et al. 2003a). The general tendencies for a lower organ size
increase in ruminants compared to non-ruminants (Table 4.7, interaction) might
correspond to such a concept of organ reduction in ruminants, in compensation for
large forestomachs (Mortolaa and Lanthier 2005). However, more detailed data
would be required to corroborate these findings.

4.6 Conclusions: Where to from Here?

The morphological and physiological traits of herbivores reflect different constraints
imposed by browse- versus grass-based diet niches. The most prominent complex is
that of putatively diet-specific adaptations in orocranial (and especially dental)
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anatomy. Morphophysiological characteristics of the digestive tract also show sig-
nificant correlations with diet, even after accounting for the phylogenetic structure of
datasets. Clearly, large mammalian herbivores remain an important model for our
understanding of key macroevolutionary concepts such as adaptive radiation, and
convergence.

An aspect of digestive physiology that has received comparatively little attention
so far, in spite of an enormous increase in the availability of methodological
approaches in recent years, is the bacterial, archaeal, fungal and protozoan
microbiome of herbivores. Available data (e.g., wild ruminants; Henderson et al.
2015) has not yet been evaluated, either with respect to feeding type (browser vs
grazer) or digestion type (‘moose-type’ vs ‘cattle-type’); our own lack of methodo-
logical expertise prevented us from exploring those data here. Given that the
microbiota may be involved in detoxification or defence processes, more studies
would be highly interesting. To our knowledge, the only systematic comparison,
with respect to the microbiome, is restricted to literature data (gained from traditional
microscopic analyses) of the composition of the protozoal microbiome (Clauss et al.
2011b) in ruminants of different dietary niches. The case of rumen protozoa can
serve as an illustration of why a detailed look at the data, and at the conceptual
design of studies, is necessary to prevent fallacies and meaningless findings in the
following paragraphs.

A subjective, put potentially widely shared impression, when reading literature
about browsers and grazers, is that the categorisation of a species into a feeding type
is often presented as an aim in itself, as if it had relevant heuristic value. Therefore,
the impression is that studies involving morphophysiological measurements are
often justified by their use of proxies to facilitate that categorisation. To single
out—admittedly unfairly—a particular study as an example, it appears conceptually
awkward to attempt to categorize a ruminant species, such as the mouflon (Ovis
ammon musimon), in the feeding type spectrum by analysing its rumen protozoa as a
proxy (Obidzinski et al. 2017). When dealing with extant species, this approach has
the evident flaw that the real proxy for a feeding type is the botanical investigation of
the diet consumed; in the case of mouflon, stating that they are intermediate-feeders
based on a review of their natural diet (Marchand et al. 2013) is the superior
conceptual approach. The additional heuristic value of investigating their protozoal
microbiome lies in revealing effects of differences in the actually consumed diet on
that microbiome (as done very elegantly by Obidziniski et al. 2017).

When dealing with extinct species, proxy-based approaches are the only ones
available and very common, particularly for dental anatomical characters and dental
wear proxies, often supplemented by stable isotope measurements (we refrain from
reviewing that literature, but see Saarinen Chap. 2 for more detail). For dental
anatomy and isotope values, such reconstructions often under-emphasize the degree
of uncertainty linked to these proxies (for example, as mentioned above, that many
extant ruminant intermediate-feeders have a higher hypsodonty index than strict
grazers, and that the degree of wear experienced by herbivores differs between
ruminants and non-ruminants), and the use of wear-related proxies is mostly not
based on experimentally derived results.
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Fig. 4.4 Discordance in how morphophysiological traits respond to diet. The ratio of particle:
solute mean retention time in the reticulorumen (called SF RR) increases dramatically in species
with >15-20% grass in the natural diet (a), whereas the proportion of gut protozoa represented by
the Entodiniinae decreases dramatically at around 80% grass in the natural diet (b; note that the
proportion of Diplodiniinae increases at more or less the same rate at this diet). Consequently, the
two traits are not correlated (c)

The actually observed pattern of the distribution of a character, across feeding
types, is highly relevant for a functional understanding of digestive morphology and
physiology. For example, differences in the ratio of small particle to fluid MRT in
the reticulorumen (selectivity factor, Table 4.5; Dittmann et al. 2015), and in the
composition of rumen protozoa (Clauss et al. 201 1b), could be correctly summarized
by the statement “in ruminants, browsers and grazers differ in characteristics of
rumen fluid throughput and rumen protozoa”. However, such a superficial view
omits the fact that the seeming thresholds of change for the respective characteristic
differs dramatically between the two datasets (Fig. 4.4a and b): while the selectivity
factor increases dramatically at a threshold of 15-20% grass in the natural diet
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(as does the intraruminal papillation pattern; Codron and Clauss 2010), the propor-
tion of Entodiniinae to Diplodiniinae protozoa changes at a threshold of about 80%
grass in the natural diet. Consequently, the two measurements—the selectivity factor
and the relative proportion of Entodiniinae—do not correlate well with each other
(Fig. 4.4c). This closer look informs us that different mechanisms may be at play in
these two complexes; at the moment we do not have a detailed understanding of
these processes.

Another important aspect of comparative analyses is that statistical support for a
link between a species’ traits and their dietary niches should not lead to rigid views
of exclusive solutions. Nor, on the other hand, should such links be interpreted to
exclude species from certain niches (Codron and Clauss 2010). Rather, taxon-
specific peculiarities need to be acknowledged that may deviate from general trends
and might, depending on the number of corresponding species present in a dataset,
allow, or prevent, the detection of these trends. For example, differences exist in the
method of cropping plant material, whereby some species (like goats) use their lips,
while others (like cattle) use their tongue more extensively (Meier et al. 2016). This
does not invalidate the statistical finding that, across a certain dataset, ruminant
browsers differ in tongue morphology from grazers in having higher proportions of a
“freely mobile” part of their tongue. However, the outlier of cattle in this respect
precludes the opposite conclusion, that species with a highly mobile tongue must be
browsers, and also precludes the interpretation that grazers cannot have mobile
tongues. Additionally, it highlights that conclusions might change, depending on
the nature of the dataset: in a hypothetical dataset with mainly bovine grazers and
only goat-type browsers, the analysis might have found a more mobile tongue in
grazers than in browsers.

Other important examples are that, amongst grazers, some species have extremely
wide muzzles (grazing rhinos, hippos, Alcelaphini), whereas others (Equidae,
Hippotragini) have more pointed faces. Determining whether these differences
reflect different dietary niches, for instance foraging at different sward heights, or
merely different solutions to the same problem, requires taxon-specific hypotheses
and, ideally, experimentation. The existence of outliers, for instance blackbuck
(Antilope cervicapra), which have a high particle to fluid MRT ratio in the
reticulorumen (i.e., a high fluid thoughput; Hummel et al. 2015), but a very small
omasum (Sauer et al. 2016), emphasizes that general trends are not obligatory.
Amongst ruminant browsers, cervids and giraffids are typically better represented
in datasets than are bovids, and hence might unduly influence current interpretations.
In particular, comparative physiological data for Tragelaphini are lacking in many
datasets, but may represent an alternate solution to browsing from giraffids and
cervids, as indicated by their deviation from the typical salivary gland size-diet
relationship observed across ruminants (Robbins et al. 1995; Hofmann et al. 2008).

Apart from the self-evident request for more data on more species, and for
additional corroboration of once-only measurements that are then analysed again
and again with new statistical approaches, we believe that, in order to interrogate the
question of exclusivity in trait-niche relationships, our description of diet niches
themselves needs to shift from one based on species’ means to a more inclusive
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approach depicting niche breadths. One such approach considers whether
morphophysiological characteristics are more closely aligned with minimum or
maximum levels of grass in species’ natural diets (Codron and Clauss 2010),
potentially allowing us to define thresholds around which species may or may not
be excluded from certain niches. For example, there appears to be no continuous
relationship between the amount of browse/grass in the diet and the digestion type
(‘moose-type’ vs ‘cattle-type’) amongst ruminants, but rather a dichotomy between
species that do, and do not, eat grass. Similarly, the hypsodonty index is not
continuously distributed along a percentage grass in the diet axis; rather, species
that lack sufficiently large tooth crowns typically do not eat grass, whereas species
that have large tooth crowns may occupy almost any diet niche (Damuth and Janis
2011). These statements echo the one by Van Wieren (1996b) that “browsers are
non-grazers”. Broadening our representation of niches, to include ‘niche breadths’,
would allow investigations not only of exclusiveness in adaptation, but also poten-
tially raises important questions that could lead to a more complete functional
interpretation. A potentially interesting addition to this niche breadth approach is
to include the niche history of species, i.e., a measure of how long the species has
existed in a given dietary niche space. Examples do exist of diet niche shifts within
lineages, sometimes coupled with evidence for morphological shifts (Stromberg
2006; Feranec 2007; Codron et al. 2008a; Cerling et al. 2015; Ecker et al. 2018).
These studies differ with respect to whether dietary niches were interpreted to have
become more specialized or generalized over evolutionary time, further emphasizing
a lack of dietary niche exclusivity.

What is also lacking from many discussions, and a topic we have only sporadically
addressed here, is the covariance amongst traits. For the most part, investigations of
multiple traits have attempted only to define species’ distributions in multivariate
morphospace. We expect, however, that covariance emanates because certain traits/
organ systems have evolved as functional units, or as anatomical trade-offs. The
relative size of salivary glands is an important example of this; only when considered
together with the size of the omasum does the functional relevance of variations in
both organ systems become clear. Thus, correlations between traits should be studied,
and interpreted, in terms of both the overall bauplan of species, and the way in which
components interact to make the organism more efficient at exploiting a particular
niche. In doing so, we must be open to the outcome that what we considered an
adaptation to a particular diet, or a particular characteristic of a diet, might ultimately
be an adaptation to a different characteristic of the same diet, or an adaptation to a
nondietary selective pressure that only correlated with the dietary niche.
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Chapter 5 )
Feeding Ecology of Large Browsing s
and Grazing Herbivores

Jan A. Venter, Mika M. Vermeulen, and Christopher F. Brooke

5.1 Introduction

Different ungulate species, from a variety of taxonomic groups, tend to focus on
either the grass or browse component of vegetation as a food source (Shipley 1999).
They interact with forage resources across several temporal and spatial scales
(Bailey et al. 1996; Owen-Smith et al. 2010), and forage in the form of browse
versus grass are presented to the herbivore in distinct ways at each of these scales
(Fig. 5.1 and Plates 5.1 and 5.2: A-H). Grasses, forbs and woody plants differ
in chemistry, architecture, and heterogeneity with resultant physiological and
behavioural adaptations of herbivores to these differing forage types (Shipley
1999; Searle and Shipley 2008) (Table 5.1). One can, therefore, expect differences
in how grazers and browsers engage with their environment and forage resources.

5.2 The Functional Response

An ungulate’s feeding behaviour is based on its functional traits and the traits of the
plants it forages on (Searle and Shipley 2008). The functional response is the change
in an animal’s intake rate in relation to the availability of a given food source
(Spalinger and Hobbs 1992; Holling 1959), and is an important component of
food web interactions and population and community ecology (Sarnelle and Wilson
2008) (Fig. 5.2).
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Plate 5.1 (A1-A3) A series of grass bites taken by gemsbok (Oryx gazelle), within seconds from
each other, captured by camera trap in Karoo National Park; (B) Blue wildebeest (Connochaetes
taurinus) selecting short grass in the Kgalagadi Transfrontier Park; (C) Buffalo (Syncerus caffer)
foraging on grass seeds in Madikwe Game Reserve; (D) White rhino (Ceratotherium simum)
selecting short grass on a grazing lawn in Pilanesberg National Park

Herbivore foraging can be separated into three main components, i.e., searching
for forage, cropping it and chewing it (cropping and chewing constitutes handling
forage) (Spalinger and Hobbs 1992). Cropping competes with searching (reducing
foraging velocity) and chewing (the mouth can only do one or the other) (Spalinger
and Hobbs 1992). Chewing does not interfere with searching (an animal can move
and search while chewing) and only slows down cropping (because an animal can
move while cropping) (Spalinger and Hobbs 1992).
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Plate 5.2 (E1-E3) A series of browse bites taken by springbok (Antidorcas marsupialis), within
seconds from each other, captured by camera trap in Karoo National Park; (F) Giraffe (Giraffa
giraffa) foraging on tall trees in the Kruger National Park; (G) African elephant (Loxodonta
africana) foraging on medium sized trees in Addo Elephant National Park; (H) Nyala (Tragelaphus
angasii) foraging on herbs and dwarf shrubs in the Karoo

Holling (1959) described three main types of functional responses linking the
amount of food that is consumed to the amount of food that is on offer (Fig. 5.3 and
Table 5.2). These functional response types were—Type 1: the mathematically
simplest model shows a predator’s searching rate remains constant at all prey
densities (i.e., the number of kills would be linearly related to prey density); Type
2: is slightly more complex where the number of prey attacked by a predator is high
with the initial increase in prey density, but begins slowing immediately until it
slowed leading up to a fixed level of predation is neared (approaches, but does not
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Table 5.1 A comparison of general chemical and structural characteristics of grasses (monocots)
and browses (woody and herbaceous plants), adapted from Shipley (1999) and Clauss et al. (2008)

Subject groups Characteristic Browse Grass
Growth pattern/ Landscape Forests and Open
location woodlands/
spatially more
structured
Growth pattern At different heights | Mostly close
to ground
Nutritional homogeneity of a Less More
“bite”
Chemical composition | Protein content Higher (including | Lower
nitrogenous
secondary
compounds)
Fibre content Lower but more Higher but
lignified less lignified
Pectin content Higher Lower
Secondary compounds More Less
Physical Abrasive silica, adhering grit, Less More
characteristics resistance to chewing
Fracture pattern Polygonal Longish, fibre-
like
Change in specific gravity during | Less More
fermentation
Digestion/fermentation | Overall digestibility Lower Higher
Speed of digestion Fast Slow

Many changes occur, but this table serves to highlight general patterns

necessarily reach a plateau); and Type 3: depicts a sigmoidal curve whereby the
function is similar to a Type II functional response, but there is an initial slow
increase in predation rate as a result of searching, followed by a rapid increase in
predation rate before finally slowing again or decreasing as a result of increasing
prey density (Holling 1959) (Fig. 5.3 and Table 5.2). Since Holling (1959) first
published the three functional response types a fourth has been described in grazing
studies. Heuermann et al. (2011) described a decrease in intake rate for small
herbivores in high biomass grasslands where it will be harder to move through tall
grass (Jarman 1974; Bell 1971), but high biomass grass may also be more difficult to
handle for all types of herbivores (Fig. 5.3 and Table 5.2). The shape of the type
4 functional response is different from the other functional response types described
by Holling (1959) as intake decreases at higher biomasses, and it fitted significantly
better for small and large bodied herbivores. This is most likely because in consum-
ing vegetation matter herbivores face a decrease of food quality with increasing food
quantity (OIff et al. 2002; Prins and OIff 1998).

Spalinger and Hobbs (1992) defined three functional response processes relating
foraging in mammalian herbivores to plant characteristics (Table 5.3), i.e., process
1, where plants are both dispersed and hidden within the landscape; process 2, where
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RESPONSE
Growth or Decline

MEASURES OF
SUCCESS:

INDIVIDUA] Growth
FORAGING Survival
SUCCESS Reproduction

Fitness

PLANT

CHARACTERISTICS
Nmri‘tiir\;al'?l :::tliw SEARCH EFFORT EXTRINSIC
and fill e INFLUENCES:
AND EFFICIENCY
Physical and DIGESTION MOVEMENT Predation
chemical signals of PATTERNS Rainfall patterns

forage Fire

Nutrients
LANDSCAPE
SATIATION HETEROGENEITY Water
Anthropogenic

INTAKE RATE

Functional response
BITEMASS BITE INTERVAL

BITEVOLUME BITEDEPTH CROPPING TIME CHEW RATE

Size Body size

Architecture Digestive system
Defence mechansms Maouth morphology
Fibrousness

Dispersion

Fig. 5.2 A conceptual diagram demonstrating linkages between forage resources, herbivores,
intake rate, behaviour and population dynamics adapted from Searle and Shipley (2008) and
Baumont et al. (2000)

plants are dispersed but apparent within the environment; and process 3, where
plants are both concentrated and apparent within the environment.

Of course these models often oversimplify intake rate into only two compo-
nents; namely searching rate and handling time (Baker et al. 2010), that comes from
the interactions between herbivore morphology and vegetation structure (Owen-
Smith and Novellie 1982; Spalinger and Hobbs 1992). Fundamentally, energy and
nutrient intake of herbivores influence their functional response and is determined
by the time they spend feeding (including handling time) and the forage they
consume, and as a result, influences the time that is spent on non-feeding activities
(Spalinger and Hobbs 1992). Animals exploit resources in different ways in order
to fulfil their individual energy requirements such as growth, survival and repro-
duction (Bjgrneraas et al. 2012), which are the measures of individual foraging
success (Fig. 5.2). The concept of functional response is useful in grasping the
behaviour of herbivores and its application leads to further explaining the



5 Feeding Ecology of Large Browsing and Grazing Herbivores 133

Fig. 5.3 Holling (1959)
functional response curves,
labelled with type of
response adapted from
Pettorelli et al. (2015) and
the fourth functional
response from Heuermann
et al. (2011)

Number of prey consumed

Type lll

Density of prey population

Table 5.2 Hollings three functional responses adapted from Pettorelli et al. (2015) and the fourth
functional response from Heuermann et al. (2011)

Model Formula Relationship
Type 1 Kill rate = attack rate * prey density Linear
Typell Kill rate = e e oy g e Asymptotic
Type 1 Kill rate = 1+ ¢ * prey denxityb: !I:rf};lj:sfigzliine « prey density” SlngId
Type v Kill rate = b+ 152?2’;:;’; 11’7:?;7{'&:)1'& ilrinsitx'z Lognormal

Note that in these equations b and ¢ are constants

influential role in patch dynamics and nutrient cycling within an area (Spalinger
and Hobbs 1992).

It is important to understand the shape of this functional response as this aids
predictions of how an ungulate will respond to environmental change (Smart et al.
2008). Furthermore, the shape of the functional response is important for predicting
and understanding population dynamics within species (Heuermann et al. 2011), and
how animals cope with both the costs and benefits provided by forage resources
(Bjgrneraas et al. 2012).

Grass tends to form a more continuous vegetation layer with one bite linked to the
next, whilst browse is characterised by a discontinuous, patchy multi-layered veg-
etation mosaic (Bond and Parr 2010); therefore, the functional response of browsers
can only consider the availability of browse within reach of the herbivore rather than
the browse available within the environment (de Knegt et al. 2008; Owen-Smith
2002).
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5.3 Components of the Functional Response

Herbivores have evolved in response to plants to be able to obtain food efficiently
(Stephens and Krebs 1986). These co-evolutionary processes have shaped herbivore
traits differently for grazing and browsing herbivores (Hofmann and Stewart 1972;
Jarman 1974; Gordon 2003) (Table 5.4). Plant and animal traits, therefore, influence
each of the components of the functional response. The functional response in
ungulates is governed by two key processes, (1) the rate at which an ungulate can
consume vegetation (R ,.«, i.€., the maximum cropping rate, and 4 the time it takes
an ungulate from one bite to the next) and (2) the availability and spatial distribution
of vegetation within the environment (Fraser and Theodor 2011) (i.e., searching and
handling time) (Fig. 5.2). The rate at which ungulates can consume vegetation is
governed by a number of key factors including bite volume, bite depth, cropping
time and chew rate (Searle and Shipley 2008). These factors are further influenced by
the traits of the plants being consumed, the traits of the animal consuming the plants,
as well as extrinsic factors which influence search effort and efficiency and land-
scape/habitat heterogeneity (Searle and Shipley 2008).

5.3.1 Cropping

The time needed to crop bites is influenced by fibre composition, dispersion of plant
parts, and structural defences of plants (Searle and Shipley 2008). There are signif-
icant differences amongst these factors between grasses and browse (Table 5.1).

Table 5.4 A comparison of different herbivore traits, related to digestive anatomy, of browsers and
grazers, adapted from Searle and Shipley (2008) and Shipley (1999)

Characteristic | Grazers Browsers

Foregut

Large, subdivided, smaller opening
between reticulum and omasum,
sparser more uneven papillae

Small, simple, larger opening between
reticulum and omasum, denser, more
even papillae

True stomach | Smaller Larger
(abomasum)
Hindgut Smaller cecum and intestines Larger cecum and intestines

Salivary glands

Smaller parotid salivary glands

Larger parotid salivary glands

Liver

Smaller

Larger

Mouth Wide muzzle, smaller mouth Narrow muzzle, larger mouth opening,
opening, stiffer lips flexible, often muscular lips, long tongue
Teeth Lower incisors of similar size, wider | Central incisors broader than outside

contact area, wide incisor row,
incisors projected forward, high
crowned teeth, less surface area,
more shearing action, more ridges

ones, less contact area for manipulation,
narrow incisor row, incisors more
uprights, low-crowned teeth, large
surface area of contact between lower
and upper teeth for crushing action
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Grasses generally have thicker cell walls, consisting of greater quantities of low
digestible fibres such as cellulose. The thicker and more fibrous cell walls in grasses
means that herbivores need to spend more energy and time to effectively crop
grasses, particularly when stems are present (Gordon and Benvenutti 2006). Browse
consists mainly of leaves with thinner cell walls that are more completely digestible
and woody stems containing high levels of lignin (Searle and Shipley 2008). But
browse often have physical defences such as thorns or spines which limit intake
and/or contain higher levels of lignin which inhibits digestion (Shipley 1999;
Tomlinson et al. 2016). Plant parts of browse are often more dispersed (i.e., thorns,
spines and branches slow cropping; Belovsky et al. 1991) compared to homogenous
grasses and thus browsers generally spend more time cropping compared to grazers
(Searle and Shipley 2008; Illius and Gordon 1987).

5.3.2 Bite Size

Bite size is determined by the bite area and the depth of the bite and this affects the
volume of vegetation that can be included in a bite (Pretorius et al. 2016). The shape
of an animal’s muzzle are often adapted to the food the animal eats (Fraser and
Theodor 2011). Development of different feeding strategies, based on forage pref-
erences, have resulted in the development of a wide range of differing mouth
morphologies (Table 5.4 and Plates 5.1 and 5.2: A—H). Characteristically, grazers
have larger muzzles and wider incisor arcades than similar sized browsers
(Table 5.4) (Gordon and Illius 1988). This allows grazers to take larger bites of
more uniform vegetation (Plate 5.1: A1-A3) and crop grasses shorter (Fraser and
Theodor 2011; Gordon and Illius 1988), resulting in the more vegetation being
consumed. However, at the same time, these larger bites may sacrifice the intake of
energy resulting from the consumption of lower quality of vegetation (Fraser and
Theodor 2011). For example in a type 4 functional response Heuermann et al. (2011)
found, in a study on geese, that larger geese had larger bites but lower intake rates
when compared to smaller geese. Additionally most grazers have hypsodont (high
crowned) molar teeth (Damuth and Janis 2011; see also Saarinen Chap. 2; Rowan
and Faith Chap. 3), which helps them deal with the higher levels of silica in grasses.
Browsers have a narrow incisor arcade and long muzzle, relative to grazers, with
prehensile lips that allow them to effectively strip whole branches of vegetation
(Pretorius et al. 2016) (Plate 5.2: E1-E3), and brachydont (low crowned) teeth
(Hummel et al. 2010) (Table 5.4). These differences in tooth structures between
browsers and grazers affect their longevity and reproductive success (Hummel et al.
2010).

Bite size is often not limited by the available biomass in a patch, but rather by the
animal’s mouth morphology and their ability to effectively crop vegetation (Bailey
et al. 1996; Pretorius et al. 2016). Bite area refers to the effective surface area of a
food source that can be cropped at one time, whereas bite size refers to the amount of
vegetation that can be removed from a plant in a single bite (Pretorius et al. 2016).
Bite size scales linearly with mouth volume and interdental morphology. During the
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process of taking bites chewing and cropping rates are negatively linearly related,
and both are affected by the chemical and structural characteristics of the forage
resource (Pretorius et al. 2016).

The relationship between intake rate and available vegetation biomass has often
resulted in the supposition that bite size scales linearly with body mass (Wilmshurst
et al. 2000; Pretorius et al. 2016). This assumption can also be derived from the
relationship between body mass and gut capacity (Demment and Van Soest 1985). In
contrast, relationships between bite rate and body mass are uncommon and studies
that have investigated these relationships often find none (Shipley et al. 1994; Fortin
2006). Bite rate is thus influenced by bite mass, especially when grass swards are
short (Murray and Baird 2008), although bite mass is believed to have a greater
influence on intake rate (R,,) than is bite rate (Pretorius et al. 2016). Finally intake
rate of forage can be split into two broad categories: (1) the time required to take a
bite of vegetation, which is independent to bite mass, and (2) the time required to
chew the harvested bite which is related to bite mass (Newman et al. 1994; Baumont
et al. 2000).

5.3.3 Chewing

Chewing is an important process in which herbivores effectively break down food
particles prior to digestion (Hummel et al. 2008). The thicker cell walls found in
grasses make them more energy-expensive to break down (crop and chew) than the
more delicate leaves of browse plants (Shipley 1999). The differences in tooth
structure are one of the key adaptations in herbivores to deal with fibrous food
(Hummel et al. 2008). Like bite size, hypsodonty in ungulates can give an indication
of the level of chewing that takes place to process plant material. Grasses are
generally considered to be more abrasive than browse and, therefore, hypsodonty
is an adaptation of many grazers to slow tooth wear from the consumption of grass
(Damuth and Janis 2011). However, abrasion of teeth during chewing is not only
limited to the physical properties of grasses (Shipley 1999; Damuth and Janis 2011),
but can also be associated with the intake of soil and grit that may adhere to the food
surface, and again this is more pronounced in grazers than browsers (Damuth and
Janis 2011). However, there are also other morphological adaptations to dealing with
potentially abrasive food possible (see Rowan and Faith Chap. 3; Codron et al.
Chap. 4). Increased chewing by grazers may also be one method to extract nutrients
from fibrous grasses and could be thought to be a selective advantage driving
hypsodonty among grazers (Damuth and Janis 2011), especially in longer grass
swards (Edouard et al. 2010).

Chewing is as essential to digestion as are digestive processes in the gut (Fritz
et al. 2009). Importantly, the smaller the food particles are, the faster they can be
digested (Clauss et al. 2009; Fritz et al. 2009). Therefore, increased chewing may be
effective to increase the intake of energy during digestion (Clauss et al. 2009), but
chewing is also a major cause of energy expenditure and can increase the cost of
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feeding, especially on longer grass swards (Edouard et al. 2010). Plant material that
is more completely chewed can pass through the gut faster, and the smaller particles
result in higher intake of energy from food (Shipley 1999). In a study on grazing
herbivores, Clauss et al. (2009) suggested that, in order to increase digestive
efficiency, herbivores needed to increase digestion time of plant material, and
break down food more effectively through chewing. Likewise Baumont et al.
(2000) noted that rumen retention time depended mainly on the degradation rate of
food within the rumen and this in increased if food particles smaller when they enter
the rumen. In the case of ruminants, when plant particles are too large to pass through
the opening between the reticulum and omasum, particles are regurgitated and
re-chewed until they are small enough (Shipley 1999). Grazers tend to have a smaller
opening between the reticulum and omasum, forcing food to be chewed more before
they can pass through. This appears to be an adaptation to slow the passage of food
allowing more complete fermentation of plant fibres (Shipley 1999). Because late
wet season forage is of lower quality than early wet season grass, it needs more
rumination time for ruminants. During the season when plant material is high in
fibre, rumination can compete for time with grazing, especially when bite size
becomes small and rumination time is high (Beekman and Prins 1989).

5.3.4 Encountering

A herbivore’s encounter rate with forage is determined by how an animal makes use
of its environment, and the scale at which they are making foraging decisions.
Furthermore the encounter rate with preferred food patches is affected by abiotic
factors such as climate, topography and distance to water (Bailey et al. 1996). At
different foraging scales a negative relationship between the quality and quantity of
vegetation may force herbivores to make trade-offs when selecting areas to forage
(Heuermann et al. 2011).

The strength of the relationships between an animal and the vegetation upon
which they feed governs an animal’s functional response. Encounter rate with forage
controls intake rate in herbivores whenever chewing time is shorter than the time
needed to travel between plants (process 1 and 2, Spalinger and Hobbs 1992).
Alternatively intake is controlled by the processing time of a herbivore when
vegetation is concentrated within an area and the time taken to travel between plants
is shorter than the processing time of a herbivore (process 3, Spalinger and Hobbs
1992). In this second scenario the spatial arrangement of plants has no effect on the
functional response in herbivores (Fortin 2006).

Within habitats there are a number of trade-offs that ungulates need to consider
when making foraging decision, these include the quality and quantity of food (e.g.,
Prins and Van Langevelde 2008a), finding shelter and avoiding predation (Godvik
et al. 2009).
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5.3.5 Satiation and Digestion

During a foraging bout the rate of intake is the highest at the beginning and then
decreases continuously as satiation proceeds towards satiety (Baumont et al. 2000).
Intake is controlled by stretch- and mechano-receptors in the rumen wall (Leek
1977), and increasing rumen fill with indigestible material reduces intake rate
(Faverdin et al. 1995). The main determinant of the vegetation digestibility in
ungulates is the fibre content of forage which affects both the processing and passage
time in the gut. As vegetation increases in biomass so too does its fibre content
(Heuermann et al. 2011). Due to the high lignin content in the woody stems of
browse, browsers have adopted a diet selectively feeding selectively on younger
leaves with reduced lignin content (Fraser and Theodor 2011). Browsing herbivores
have a greater degree of behavioural flexibility when it comes to trade-offs between
selecting bites and bite size than do grazers. Moose (Alces alces), for example, have
been shown to have an increase in the size of twigs that they consume as resource
quality decreases (Searle et al. 2005). Generally browsers favour a larger number of
smaller bites and select for high quality vegetation as opposed to larger, more
indiscriminate, bites (Searle et al. 2005). Grazers too are known to make changes
in their bite size and rate in response to changing forage characteristics; for example
cattle (Bos taurus) have been shown to favour larger bites when vegetation is
homogenous (Laca et al. 1994). Grazing herbivores tend to select bite size based
on the maximisation of energy intake rate and commonly favour the top of the grass
sward as this where leafy material is most prevalent (Searle et al. 2005).

The challenges of balancing trade-offs between quality and quantity of vegetation
provide evidence that herbivores may select areas of higher biomass and lower
quality of resources when there is increased competition among individuals for
similar resources (Herfindal et al. 2009; Prins 1989). Similarly herbivores may
avoid vegetation with high levels of anti-herbivore defences, such as tannins, lignin,
silica, thorns and spines (Murray and Baird 2008) or that grows in areas with high
levels of predation (White et al. 2003; Ford et al. 2014). Under these circumstances
plant defences may be considered more limiting to herbivores than the quality of the
vegetation (Murray and Baird 2008).

Aggregation of vegetation, and the defences that many plants have against
herbivory, make it apparent that small herbivores and browsers are more limited
by the spatial array and anti-herbivory defences of plants (Murray and Baird 2008;
de Knegt et al. 2008). Illius and Gordon (1987) and Murray and Baird (2008) suggest
that more selective species (i.e., smaller species) may outcompete less selective
(i.e., larger) species by selectively removing high quality vegetation. However, a
herbivores mouth morphology may be more important in determining selectivity in a
species. Herbivores with narrow mouths can selectively feed on high quality vege-
tation, irrelevant of size. For example, red hartebeest (Alcelaphus buselaphus
caama) and topi (Damaliscus lunatus topi) are both relatively large grazers, but
have narrow muzzles and incisor arcades and are highly selective relative to their
body mass (Venter et al. 2014; Murray 1993). Both species are adapted to feed
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selectively in high biomass grasslands, and because of their narrower mouths and
longer muzzles are able to crop green shoots between senescent shoots. They can
thus competitively exclude other similar size species, such as blue wildebeest
(Connochaetes taurinus), from forage patches because these species are unable to
be selective due to their broad flat dentition and muzzles (Murray and Baird 2008).
However the reverse can also be true where larger, less selective herbivores indis-
criminately remove biomass, thus cropping the available high quality vegetation
before more selective species are able to utilize it.

5.3.6 Vigilance

Herbivores exposed to predators need to be vigilant whilst feeding (Fortin et al.
2004). Vigilance, the process where herbivores lift their head during feeding to scan
for predators, is a factor that influences the foraging of animals (Baker et al. 2011).
But mammalian herbivores can also use other senses (auditive and olfactory) for
which they do not necessarily have to lift their heads to be vigilant (Nersesian et al.
2012).

Vigilance is assumed to play a role in the reduction of intake of food, by taking
time away from searching and processing (Fortin et al. 2004). Herbivores need to
manage trade-offs of feeding in areas less exposed to predators while consuming
adequate high quality vegetation. Recently there have been several functional
response models that have explicitly made reference to vigilance as an influencing
factor, and have allowed for the interactions between vigilance, handling time and
searching (Baker et al. 2011; Baker et al. 2010; Smart et al. 2008; Fortin et al.
2004). Unlike many other mammals, herbivores are able to continue processing
food while simultaneously searching for predators and their next bite, and, as a
result, their short-term intake rate may not be directly influenced by being vigilant
(Fortin et al. 2004; Illius and FitzGibbon 1994). The processing and handling time
of forage may be considered ‘spare time’ where an animal could search for
predators or their next bite (Fortin et al. 2004). The influence of vigilance on
feeding time may be further negated by behavioural adjustments in ungulates such
as feeding in larger groups or feeding in patches where the likelihood of predation
is less.

5.4 Searching for Forage

Finding suitable forage in a heterogeneous landscape, where patches change dynam-
ically, both spatially and temporally, can be challenging to large ungulates, espe-
cially if they have no prior knowledge of the location of the forage patches (Venter
et al. 2017; Bailey et al. 1996; Senft et al. 1987). Large herbivores may gain a priori
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knowledge using memory (from a previous visit to the patch) (Brooks and Harris
2008; Dumont and Petit 1998; Edwards et al. 1996; Fortin 2003; Hewitson et al.
2005) or through visual cues (Edwards et al. 1997; Howery et al. 2000; Renken et al.
2008) or prediction (Prins 1996). There is little evidence that browsers and grazers
differ, fundamentally, in their spatial perception and memory when searching for
forage (Searle and Shipley 2008). In the case of browsers the use of memory could
be a potentially useful strategy due to the spatial and seasonal predictability of the
forage resource; for example, trees are more “permanent” in a landscape (compared
to individual grass plants) and a browser could use memory to revisited these over
many years, at appropriate times when trees are flushing or bearing fruits (Janmaat
et al. 2006). For browse, visual cues could potentially also be more prominent
(Searle and Shipley 2008). For grazers memory could be important when grazing
patches are clearly defined in a landscape of unsuitable forage areas, such as
meadows in boreal forests (Merkle et al. 2014) and riverine deltas in an otherwise
dry savanna (Prins 1996). But in some environments grasses are less predictable due
to its dynamic short-term responses to factors such as rainfall, temperature and fire
and the use of memory or visual cues may be of less value (Venter et al. 2017).

The use of visual cues by herbivores is scale dependent. A number of foraging
studies have linked movement patterns to the use of memory (Brooks and Harris
2008; Ramos-Fernandez et al. 2003) or visual cues, at finer scales (e.g., bite, feeding
station, and food-patch scales) (Howery et al. 2000; Laca 1998). At the broader
habitat scale it seems that large browsing and grazing herbivores do not rely on
visual cues but rather adapt their movement (accelerating movement when they
move to patches that are not visible) to increase forage efficiency (Venter et al.
2017).

5.5 Patch Selection and Movement Between Patches

Large herbivores react to spatial patterns in topography and forage distribution
(Bailey et al. 1996), mainly because resource heterogeneity occurs at different spatial
and temporal scales (Senft et al. 1987; Bailey et al. 1996). Patch selection is scale-
dependent, and although herbivores can often afford to be selective on a fine scale
(plant part or species), this may not be the case at coarse scales (habitat scale)
because of energetic constraints (van Beest et al. 2010). Foraging ungulate’s food
occurs in discrete patches (Prins 1996; Bailey and Provenza 2008; Prins and Van
Langevelde 2008a) that are reasonably homogeneous with respect to some environ-
mental features (Bailey et al. 1996; Bailey and Provenza 2008; Owen-Smith et al.
2010). Large grazing herbivores feed within forage patches and then move through
areas where no or little acceptable food is encountered (Bailey et al. 1996; Prins
1996; Owen-Smith 2002); for example, blue wildebeest seeking out short grass
patches and moving through tall grass habitats to get to them (Owen-Smith and
Traill 2017).
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The forage resources for grazers are spread out horizontally over the landscape.
For browsers, forage resources are more complex because the food resource provides
a less contiguous assemblage of plant parts of differing nutritional value, spaced both
horizontally as well as vertically. Grazing and browsing herbivores utilize high-
value food, in terms of quantity, quality or both, by adjusting their movements to
habitat structure (Fortin 2003; de Knegt et al. 2007; Venter et al. 2015). They
accelerate when moving between forage patches (Shipley et al. 1996; Venter et al.
2017) and spend more time in better forage patches (Distel et al. 1995; Courant and
Fortin 2012). At different scales, plants may offer different amounts or concentra-
tions of nutrients and, to reach a complete and balanced diet, animals may have to
assemble a diet from different patches (Prins and Van Langevelde 2008b; Prins and
Beekman 1989). Furthermore, large herbivores adjust their use of forage patches to
the inter-patch distance (Shipley and Spalinger 1995), patch size (Venter et al. 2014),
patch density (de Knegt et al. 2007), patch structure (Pietrzykowski et al. 2003),
forage quality (Courant and Fortin 2012) and predation risk (Venter et al. 2014).
Habitat patches can occur at a coarse scale where large patches are separated by long
distances, or as a fine-scale mosaic separated by short distances (Cromsigt and OIff
2006). When patch heterogeneity is coarse, herbivores move long distances between
suitable patches but with more localized heterogeneity, herbivores move more
frequently over short distances between smaller patches (Hopcraft et al. 2010).

Animal movement is a core mechanism that influences a number of ecological
processes at individual (e.g., home ranges, foraging), population (e.g., metapopulation
connectivity, invasion dispersal), community (e.g., assemblages, species coexis-
tence), and ecosystem levels (e.g., nutrient cycling, spread of disease, seed dispersal,
trampling) (Turchin 1996; Fryxell et al. 2008; Nathan 2008; Delgado et al. 2009).
Animal search movements consist of a discrete series of displacements (i.e., step
lengths) separated by successive re-orientation events (i.e., turning angles)
(Bartumeus et al. 2005). These movement parameters can be used to determine if
an animal is foraging (encamped movement) or moving purposefully (exploratory
movement) through the landscape (Fryxell et al. 2008). Encountering a patch of
high-quality food plants can trigger a switch from exploratory to an encamped
movement mode (Fryxell et al. 2008). The question as to whether these parameters
differ between grazers and browsers has not been adequately investigated yet. The
proportion of time spent feeding during foraging spells, lasting an hour or more, is
typically 80-90% for grazers, and 65-80% for browsers (Owen-Smith 2002),
indicating that browsers should have a higher movement rate, while foraging,
compared to grazers. However, in a study by Venter et al. (2017), comparing
eland (Taurotragus oryx), a browser, with zebra (Equus quagga) and red hartebeest,
both grazers, the movement rate seemed to be more related to their digestive system
(e.g., ruminant versus non-ruminant) than feeding preference.

Movement rate is not only determined by forage resources but also by water
dependency, fear of predators and factors such as snow depth (Owen-Smith et al.
2010; Fryxell et al. 2008; Fortin 2003). Animals have to trade-off food quality and
quantity with being close enough to water or being in habitats where they are less
vulnerable to predators (de Boer et al. 2010).
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5.6 Migration

Migration is the a predictable, round-trip, seasonal movement of an animal between
two or more non-overlapping locations (Gnanadesikan et al. 2017). Migration is
considered a behavioural strategy that provides explicit benefits to migratory species
in the form of access to better forage, environmental conditions or breeding oppor-
tunities (Gnanadesikan et al. 2017; White et al. 2014; Fryxell et al. 1988). There are a
number of dominant factors that drive mass migrations of ungulates, including,
seasonal forage availability, snow depth, surface water availability and body-heat-
balance (Harris et al. 2009; Zeng et al. 2010).

World-wide twenty four ungulate species migrate, or have migrated recently, in
large aggregations (Harris et al. 2009). Fourteen of these species are from Africa,
seven from Eurasia and four from North America (with caribou Rangifer tarandus
occurs in both northern hemisphere continents) (Harris et al. 2009). The majority of
these migrations involves species that are grazers, with only a few mixed feeders and
browsers migrating (Fig. 5.1). Most grazers that migrate are from warm temperate
and equatorial areas in Africa (Fig. 5.1). Possibly the most well-known grazer-based
migratory system is the Serengeti/Maasai Mara where three grazing species namely;
blue wildebeest (Connochaetes taurinus), plains zebra (Equus quagga) and
Thomsons gazelle (Gazella thomsonii), migrate in succession, one species facilitat-
ing for another, according to phenological changes in the grass layer (McNaughton
1976; Bell 1971), or through a “parasite removal system” (Odadi et al. 2011).

Of the hundreds of ungulate species (see Mishra et al. Chap. 7), only 24 species
are considered migratory. A number of other species show movements in reaction to
seasonal differences in mountainous areas e.g., (Zeng et al. 2010) but perhaps the
majority of ungulate species are not migratory, and many even quite sedentary
within small home ranges. Ungulate ecologists should perhaps be aware that “the
Serengeti Discourse” has been very dominant in recent decades. Most browser and
mixed feeder migratory systems are in more extreme climatic regions, namely, arid,
nival and polar (Fig. 5.4). In these systems the browse layer is affected by extreme
temperatures, water stress or snow cover causing temporal and spatial changes in
browse availability (for instance, leave drop by trees and shrubs). But most ungulates
do not live in extreme climatic regions (see Mishra et al. Chap. 7).

5.7 Habitat Selection and Distribution Patterns

Large herbivores occur in heterogeneous environments and, consequently, multiple
complex interactions, both biotic and abiotic, are involved in determining their
habitat selection (Redfern et al. 2003; Kraaij and Novellie 2010). Large herbivore
habitat selection is influenced not only by their dietary requirements, that is, actively
seeking habitats as dictated by the availability of their preferred food source (Watson
et al. 2011; Prins and Van Langevelde 2008b), but also their functional response
(Shipley 2007), water availability (Ryan et al. 2006), escape cover and the associated
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Fig. 5.4 The number of large scale migratory systems of browsing and grazing ungulates in the
different world climatic regions. The global climatic regions that are used were derived from Kottek
et al. (2006) and migratory systems from Harris et al. (2009)

predator avoidance strategies (Abu Baker and Brown 2014; Martin and Owen-Smith
2016). Generally browsers are largely water independent whilst grazers are consid-
ered water dependent (Western 1975). The differences in how water availability
influences grazer and browser habitat selection is well illustrated in Kruger National
Park, South Africa. Here the habitat selection of browsers appeared to be weakly
associated with the availability and distribution of water, whilst grazers showed a
stronger relationship (Redfern et al. 2003; Ryan et al. 2006). Grass quantity (and
hence grazers) is more strongly positively associated with rainfall than are browse
plants and browsers, because the storage organs and the depth of root penetration for
browse plant forms allow trees a greater level of independence to rainfall events
(Scholes and Archer 1997). This suggests that rainfall patterns are more influential
on the distribution and habitat selection of grazers rather than browsers, because of
the stronger immediate positive association of grass rather than browse production to
rainfall.

Both browser and grazer selection of habitats is sensitive to the risks of predation.
Species such as the common duiker (Sylvicapra grimmia), elk (Cervus elaphus),
Nubian ibex (Capra nubiana) and white-tailed deer (Odocoileus virginianus) avoid
open habitat because of its associated predation risk (Creel and Winnie 2005;
Rieucau et al. 2007; Iribarren and Kotler 2012; Abu Baker and Brown 2014).
African buffalo are most vulnerable to lion (Panthera leo) predation in the transition
between grassland and closed vegetation (Prins and Tason 1989), whilst species such
as the blue wildebeest remain in open, short grassed habitat when predators are
present (Martin and Owen-Smith 2016). Large herbivore response, in terms of
habitat selection (related to the threat of predation), is thus largely species specific.

Fire influences habitat selection of browsing and grazing ungulates as both show
a preference for recently burnt vegetation due to improved plant quality in vegetation
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regrowth post-fire (Kraaij and Novellie 2010; Grossman et al. 1999; Klop et al.
2007). However, the preference for recently burnt vegetation does differ amongst
ungulates with different feeding types (Venter et al. 2014; Klop et al. 2007; Klop and
Prins 2008). Short grass grazers have a strong preference for burnt vegetation of up
to 2 years of age, whilst bulk grazers will utilise veld up to 4 years old and browsers
for up to 5 years of veld age (Kraaij and Novellie 2010). Many browsers also prefer
recently burnt areas where they select new fire-induced spouts from forbs and trees
(Klop et al. 2007) but more research could be done into understanding the prefer-
ences of different species in relation to fire history.

5.8 Variability in Ungulate Diets

A multitude of large herbivore feeding type categories have been developed over the
years, often in relation to the relative proportion of plant forage types, or stomach
structure of the species in question (Hofmann and Stewart 1972; Gagnon and Chew
2000). However, traditionally feeding guilds typically refer to browsers, grazers and
mixed feeders along a continuum with varying distinctions between the guilds
(Gagnon and Chew 2000). The use of a simple classification scheme referring
simply to browsers, grazers and mixed feeders is useful, but it is important to
understand that the same ungulate species occupy various different biomes and
habitat types (Gagnon and Chew 2000; Cerling et al. 2003), and that a single
classification scheme may not reveal local differences in ungulate diet, both region-
ally and seasonally (Gagnon and Chew 2000; Codron et al. 2007; cf. Codron et al.
Chap. 4). Ungulate diets are influenced by habitats and associated forage availability
(Djagoun et al. 2016), and substantial amounts of research has focussed on African
ungulate feeding ecology and their associated evolutionary adaptations and diversi-
fication as well as their influence on ecosystem processes (du Toit 2003; Djagoun
et al. 2016). Research on the relative consumption of graze and browse plant forms
in the diets of both grazing and browsing African ungulates, of the same species,
indicates variability across temporal and spatial scales. Grazers have been shown to
be more responsive than browsers to changes in habitat type across biomes
(e.g., adapting their diet to availability of graze versus browse), in terms of the
relative availability of browse and graze, as reflected in the composition of their diets
(i.e., grazers incorporating more browse in their diet than browsers would incorpo-
rate grass). For example, the diets of blue wildebeest, gemsbok (Oryx gazella), Cape
mountain zebra (Equus zebra) and red hartebeest, generally considered to be grazers,
were all shown to differ, in total contribution of grass versus browse, across multiple
biomes (Cerling et al. 2003; Sponheimer et al. 2003; Vermeulen 2018). The greater
adaptability in the diet of wild grazers than browsers is supported in the literature on
the diets of domestic grazers and browsers, where it has been shown that the
digestive system of the grazer is more efficiently suited to digest browse than the
browser to digest graze (Clauss et al. 2010). The ability of grazers to handle greater
variability in their diet, as compared to browsers, could, therefore, imply that the
distinction between a grazer and a mixed feeder is not as distinct as the traditional
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browser, grazer and mixed feeder classification approach suggests (cf. Codron et al.
Chap. 4). The variability in ungulate diets, between biomes, appears to be largely
related to rainfall seasonality and amount, and the resulting abundance of available
grass and tree cover for ungulate consumption. For example, in habitats where
browse shrubs predominant, such as the Nama Karoo of South Africa, grazing
ungulates consume a greater proportion of browse than what they do in biomes
such as the savannas of Africa where grass is more widely available (Vermeulen
2018). The differences in ungulate diets, that occur both seasonally and at a biome
scale, emphasise how important it is to have an understanding of ungulate feeding
ecology at a local scale, especially given the threats (and opportunities) posed by
climate change and the resultant change in vegetation structure and fire regimes
(Kgope et al. 2010; Wigley et al. 2010; cf. Van Langevelde Chap. 10).

5.9 Conclusion

Human alteration of the global environment has triggered the Anthropocene, a major
extinction event, in the history of life, which is causing widespread changes in the
global distribution of biodiversity (Dirzo et al. 2014; WWF 2018). This wealth of
biodiversity plays a significant role in a large proportion of the economy and liveli-
hoods of many urban and rural people all over the world (Dirzo et al. 2014; Hempson
et al. 2017). Human interference alter ecosystem processes and change the resilience
of ecosystems to environmental change (Chapin et al. 2000). Many of the great
ecosystems which house a diversity of large mammalian herbivores are exposed to
alarming defaunation rates (Dirzo et al. 2014) driven by a variety of factors, some of
which are well understood e.g., the effect of poaching (Chase et al. 2016) and
overutilization (Chapin et al. 2000), and others not, e.g., change in ecosystem
function (Hempson et al. 2017). Grazers and browsers interact with their environ-
ment and forage resources in different ways. An understanding of their behaviour is
imperative for their long term persistence and the development of effective measures
for their conservation; this is especially important when grasslands become less
dominant and woody cover increases, as a consequence of climate change, leading to
changes in large herbivore assemblages (Smit and Prins 2015).
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Chapter 6 )
Population Dynamics of Browsing s
and Grazing Ungulates in the Anthropocene

Christian Kiffner and Derek E. Lee

6.1 Introduction

Ungulates (here defined as terrestrial artiodactyls and perissodactyls; hoofed animals
within an average female body mass of 1-1000 kg) are a highly diverse group of
grazing and browsing animals. Despite their cultural, economic, and ecological
importance across their nearly worldwide range, the status of many ungulate
populations is worrisome (Ripple et al. 2015). Therefore, we address the topic of
ungulate population dynamics from the perspective of conservation biology. Our
framework is the “declining population paradigm”, which aims at identifying demo-
graphic causes and mechanisms that underlie observed changes in population growth
rates (Caughley 1994). We mainly focus on ungulate assemblages in temperate
zones of Europe and North America, subtropical deciduous forests of South Asia,
and savannas and woodlands of Africa, since most relevant research on ungulate
population ecology has been carried out in these systems. Due to the high diversity
of ungulates in African savannas (OIff et al. 2002), and our own experience, several
examples in this Chapter were drawn from this region. Ungulates comprise a huge
diversity of species that occur on most continents (OIff et al. 2002), and can
functionally be grouped according to their feeding strategy as grazer (eating grass)
or browser (eating woody and non-woody dicots) (Hofmann and Stewart 1972).
This classification is generally not dichotomous because many species are interme-
diate (or mixed) feeders (Gagnon and Chew 2000; Codron et al. Chap. 4), and even
archetype browsers such as giraffes (Giraffa camelopardalis) may occasionally feed
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on grasses (Seeber et al. 2012), just as typical grazers may occasionally browse
(Owen-Smith 2008). We used this dichotomy even though we are aware that this is
an oversimplification (Codron et al. Chap. 4; Gordon and Prins Chap. 16). For
analyses, in this Chapter we characterize ungulates as either predominantly grazers
(>50% grass in diet) or browsers (>50% dicots in diet). With this coarse dichotomy,
and its inherent limitations in mind, we will focus on the following specific
questions:

1. How does spatial and temporal variability of vegetation productivity affect
grazers and browsers?

2. How do densities of grazers and browsers relate to body mass?

3. Which demographic rate contributes most to population growth of browsers and
grazers?

4. What are the causal factors of population growth in ungulate populations?

5. Are browsers or grazers more susceptible to anthropogenic changes?

6.2 Spatial and Temporal Variability in Grass and Browse
Availability

Forage abundance is the principal driver of second- and third-order habitat selection
of animals (i.e., the distribution of home ranges and space utilization within the
home range, respectively), and thus largely controls the distribution and density of
ungulates (Johnson 1980; Pettorelli et al. 2009; Waltert et al. 2009); although scale-
dependent trade-offs between forage quantity and quality exist (Van Beest et al.
2010).

The global distribution of tree cover is mainly affected by climate, but at
intermediate precipitation and mild seasonality, fire is the main force differentiating
savannas from forests (Langevelde et al. 2003; Staver et al. 2011). Without fire,
closed forests could double in their extent (Bond et al. 2004). In arid and semi-arid
regions, woody cover is limited by precipitation, fire, and herbivory, which interact
to limit woody cover. Competition with grasses also limits recruitment of woody
vegetation (de Waal et al. 2011; Morrison et al. 2018). In areas with precipitation
exceeding 650 mm, savannas may transform to forests (and vice versa) following
perturbations (Sankaran et al. 2005; Murphy and Bowman 2012). The presence or
absence of ungulates can also affect vegetation structure and quantity both directly
and indirectly. For example, browsing may limit woody species expansion, and thus
indirectly stimulate grass growth, which increases fuel load and fire intensity, which
further reduces woody cover (Langevelde et al. 2003). Alternatively, high densities
of grazers can remove ground fuel to the point where fire prevalence is reduced and
woody plant cover increases (Roques et al. 2001). Indeed, fire and herbivory
strongly interact. For example during times of culling programs (and thus reduced
herbivore densities) the lowered grazing pressure substantially led to increases in
the extent of fires whereas the opposite was true during times after the culling
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programs when herbivores doubled in biomass density (Smit and Archibald 2019;
cf. Smit and Coetsee Chap. 13). Particularly for grazers, these two alternative stable
biome states are important because closed-canopy forests have almost no grasses
(Ratnam et al. 2011) and reduced productivity in the ground vegetation layer (Melis
et al. 2009).

Temporally, browse availability is relatively constant across years, but is
influenced by recent precipitation (Rutherford 1984). Browse availability often
varies seasonally, as during the dry season in sub-tropical deciduous forests, and
during winter in temperate broad-leaved forests, when most of the woody vegetation
sheds leaves. Grass availability is more strongly influenced by seasonal and inter-
annual differences in rainfall (O’Connor et al. 2001; Ogutu and Owen-Smith 2003).
In African savannas, the protein content of both browse and grasses (and thus the
nutritional quality) is usually highest during the early rainy season and lowest during
the dry season (Pellew 1983; Prins 1988; Robbins 1993).

Ungulates have adopted two main strategies to cope with the spatiotemporal
variability in food resources. Mixed feeders, such as red deer (Cervus elaphus) or
impala (Aepyceros melampus), can adjust their feeding strategies and mainly feed on
grasses during the grass growing season and increase intake of woody vegetation
during winter or dry seasons (Meissner et al. 1996; Verheyden-Tixier et al. 2008).
Other ungulate species track the spatiotemporal variation in plant phenology
by migrating to areas of higher forage quantity and quality (Merkle et al. 2016).
Seasonal migrations have been documented for browsers such as roe deer
(Capreolus capreolus) and moose (Alces alces), and grazers such as wildebeest
(Connochaetes taurinus) and saiga antelope (Saiga tatarica), but most of the farthest
long-distance migrations are undertaken by grazers (Teitelbaum et al. 2015).

6.3 Population Densities of Grazers and Browsers

To describe patterns and assess correlates of population densities of grazers and
browsers, we compiled a database of density estimates of ungulate populations
(n = 964) across the globe (available at http://www.wildnatureinstitute.org/
uploads/5/5/7/7/5577192/kiffner___lee_ungulate_densities.xIsx). We are aware
that the broad distinction into grazers and browsers (and even a trichotomy of
browsers, mixed feeders, and grazers) is too simplistic from evolutionary and
morphological perspectives (Codron et al. Chap. 4). Yet, in order to find broad
patterns in population densities, a simplification into two categories (and thus
sufficient sample sizes for each “feeding” category) was necessary to allow for our
quantitative comparisons.

Population densities of browsers and grazers are highly variable (Fig. 6.1).
Although most populations range around a few individuals km 2, both grazing
and browsing species can reach very high population densities (with 267 ind.km 2,
chital Axis axis had the highest density in our dataset; Wegge and Storaas 2009). In
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Fig. 6.1 Boxplot showing
the range of population
density estimates for
browsing and grazing
ungulates. The highest
density in our dataset

(267 chital km™2) was
removed
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this and subsequent sections, we outline how this variation in population densities of
ungulates can be explained.

Body mass is one of the most fundamental traits of organisms (Peters 1983), and
its relationship with population density has received substantial attention from a
macro-ecological perspective (Damuth 1981; Blackburn and Gaston 1999; Olff et al.
2002; White et al. 2007). Negative relationships between the log;o body mass and
logo density of animals often have been reported, but the relationships are often
non-linear and explain relatively little of the observed variation in animal population
densities (Blackburn et al. 1994; Silva et al. 2001). The frequently observed expla-
nation provided for this pattern is that animal abundances are limited by energy
availability, but this explanation has been substantially challenged (Blackburn and
Gaston 1999; White et al. 2007). To assess whether body mass is a strong predictor
of ungulate densities, we plotted trend lines using best fitting (based on sample-size
corrected AIC, scores) general additive models in R (R Core Team 2016; Wood
et al. 2016) to non-transformed data.

Our data indicate that relationships between ungulate density and average female
body mass are—if at all—rather weak when analysed separately for grazers and
browsers, or combined for all ungulates, and that body mass explains very little of
the observed variation (Fig. 6.2). Particularly among grazers, biomass density
(density x average female body mass) seems to have a bimodal distribution, with
highest biomass densities in species of about 200 kg body mass. Rather than a linear
body mass—density relationship, our data indicate that high ungulate densities are
realized in specific body mass ranges. Globally, highest population densities (10% of
highest densities in our dataset) occur in relatively small-bodied browsers (range:
20-233 kg; median: 45 kg) whereas highest densities in grazers are realized across a
wider body mass range and typically in larger species (range: 17-325 kg; median:
137.5 kg). Extending this selection to the 20% highest population densities yielded
similar body mass ranges for both browsers (range: 5.5-233 kg, median 45 kg) and
grazers (range: 17-325 kg, median 50 kg), lending further support for upper and
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Fig. 6.2 Global patterns of grazer and browser (a) densities and (c) biomass densities in relation to
average female body mass as well as the overall relationship between (b) ungulate density and (d)
biomass and body mass

lower body size thresholds, beyond which smaller- or larger-sized species cannot
obtain densities that are occasionally realized by medium-sized ungulates (Fig. 6.2).

Regional body mass—population density relationships (Fig. 6.3) occasionally
support a negative, nonlinear but rather weak trend, particularly among browsers
in temperate ecosystems of North America (Fig. 6.3a) and Europe (Fig. 6.3b), and
grazers in South Asia (Fig. 6.3¢c). In African savannas, medium-sized grazers have
the highest population densities (Fig. 6.3d)—a pattern found also in savannas of the
Tarangire-Manyara ecosystem in northern Tanzania (Fig. 6.3f, g). However, in
Miombo woodlands of East Africa, no body mass—population density relationships
are apparent (Fig. 6.3e). In temperate zones (North America, Europe), browsers
reach higher densities than grazers, whereas in tropical and subtropical regions,
grazers tend to reach highest densities. This pattern is even more pronounced in body
mass—biomass density relationships. In the northern hemisphere, browsers usually
contribute more to overall ungulate biomass (Fig. 6.4a, b), whereas in tropical and
subtropical regions, grazers tend to reach higher biomass densities (Fig. 6.4c, g). In
South Asia, large-bodied, predominantly grazing gaurs (Bos gaurus: 800 kg), con-
tribute substantially to overall ungulate biomass. In African savannas, grazers
between ~200—400 kg of body mass contribute most to biomass densities. Although
some wild ungulates can reach exceptionally high densities, livestock species fre-
quently surpass densities of wild species in areas where wildlife and livestock
coexist (Fig. 6.3h), and their contribution to overall herbivore biomass (Fig. 6.4h)
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Fig. 6.3 Densities (ind.km~?) of grazing and browsing wild ungulates in relation to the average
female body mass (kg) in (a) Europe, (b) North America, (¢) Southeast Asia, (d) and Africa. For the
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usually exceeds those of wild ungulates (Prins 1992; Kiffner et al. 2016; Hempson
et al. 2017; Mishra et al. Chap. 7).

These global-, continent-, and ecosystem-wide analyses indicate that the body
mass—density relationships are not very strong, and suggest that medium-sized
ungulates usually realize the highest densities. A possible explanation for this pattern
could be found in the physiological constraints associated with body mass (see also
Codron et al. Chap. 4). Small-sized species typically require high forage quality to
sustain their proportionally high energy demands, and high-quality forage is usually
rare in the environment. At the other body-size extreme, very large herbivores
usually require proportionally greater amounts of forage (Miiller et al. 2013).
These considerations imply that small ungulates are mainly constrained by avail-
ability of high-quality forage; very large ungulates are mainly constrained by forage
quantity in the environment; whereas medium-sized ungulates are less severely
constrained by forage quality and quantity. These physiological considerations
may partly explain observed patterns of highly abundant medium-sized ungulates,
and low abundances of very small and very large ungulates.

Beyond among-species density differences, within-species variation in densities
can be substantial. Indeed, within-species coefficients of variation (CV = standard
deviation of density estimates / mean density) were clustered between 0 and
2 (Fig. 6.5). CVs in both grazers and bowsers were not significantly correlated
with sample size (grazer: tau = 0.12, p = 0.37, n = 27; browser: tau = 0.30,
p = 0.07, n = 20). In grazers, variability in density is generally negatively correlated
with body mass, and above a body mass of ~100 kg tends to be lower than for
browsers (Fig. 6.5a). In browsers, the body mass—coefficient of variation relationship
is hump shaped with highest variability in densities among browsing species of
200-600 kg body mass. Among grazers, our dataset indicates particular high
variability in densities of fallow deer (Dama dama), chital, southern reedbuck
(Redunca arundinum), and African buffalo (Syncerus caffer). Browsers with highly
variable densities were red deer, wild boar (Sus scrofa), bushbuck (Tragelaphus
scriptus), and eland (Taurotragus oryx). Across all ungulates, we found variability in
densities was negatively associated with body mass (Fig. 6.5b). In the following
sections, we will outline how abiotic and biotic factors cause variation in demo-
graphic processes leading to variation in population growth.

<
«

Fig. 6.3 (continued) African continent, wild ungulate densities are presented separately for (e)
Miombo ecosystems, (f) national parks and (g) community-based conservation areas in the
Tarangire-Manyara ecosystem (Tanzania). (h) Depicts densities of livestock species (note the
different y-axis scale) in community-based conservation projects of the Tarangire-Manyara eco-
system (Tanzania)
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Fig. 6.4 Biomass densities (kg.km ?) of grazing and browsing wild ungulates in relation to the
average female body mass (kg) in (a) Europe, (b) North America, (¢) Southeast Asia, (d) and
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6.4 Demographic Patterns and Processes Underlying
Population Dynamics

The numbers of individuals in animal populations fluctuate over time and across
space (Lack 1966; Levins 1969; Sinclair 1977). Changes in population sizes are
ultimately due to the demographic processes of births, deaths, and movements
(immigration and emigration). Identifying which specific demographic rate (birth
rate, juvenile survival, adult survival, age of first reproduction, immigration, or
emigration) contributes most to changes in population growth (i.e., the “key demo-
graphic rate”) can be considered the “holy grail” of population ecology (Gaillard
et al. 1998, 2000; Morris and Doak 2002; Coulson et al. 2005), and is of great
interest to studies of life history evolution and conservation biology. Our current
synthesis of population ecology studies suggests that no specific demographic rate is
central in governing all or most changes in growth rates, and that environmental
variation in resource availability and predation directly and indirectly affect vital
rates. In addition, indirect effects of perturbations can create cohort effects or alter
age structures. This leads to transient population dynamics because different cohorts
and age classes have different demographic rates. The relative contribution of direct
vs. indirect effects can be dependent upon the life history strategy (slow versus fast)
of the species (Gamelon et al. 2016). This suggests that all age groups contribute to
changes in population growth (Gamelon et al. 2016). Furthermore, there is increas-
ing evidence that ungulates can flexibly adjust reproductive tactics (and thus influ-
ence population growth) in response to environmental variation such as pulsed
increases in food quantity and quality (Gamelon et al. 2017). This understanding

<
Y

Fig. 6.4 (continued) Africa. For the African continent, wild ungulate biomass in (e¢) Miombo
ecosystems, (f) national parks and (g) community-based conservation projects in the Tarangire-
Manyara ecosystem (Tanzania) are presented as well. (h) Depicts biomass densities of livestock
species (note the different y-axis scale) in community-based conservation projects of the Tarangire-
Manyara ecosystem (Tanzania)
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of ungulate population ecology has developed over time, which we will now briefly
summarize.

Early syntheses of empirical studies of ungulate population dynamics examined
temporal variation in demographic rates in relation to population growth rates
(Gaillard et al. 1998, 2000). Their main findings were that adult female survival
showed low inter-annual variation, fecundity of prime-aged females was moderately
variable, and juvenile survival and young female fecundity showed the greatest
inter-annual variation. Interestingly, although matrix population models indicated
adult survival theoretically makes the greatest contribution to population growth, it
had very low observed inter-annual variability, leaving little room for adult survival
to have an appreciable effect on population growth. Conversely, juvenile survival
theoretically had a low contribution to population growth rate, but exhibited large
temporal variation that was primarily responsible for observed changes in population
size, and thus was identified as the key demographic rate (Wisdom et al. 2000;
Lehman et al. 2018).

Albon et al. (2000) sought the key demographic rate for red deer on Isle of Rum,
Scotland and made a slightly more nuanced conclusion, finding that birth rate was
the dominant component of relative population growth rate when the population was
growing rapidly, but during a period when population size fluctuated near carrying
capacity, variation in adult female survival (along with covariation of adult survival
and calf survival) contributed most to relative variation in population growth rate.
Clutton-Brock and Coulson (2002) also found that variation in the survival of mature
animals contributed more to changes in population size than juvenile survival.
Subsequent work (Coulson et al. 2005) indicated that the most influential demo-
graphic rates varied among populations of red deer and bighorn sheep (Ovis
canadensis) depending on whether the population was growing or fluctuating near
carrying capacity, and according to site-specific differences in ecological processes
such as disease, predation, and density dependence. Recent studies have found that
in declining populations, variation in adult survival, due to natural or anthropogenic
predation, can be the most important factor affecting variation in population growth
rates (Johnson et al. 2010; Lee et al. 2016a). Importantly, covariation among
demographic rates within a population is a critical feature that should be considered
when seeking the demographic causes of variation in population growth rate
(Coulson et al. 2005).

Environmental variation among years such as temperature- or precipitation-
dependent timing of plant phenology relative to timing of birth can affect all the
newborns in an area similarly, creating cohort effects (Clutton-Brock and Coulson
2002). In years when food is scarce for all pregnant females in an area, offspring
birth weights can be low and bodily growth of juveniles can be slower, and this can
lead to lower demographic rates throughout the lives of all individuals born in a
“bad” year cohort (Post and Stenseth 1999). Indeed, up to 50% of variation in
individual performance within a population can be explained by early life environ-
ment in ungulates (Hamel et al. 2009).

Stochastic variation in population age structure (the distribution of different-aged
animals in a population) is important because different ages have different
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demographic rates. Environmental variation can alter the age-structure distribution
which causes transient population dynamics that are mediated by life history (Owen-
Smith and Mason 2005; Haridas et al. 2009; Coulson et al. 2010). Fast-paced species
(with a short generation time) usually increase population growth rates after distur-
bance, whereas slow-paced species (with a long generation time) frequently decrease
growth rates after disturbance (Gamelon et al. 2014).

The demographic mechanisms underlying observed population dynamics are
clearly complex, and suggest strong context dependencies (Clutton-Brock and
Coulson 2002). Conservation and species recovery programs are most effective
when system-specific contributions of demographic rates to population growth rates
are known. In identifying demographic rates driving the dynamics of populations,
analyses should incorporate transient dynamics, and actual variation in demographic
rates. This requires data on demographic rate means, variances and covariances, and
population sizes divided into age or stage distributions (Johnson et al. 2010). Inte-
grated population models (Kery and Schaub 2012) and transient life table response
experiments (Koons et al. 2016, 2017) that incorporate environmental stochasticity
(Tuljapurkar 1982), correlations among demographic rates (Coulson et al. 2005), and
non-stationarity (Jenouvrier et al. 2014) are useful tools for analysing demographic
mechanisms underlying population fluctuations (Maldonado-Chaparro et al. 2018).

Metapopulation analyses are rarely conducted for large herbivores (Lee and
Bolger 2017), but the theory of metapopulation dynamics that has arisen from
studies of other species should be tested for applicability to grazers and browsers.
Particularly important from a conservation perspective in increasingly anthropogen-
ically fragmented habitats, is the idea that metapopulations can buffer subpopulation
oscillations and reduce subpopulation extinction probabilities (Goodman 1987;
Gilpin and Hanski 1991; Hess 1996).

6.5 Global and Local Causal Factors Underlying Ungulate
Population Dynamics

In recent years, ecologists have moved away from mono-causal hypotheses
explaining animal population dynamics, and developed more complex models,
which propose that primary production, predation, droughts, fire, and land conver-
sion (and possible other factors) all interact synergistically in their regulation of
herbivore populations to create indirect-, additive-, reciprocal-, and interaction-
modifying relationships (Hopcraft et al. 2010). There is increasing quantitative
evidence that abiotic factors determine the relative importance of predation, forage
quantity, and forage quality in regulating herbivores of different body sizes, and this
alters the relative strength of the connections between biotic and abiotic components
in ecosystems. Species with smaller body masses are often subject to greater levels
of top-down control (mainly owing to their susceptibility to a more diverse set of
predators), whereas body mass thresholds for escaping predation regulation, appear
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context dependent (Hopcraft et al. 2010). In sum, larger-sized species are mainly
limited by food supply whereas the effect of predation may be most influential in
relatively small species (Hopcraft et al. 2010), and in less productive environments
(Melis et al. 2009).

At the core, theory of ungulate population dynamics needs to explicitly incorpo-
rate temporal and spatial aspects of environmental variation (Boyce et al. 2006;
Hempson et al. 2015). Forage availability determines individual body condition and,
therefore, survival and reproduction in ungulates (Parker et al. 2009), so resource
availability (“bottom up regulation”) is the ultimate causal factor determining
population size and trajectory (Sinclair and Krebs 2002; Sinclair 2003; Pettorelli
et al. 2009). Indeed, the observed variation in population densities of herbivores is
primarily driven by primary production, which itself is mainly governed by soil
fertility and precipitation. Thus, primary productivity is the main determinant of
maximum density for a population (Coe et al. 1976; East 1984; Fritz and Duncan
1994; Pettorelli et al. 2009).

Internal feedbacks of population density (i.e., density dependence) may affect
population growth of large ungulates to some degree as well (Bonenfant et al. 2009).
High population density, that approaches or exceeds local carrying capacity, gener-
ally results in body mass decreases, increases in age of first breeding, and decreases
in all aspects of reproduction from ovule production to weaning success, thereby
generally reducing recruitment (Bonenfant et al. 2009). Survival during the first year
is the demographic rate most frequently reported to be density dependent, and it also
shows the greatest variation with density, but prime-aged adult survival and costs
of reproduction are also density dependent (Bonenfant et al. 2009). Dispersal may
also be affected by density (Matthysen 2005). There is substantial evidence that
the relative importance of density dependence for regulating large herbivore
populations is itself dependent on spatiotemporal variation in resources and preda-
tion. Temporal environmental variability has been associated with density depen-
dence caused by forage deficits (Wang et al. 2006), and—among ungulates in the
northern hemisphere—predation and spatial resource heterogeneity may weaken the
density-dependent effects (Wang et al. 2009). At least some larger ungulate species
may flexibly adjust their reproductive allocation in response to resource availability,
such as pulsed resource availability caused by mast seeding (Gamelon et al. 2017).
These examples show that spatiotemporal variation in resource availability and
predation interact with density dependence and reinforce the notion that resource
availability is the ultimate factor affecting population growth and density of
ungulates.

The concept of the key resource for ungulate populations is defined as that
resource which determines the demographic rate that exerts the most influence on
the population trajectory (Illius and O’Connor 1999). Thus identifying the key
resource for a population is useful for determining the specific pathway to population
regulation. Resource availability often varies over time and annual variation in
primary productivity is largely determined by atmospheric oscillations (El Nifio
Southern and North Atlantic Oscillations) affecting precipitation and temperature
patterns, with direct impacts on vegetation phenology and primary productivity and,
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therefore, populations of ungulates (Post and Stenseth 1999; Ogutu et al. 2008;
Hagen et al. 2017). Theoretically, spatial heterogeneity can buffer populations
against temporal variability by allowing herbivores to access forage resources in
the most nutritious state (Wang et al. 2006; Hobbs and Gordon 2010), via dispersal
before forage is depleted (Owen-Smith 2004). However, localized weather extremes
(e.g., reduced dry season rainfall), and increasingly restricted animal movement
caused by fencing or other forms of habitat fragmentation, may amplify negative
effects of large-scale climatic variation on ungulate populations (Ogutu and Owen-
Smith 2003).

Stochastic disturbances, such as natural- and human-induced variation in climate
extremes (droughts, cold, flooding), can directly (via increased mortality) and
indirectly (via changes in available food resources) affect ungulate population
growth rates. Sudden shifts in local primary productivity, due to perturbations
such as fire, flood, or land conversion, can rearrange the dynamics of an ecosystem
briefly or semi-permanently into a new state (van de Koppel et al. 2002). In
temperate latitudes, harsh winters can strongly affect mortality rates, particularly
among younger age classes, through a combination of greater thermoregulatory costs
and decreased forage availability because of deep snow (Post and Stenseth 1999;
Jacobson et al. 2004). In tropical or subtropical systems, droughts can directly affect
mortality rates (Owen-Smith 1990), with more sedentary, grazing, and mixed-
feeding species at highest risk from increasing drought intensity (Duncan et al.
2012). Human-caused increases in the atmospheric CO, concentration can act as
fertilizer for plants in general, but woody vegetation appears to benefit most from
CO; enrichment (Bond and Midgley 2000). Changes in herbivory, precipitation, and
fire frequency may also affect woody versus herb—grass plant community composi-
tion locally (Morrison et al. 2016a), but CO, is considered to be the key underlying
causal factor of shrub encroachment in savanna ecosystems (Devine et al. 2017).

Predation and diseases (“top down regulation™) can reduce populations below
their resource-determined potential carrying capacity. A famous example of
top-down regulation is the six-fold increase in the Serengeti wildebeest population
(Fig. 6.6a) after the population was released from the rinderpest virus (Sinclair 1979;
Holdo et al. 2009). A more pessimistic example is the trajectory of the black
rhinoceros (Diceros bicornis) population in Lake Manyara National Park, Tanzania
(Fig. 6.6b) that was extirpated within few years due to poaching (Kiffner et al. 2017).
Albeit classic top-down theory involves direct (mortality) effects, there is growing
evidence that the mere presence of predators can affect demography and reproduc-
tion of ungulate species through behavioural and physiological effects of fear (Creel
et al. 2007; LaManna and Martin 2016), but non-lethal effects of predation have yet
to be fully integrated into models of population regulation (Peers et al. 2018).
Although population growth is usually negatively correlated with population den-
sity, population growth rate and density can be positively associated at low abun-
dances (Courchamp et al. 1999). This phenomenon (often named Allee effect) can be
caused by predation or reduced reproduction, and can lead to increased local
extinction risk of ungulates that occur at low densities (Wittmer et al. 2005;
Bourbeau-Lemieux et al. 2011).
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Fig. 6.6 Time series of
wildebeest (Connochaetus
taurinus) population sizes in
the Serengeti ecosystem
(data from Hopcraft et al.
2015) and densities of black
rhinoceros (Diceros
bicornis) in Lake Manyara
National Park (data from
Kiffner et al. 2017)
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In most ecosystems, multiple ungulate species co-exist, which may cause com-
petition over commonly used food resources. Indeed, correlative studies suggest that
grazing ungulates in East Africa can be limited by competition with buffalo (de Boer
and Prins 1990; Kiffner et al. 2017). In Europe, high red deer densities have a
negative effect on body masses of roe deer fawns (Richard et al. 2010), and time
series of herbivore assemblages suggest that interspecific competition affects ungu-
late population dynamics in temperate forests (Jedrzejewska et al. 1997). Facilitation
within herbivore assemblages has been documented in tropical and subtropical
ungulate communities as an important process governing coexistence (Olff et al.
2002). While competition over resources usually occurs during times of resource
scarcity (when vegetation is dormant), facilitation mainly occurs during the growing
season when species such as zebras (Equus quagga) stimulate grass growth (Sinclair
and Norton-Griffiths 1982; Arsenault and Owen-Smith 2002; Wegge et al. 2006).
The relative importance of competition versus facilitation is particularly relevant in
areas where livestock species coexist with wildlife (Spear and Chown 2009).
Exclusion experiments in Kenya’s Laikipia landscape suggest that facilitation
mainly occurs during the growing (wet) season, whereas wildlife and livestock
compete for grasses during the dry season (Odadi et al. 2011a, b). Indirect effects,
such as apparent competition and apparent mutualism among species, mediated by a
shared predator, are also possible (Estes et al. 2013), but rarely quantified (Chaneton
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Fig. 6.7 Time series of
estimated grass and browse
consumption (kg-ha™".
year™ ') as a function of
population fluctuations of
thirteen herbivore species
and estimated daily grass
and browse intake in Lake
Manyara National Park,
Tanzania (data from Kiffner
et al. 2017)
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and Bonsall 2000; Lee et al. 2016b). Beyond competition and facilitation, evidence
from temperate and tropical biomes indicates that wild and domestic ungulates can
have substantial cascading effects on plant regeneration, structure, and functioning
(Goheen et al. 2018; Ramirez et al. 2018). In turn, this can shape the relative
contribution of grazing and browsing (Fig. 6.7), as well as ecosystem structure and
functioning (Dirzo et al. 2014; Hempson et al. 2017).

Advanced models to adequately depict ungulate population dynamics, therefore,
need to (1) include biotic interactions (which could be additive, reciprocal, indirect,
and interaction modifying) between resource availability, competition and facilita-
tion, diseases, and predation; (2) incorporate spatiotemporal variation in abiotic
factors, which determine resource availability, the relative strength of competition
and facilitation, predation, and diseases in regulating herbivores of different body
sizes; and (3) explicitly address possible feedback loops between abiotic factors,
biotic interactions, and ungulate populations.

6.6 Predicted Effects of Anthropogenic Perturbations

Developing such models will be particularly important to assess the viability of
ungulate populations in increasingly human-dominated landscapes. The most influ-
ential anthropogenic perturbations that affect ungulate populations are likely to be
(1) land use change; (2) climate change; (3) invasive species (e.g., livestock);
(4) increase in atmospheric CO,; and (5) direct, unsustainable exploitation (Sala
et al. 2000; Ripple et al. 2015). Some of these upheavals act on global scales (CO,
enrichment, climate change), whereas others occur more localized (land-use change,
invasive species, and direct exploitation). Considering these multiple upheavals, the
large diversity of ungulates, strong context dependence, and lack of long time series
for most ungulate populations, we used qualitative threat assessment methodology
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(Burgman et al. 1993) to provide a general indication of the level of threat for grazers
and browsers in temperate and tropical and sub-tropical biomes (Table 6.1). Given
the difficulties in predicting indirect effects, we mainly focused on likely direct
effects on ungulate populations.

We excluded climate change from the table because direct and indirect climate
effects on distribution ranges and physiology of ungulates are likely to be case
specific (Bellard et al. 2012; see also Boone Chap. 8). For example, in temperate
zones and the arctic, milder winters are projected to reduce winter mortality (Loison
etal. 1999; Post and Stenseth 1999), for both grazers and browsers. However, altered
thawing and refreezing of surface snow in the arctic may substantially affect
ungulate movement and possibly mortality (Bartsch et al. 2010). In general, climate
change may particularly affect grazers, since variation in climatic conditions will
lead to variable grass growth (Ogutu et al. 2008).

Despite the coarse nature of our assessment, Table 6.1 provides a narrative that
suggests grazing ungulates are likely to be more negatively affected by human
activities compared to browsers—a conclusion that is in line with the prediction
that most biodiversity changes will occur in grassland biomes (Sala et al. 2000; Smit
and Prins 2015; Mishra et al. Chap. 7). Moreover, current mainstream conservation
efforts, such as REDD+, focus mainly on woodland conservation or afforestation
(Collins et al. 2011), and globally elevated CO, concentrations favour woody
vegetation to a greater extent than grasses (Devine et al. 2017). Yet, several species
which we broadly classified as “grazers” are indeed mixed feeders, and may thus
cope relatively well if grasslands transform to woodlands or shrublands as exempli-
fied by sustained and even increasing densities of impalas in changing environments
(Kiffner et al. 2016, 2017). However, obligate grazers typically require unrestricted
access to large areas of grasslands (Fryxell et al. 2005)—a scenario that is scarce in a
world of sustained human population growth (Gerland et al. 2014)—and may thus
be particularly impacted by structural landscape alterations such as shrub encroach-
ment, and agricultural and settlement expansions.

Environmental and anthropogenic perturbations rarely act independently from
each other on ungulate populations (Dirzo et al. 2014). Indeed, negative effects of
single perturbations may be amplified by changes in additional environmental
conditions. For example, die-offs of saiga antelope due to bacterial infections were
likely facilitated by temperature and humidity anomalies (Kock et al. 2018). Simi-
larly, ungulates in continuous landscapes may be able to cope with seasonal or
climate-induced shifts in plant phenology (Cleland et al. 2007), but populations
in fragmented landscapes may be substantially affected (Jackson and Sax 2010;
Morrison et al. 2016b). Importantly, the human-caused loss of large herbivorous
mammals is not only a symptom of the Anthropocene but is now a major causal
factor of ecological change (Dirzo et al. 2014). For instance, replacing large, wild
ungulates with livestock can reduce fire frequencies, which usually increases woody
cover (Hempson et al. 2017). Similarly, loss of mega-herbivores may release woody
vegetation from strong herbivore pressure, which may, in return, have cascading
effects on vegetation structure, other animal taxa, ecosystem functioning, and
ecosystem services (Dirzo et al. 2014; cf. Sabo Chap. 11; Katona and Coetsee
Chap. 12).
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6.7 Conclusions

The status of many large herbivores is a cause for concern (Ripple et al. 2015), and
our qualitative analysis indicates that grazing ungulate species may be particularly
threatened due to multiple anthropogenic perturbations hypothesized to negatively
affect their populations (Prins and Gordon 2008; Gordon and Prins 2008). On a more
optimistic note, there is ample evidence that large herbivores can thrive outside fully
protected areas (e.g., Kiffner et al. 2016; Lee 2018), and that integrating livestock
with wildlife can be beneficial for the environment and human well-being (Gordon
2018; Keesing et al. 2018). As a case in point, roe deer and wild boar populations in
central Europe, and deer (Odocoileus spp.) in North America seem extraordinarily
resilient and thrive in human-dominated landscapes to the point that they are
considered “overabundant” (Co6té et al. 2004; Burbaité and Csanyi 2009; Massei
etal. 2015). Although there are some generalities how animals adjust their behaviour
in human-dominated landscapes, such as shifting activity to nighttimes (Gaynor
et al. 2018) and reducing movement (Tucker et al. 2018), there is a lack of
quantitative, integrated, and systematic analyses that investigate how ungulates
respond to anthropogenic change with respect to phenology, space use, and physi-
ology (Bolger et al. 2008; Bellard et al. 2012), and how these responses affect
population growth. A first (but rarely implemented) step in this direction would be
systematic and ecosystem-wide population monitoring to describe the often sub-
stantial spatial and temporal variation of ungulate densities. Ideally, such monitoring
would be coupled with large-scale metapopulation studies that allow estimation of
site-specific demographic rates, to link variation in population growth rates with
demographic processes and environmental and anthropogenic perturbations. Such
process-oriented understanding is needed to guide effective conservation measures
(including restoration attempts) of ungulates and ecosystems (Sinclair et al. 2018).
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Community Dynamics of Browsing e
and Grazing Ungulates

Charudutt Mishra, Munib Khanyari, Herbert H. T. Prins,
and Kulbhushansingh R. Suryawanshi

7.1 Introduction

Species do not exist in isolation. Multiple species typically coexist in time and space,
giving rise to ecological communities or assemblages. These are, in turn, ultimately
limited by the continental or regional species pools, and determined by the outcome
of dynamic colonization and extinction processes operating locally or regionally
(Andrewartha and Birch 1972; Krebs 2002).

The distribution and co-occurrence of ungulate species, and the factors that
allow them to coexist, have long fascinated ecologists (Jarman and Sinclair 1979;
Prins and OIff 1998; Mishra et al. 2002, 2016), considering that, on the face of it,
these herbivorous species belong, largely, to the same feeding guild, namely, those
that feed on terrestrial plants. In this Chapter, our aim is to better understand, and
generate hypotheses, regarding the underlying mechanisms that influence the
community structuring and co-occurrence of ungulate species worldwide. We do
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Fig. 7.1 Conceptual
representation of the spatial
structure of our dataset on
the world’s extant and
extinct ungulates, their
sub-guild (grazer, browser,
mixed feeder), and body
mass. The scales aren’t
completed nested as some
biomes are found across
more than one continent

this by examining the global patterns in species occurrences of ungulates (incl.
Proboscoidea) with respect to their body mass and feeding guilds at continental,
biome, and site scales (Fig. 7.1). Sites are defined here as locations, such as protected
areas or contiguous habitats, with ungulate assemblages. The eight biomes we con-
sidered were tundra, taiga, temperate deciduous forests, rainforests, chaparral, grass-
lands, deserts and alpine tundra (Olson and Dinerstein 1998). We realise that there are
many other biomes, but for the sake of analysis we kept the number small enough to
allow for statistical exploration, and the biomes that we chose were contrasting enough
to be able to find patterns. In our analyses, we included the African elephant
(Loxodonta africana) and the Asian elephant (Elephas maximus), as these
megaherbivorous species play an important role in shaping the herbivore assemblages
where they occur (Kerley and Landman 2006; Landman et al. 2013). We extended our
dataset to ungulates and proboscideans that went extinct during the transition from the
late Pleistocene to the Holocene, in order to examine the influence of Pleistocene
glaciations (see Saarinen Chap. 2; Rowan and Faith Chap. 3) on the structuring of
today’s ungulate assemblages. We also considered the influence of precipitation,
which is presently the primary determinant of plant productivity (Sankaran et al.
2005; Yang et al. 2008). In all our analyses, our focal variable is (mean and median)
ungulate body mass, which has a critical role in ungulate physiology and ecology (see
other Chapters in this book).

7.2 Plants and Grazing and Browsing Ungulates

Approximately 300,000 species of plant species exist globally, forming the basis of
terrestrial food webs (Kreft and Jetz 2007). On the face of it, this is a diverse set of
food resources for the 240 extant ungulates occurring on the planet (Wilson and
Reeder 2005). Yet, most plant material does not represent suitable forage for
ungulates, either being of low digestibility, or being defended against herbivory by
physical and chemical defences (Zangerl and Bazzaz 1992).

Plants typically occur as assemblages of a varying number of species, and, based on
the dominance of particular life forms, form the major biomes of the world (Wood-
ward et al. 2004). These include the various biomes, categorised on basis of leaf
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longevity and morphology of woody species, and the so called super-biome comprised
by grasslands (Woodward et al. 2004). Based largely on latitude, and partly on
temperature, precipitation, soil, and human influence, different areas of the world are
typified by different biomes, and at smaller spatial scales, by plant assemblages
(Mutke et al. 2011; Kerkhoff et al. 2014). Some areas are—depending on the water
balance, nutrient status of the soil, and temperature—covered by tall woody vegeta-
tion, others by stunted woody vegetation or dwarf shrubs, and others by grasses.

From the perspective of ungulates, preferred plant species can be simplified
into ‘grass’, comprising of monocots such as grasses and sedges, or ‘browse’,
comprising of dicots including forbs, shrubs and trees. These two groups of plants
have a number of basic differences in their physical and nutritional characteristics
(e.g., grass species have more cell wall content and silica, while browse species have
more nutritive cell content but also lignin which reduces the digestibility of the call
wall) that influence their consumption by ungulates, and appear to have played a role
in shaping the evolution and morphological adaptions of grazing and browsing large
mammalian herbivores (Hofmann 1989; Gordon and Prins 2008; see also Chapters
in this book). Based on their feeding habits, founded on morphological adaptions in
mouthparts and the gut, ungulates can be broadly classified into three sub-guilds:
‘grazers’ (feeding predominantly on grasses and sedges), ‘browsers’ (feeding pri-
marily on forbs, shrubs, and trees), and ‘mixed feeders’ (which consume a combi-
nation of graze and browse). Species may show some plasticity in their need and
ability to shift their diet from being grass to browse dominated, as illustrated by the
bharal (Pseudois nayaur) in Trans-Himalayan rangelands (Mishra et al. 2004;
Suryawanshi et al. 2010) (see also Venter et al. Chap. 5). Evolutionarily, large
herbivores are thought to have initially been omnivorous, evolving with changing
climate and vegetation into species that browsed, and subsequently, with the spread
of grasses, into grazers (see Saarinen Chap. 2).

Although individual biomes tend to be defined by predominant plant lifeforms
(tree, herb, shrub, or monocots), typically, any given biome, or plant community,
comprises plants belonging to more than one lifeform. Because grasses (monocots),
and herbs or browse (dicots), are nearly always intermixed in varying proportions,
at a basic level, this distinction amongst ungulate species, based on the extent of
their consumption of monocots and dicots, offers opportunities for the co-existence
of grazers and browsers through foraging niche partitioning. A nice illustration is
the Black rhinoceroses (Diceros bicornis) apparently grazing the floor of the
Ngorongoro Crater in Tanzania amidst Burchell’s zebra (Equus burchellii): yet the
rhinos browse the forbs that are ‘hidden’ between the grasses that the zebra feed on.

7.3 Physiological and Ecological Significance of Body Mass
for Grazing and Browsing Species

Unlike the relatively high-energy food of carnivores or frugivores, processing of
leafy forage by ungulates, that is relatively low in per unit nutritive value (e.g., Prins
and Van Langevelde 2008), requires time, specialized gut anatomy and microbial
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symbionts to gain access to the energy and protein therein. Hence, in addition to the
feeding sub-guilds of ‘grazers’, ‘browsers’ and ‘mixed feeders’, ungulates may be
divided into two main types based on gut morphology and associated physiological
adaptations—‘ruminants’ and ‘hindgut fermenters’. In ruminants, fermentation of
forage, and absorption of nutrients, takes place before the passage of plant through
the lower gut, while in hindgut fermenters, energy is derived as food passes through
the stomach, and additional energy is liberated through fermentation in the hind gut.
Although hindgut fermenters are, to a certain extent, able to hasten the processing of
forage in their guts, the majority of the extant ungulates are ruminants, which, being
fore-gut fermenters, are relatively limited in their daily forage intake and have longer
food retention times (Demment and Van Soest 1985). Of course, this is another
simplification of the rich array of evolved life forms, and pigs, peccaries, hippos,
etc., do not fit into this simple dichotomy. Yet, simplification into a few categories
may assist in discovering patterns in assemblage structure, while in examining the
emerging ‘exceptions’ one may test any emerging rule.

Gut capacity in ungulates scales linearly with body mass, while basal metabolic
rate scales as a power function (kg body mass’’®). The different shapes of these
allometric relationships render a critical significance to ungulate body mass in terms
of the kind of forage a species can effectively utilize (Peters and Peters 1986; du Toit
and Owen-Smith 1989; Prins and Van Langevelde 2008; Franz et al. 2011). These
allometric relationships imply that larger bodied ruminants are able to utilize and
process greater volumes of relatively low nutritive value forage, while smaller
bodied species must rely on relatively easily digestible forage, thus providing
another mechanism for species differing in body masses to coexist. While this
does not preclude competition between larger and smaller bodied species, it does
create further resource diversification that could allow multiple species to co-exist.
There are, however, limits to body mass beyond which the ruminant system is unable
to process sufficient quantities of forage and still get enough energy out of the
microbial digestion as compared to what the microbial mass gets, and, perhaps as a
consequence, megaherbivores tend to be hindgut fermenters. (cf. Van Soest 2018).

It is useful here to link the allometric constraints of body size in ungulates to the
forage characteristics of grasses and browse. As mentioned earlier, compared to
grasses, browse generally tends to have a higher level of soluble cell content and
nitrogen, albeit having constraints for browsing ungulates in the form of lignin and
secondary metabolites (e.g., alkaloids, tannins, etc.). Unsurprisingly, small bodied
ungulates that must rely on more nutritive, high energy forage due to their allometric
constraints, tend to be selective browsers (Gordon and Illius 1996). Following a
similar line of reasoning, we expect grazing species, in general, to have larger body
masses.

We created a dataset of wild ungulates recorded from 78 sites across all the
continents (except Antarctic and Australia where they do not occur naturally), and
biomes of the world (Map 7.1), using an online literature review of peer-reviewed
scientific evidence (using multiple online portals such as Google Scholar and Web
of Science; we only interrogated literature published in English and searched
while based in India [Bangalore] and the UK [Oxford]; we terminated the search
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at [Nov—Dec 2017 and Oct—Nov 2018 in Bangalore and April 2018 in Oxford]). It is
important to note that not all ungulate species that exist in the world were represented
due to epistemic uncertainties (i.e., taxonomic ambiguity, paucity of information on
their distribution and body mass), and lack of representation of range-restricted
species. As a side-remark, we observe that, from the point of view of conducting
meta-analyses, the recent upsurge in species-splitting is of deep concern. The sites
were chosen to contain an ungulate assemblage. Additionally, species that are
exclusively found on islands were removed from the database as concepts of island
biogeography are well studied (MacArthur and Wilson 2001), and would have
played a significant role in structuring island communities, which was not the
intention of our investigation with this dataset. Because islands are physically (and
often even temporally) well-defined and of limited extent, the dominance of findings
based on their studies in the recent development of ecological notions (often called
‘theories’) may be of much smaller use if one wants to understand the distribution of
species on continents.

Based on the literature review, we categorized each species as ‘grazer’, ‘browser’,
or ‘mixed feeder’. For each ungulate we also recorded body mass (in kg). Where the
body mass range were reported, they were first averaged within each sex and then
across sexes. We followed the taxonomy of Wilson and Reeder (2005) and did not
consider the hyper-splitting suggested by Groves and Grubb (2011). In that respect
we follow the recent decision of the [IUCN African Antelope Specialist Group.

Our dataset (available from corresponding author) of 142 (59%) of the world’s
extant ungulate species, occurring in five continents, showed that the median body
mass of browsers (33 kg) was significantly lower than the global median body mass
of 50 kg for all ungulates, while the median body mass of grazers was significantly
higher (69 kg). The median body mass for mixed feeders (45 kg), on the other hand,
was similar to the global median body mass of all ungulates (Fig. 7.2). The
differences in the global body mass and foraging sub-guild medians were tested
using 10,000 boot-straps.

In terms of abundance, smaller-bodied browsers appear to attain highest densities,
while in the case of grazers, species attaining higher densities tend to be relatively
larger ones (see Kiffner and Lee Chap. 6).

7.4 The Role of Body Mass in Structuring Ungulate
Assemblages

The role of body mass in enabling various species to utilize forage of different
nutritive values, creates the potential for facilitative or positive interactions among
ungulates. This can be mediated through different mechanisms. For instance, larger
bodied species can physically improve access to suitable forage for smaller bodied
species by modifying or opening up the habitat (Gordon 1988; Farnswoth et al.
2002). Alternately, amongst grazing species, the relationship between the nutritive
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Fig. 7.2 Histogram of log-10 of Body mass of 142 ungulate species (including two proboscideans)
from five continents. The solid line represents the global median (50 kg) of all ungulates and the
dashed line represents median of grazers, browsers and mixed feeders in sub-figure b, ¢ and d,
respectively. Median for grazers (69 kg) was significantly higher (p = 0.03) than the global median
for all ungulates while median for browsers (33 kg) was significantly lower (p = 0.01). Median for
mixed feeders (45 kg) was similar to global median (p = 0.31). The smallest ungulate we
considered weighed 2.75 kg, the Bate’s Pygmy antelope (Neotragus batesii), while the largest
two species in our dataset were the proboscideans the African elephant (Loxodonta africana) at
2925 kg, Asian elephant (Elephas maximus) at 2750 kg, followed by the ungulate white rhinoceros
(Ceratotherium simum) 1500 kg. The log-10 transformed values for the Bate’s Pygmy antelope and
the African elephant were, respectively, 0.44 and 3.47, which may be of assistance to appreciate the
scale

value of grass and its age, or standing biomass, can also lead to facilitative interac-
tions among species. The quality of grass tends to decline with an increase in its
standing biomass (OIff et al. 2002), and a larger bodied grazer, by reducing the
standing biomass, through feeding and stimulating fresh growth, can thus enhance
forage quality, thereby making it suitable for consumption by a smaller species.
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It appears, therefore, that when two species within the same sub-guild, especially
grazers, differ in their body mass, the larger species could facilitate the smaller one.
If the species are very similar in body mass, they are likely to compete for resources,
while if the size difference between them is very large, the smaller species might not
be able to benefit from facilitation (Prins and OIff 1998 based on Hutchinson 1959;
Hutchinson and MacArtur 1959). Such interplay of facilitative and competitive
interactions can theoretically create specific niches that optimise body mass differ-
ences within ungulate assemblages, especially amongst grazers, where species body
masses would tend to be neither too close to each other (or they would compete
strongly), or too different (which would restrict the benefits of facilitation) (Prins and
OIff 1998).

The structuring of body masses has received attention in the past in the grazer
assemblages of Africa and Asia (Prins and OIff 1998; Mishra et al. 2002). In terms of
the proximate mechanisms, structuring could result from species sorting over eco-
logical timescales (Ricklefs 1987), or through character displacement (Brown and
Wilson 1956). The potential for body mass structuring in browser assemblages has,
to our knowledge, not been explored, even though competition amongst browsers
can be intense, and there is the possibility of facilitation through habitat modification
(Cameron and du Toit 2006).

We tested for body mass structuring amongst browsers and grazers in grassland
(grazer dominated) and tropical forest biomes (browser dominated). If herbivore
species interact strongly enough to structure an assemblage, then a strong linear
relationship can be expected between the log. body mass and the rank of the species
(Prins and OIff 1998; OIff et al. 2002). Mixed feeders were considered together with
grazers for this analysis following Prins and OIff (1998). We estimated the explained
variance (r>-values) for the relationship between log. body mass and species rank
number for grazers and browsers in the two biomes. We then tested whether the r*
was higher than the 97.5 percentile of 10,000 randomly generated 1* by resampling
the species body mass range for each assemblage for equal number of hypothetical
species (cf. Olff et al. 2002).

Our results point towards structuring of body masses amongst grazer species, in
both grassland and tropical forest biomes (Fig. 7.3). The s for grazers were 0.96
and 0.95 in grasslands and forests, respectively. In the case of browsers, although the
relationship was not significant in grasslands, there seemed to be some evidence for
body mass structuring, presumably resulting from competitive interactions, in trop-
ical forests. The r’s for browsers were 0.91 and 0.96 in grasslands and tropical
forests, respectively.

Across all biomes, except grasslands, the median body masses of species con-
verged towards the global median of 50 kg. In grasslands, the median body mass
(65 kg) was significantly higher (Fig. 7.4). This is likely due to the preponderance of
grazers in grasslands that, as seen earlier, tend to be heavier as compared to browsers
and mixed feeders.
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Fig. 7.3 Histogram of r* from 10,000 simulated data using the species richness and body size of (a)
grazers in grassland biome, (b) browsers in grassland biome, (¢) grazers in tropical forest biome, (d)
browsers in tropical forest biome. Grazers and mixed feeders were clubbed together for this
analysis. The vertical line indicates the actual r* from the real data. The p-value indicated the
percentage of times the simulated data resulted in the same or higher > than that from real data

7.5 Continental Structuring of Grazing and Browsing
Ungulates

Across continents, as in the case of biomes, the median body mass of all ungulates
was not significantly different from the global median of 50 kg of all ungulates
(Fig. 7.5). However, the shapes of the frequency distributions suggest differences
that are linked to continental identity. Compared to Africa and Asia, the assemblages
of North America, South America, and Europe appear to have species missing at the
lower and higher ends of the body mass gradient. What could explain this ‘conti-
nental identity effect’?



190 C. Mishra et al.

a s Global b ° Temperate Forest c i Mediterranean Chaparral
od
o © ™~
S g4 S <« ERRYE
o o o
L o o [
w - w w
y - . [L[H N
O T T T T 1 e T 1 o r T T T 1
1 10 100 1,000 10,000 1 10 100 1,000 10,000 1 10 100 1,000 10,000
Body Mass (kg) Body Mass (kg) Body Mass (kg)
Desert Grasslands Tropical Forest
d, ) e L f e« |
J o [}
2 < ! ° !
g =~ 52 i 5 21 |
5 2 I S @ [
S ©- 5 o S
g ERRS [} g o [
L Y 3 ! o< L
o - Lo : o :
o« o 1 o -
r T T T 1 r T T 1 r T T r ]
1 10 100 1,000 10,000 1 10 100 1,000 10,000 1 10 100 1,000 10,000
Body Mass (kg) Body Mass (kg) Body Mass (kg)
Taiga Tundra Alpine Tundra
g © h (.O-, ] 1,
I
I <~
> © | >~ o >
9 [N 9
< 2 S ™
o} 1 5} <
3 < 3 3
T 1 =3 =
o L o e o
s 1 [rag [
~ I -
I
o
° 7y T T T 1 S r T T 1 N T T T ]
1 10 100 1,000 10,000 1 10 100 1,000 10,000 1 10 100 1,000 10,000
Body Mass (kg) Body Mass (kg) Body Mass (kg)

Fig. 7.4 Histogram of log-10 of Body mass of 142 ungulate species (including two proboscideans)
from five continents by biome. The solid line represents the global median (50 kg) and the dashed
line represents median for each biome. The median of grasslands (65 kg) was marginally higher
than the global median (p = 0.05). Differences between median were tested using 10,000 bootstraps

Across vertebrate taxa, species extinctions during the late Pleistocene, are thought
to have been an important determinant of today’s extant (continental) species pools.
It has been reported that South America lost 76% of all herbivore genera >5 kg
during the late Pleistocene, mirrored closely by North America (75%) and to some
extent by Europe (45%), in contrast to Africa that retained some 87% of the species
(see Prins and OIff 1998); we have not estimated how many ungulate species were
lost from South and SE Asia as it would require a more thorough review of ungulate
extinctions which was beyond the scope of this Chapter. Among mammals, in
general, medium and small bodied species are thought to have remained largely
unaffected by late Pleistocene extinctions (Lambert and Holling 1998). It is, there-
fore, instructive to assess the extant continental assemblages of grazing and brows-
ing species against the backdrop of Pleistocene extinctions.

We created a dataset of 101 ungulate species that are believed to have gone
extinct during the Pleistocene. This dataset was established by first conducting an
online keyword search for Pleistocene extinctions of ungulates as outlined above.
Subsequently, we used a snowball sampling approach (Goodman 1961) to find
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Fig. 7.5 Histogram of log-10 of Body mass (BM) of 142 ungulate extant species (including two
proboscideans) from five continents. The solid line represents the global median (50 kg) of all
ungulates in our sample (142) and the dashed line represents median values for each continent.
None of the BM medians of the continents were statistically significantly different from the global
median. Difference between medians was tested using 10,000 bootstraps

published literature from which we derived information on body mass and feeding
sub-guilds of these extinct species.

Our data on body masses of extinct species seem to suggest a disproportionate
extinction of larger bodied ungulates during the Pleistocene (Fig. 7.6), a pattern that
has been reported earlier for mammals (e.g., Lambert and Holling 1998). However,
frequency distributions of body masses of extant species seem to indicate missing, or
extinct, species not just amongst the largest size categories, but also the smallest ones
in the continents that saw the highest proportion of Pleistocene extinctions (see
Fig. 7.5 and Table 7.1). Provided the fossil record, as well as our sampling of extinct
species, is representative, one would expect a bi-modal distribution in the body mass
frequency of extinct species, if both large bodied and small bodied species went
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Fig. 7.6 Histogram of log-10 of body mass of 142 extant and 101 extinct ungulates and pro-
boscideans globally that we had in our database. The vertical line indicates the median, which was
50 kg for the extant species, and 350 kg for the extinct ones. The smallest extinct species in our
database weighed 20 kg (Gazella atlantica and Gazella tingitana), the largest extinct proboscidean
weighed 22,000 kg (Paleoloxodon namadicus) and the largest extinct ungulate weighed 3900 kg
(Hippopotamus gorgops). The log-10 transformed values for the smallest and the largest were,
respectively, 1.30 and 4.34, which may be of assistance to appreciate the scale

Table 7.1 Median body masses of the world’s living ungulate species, those that went extinct
during the Pleistocene, and of the presumed ungulate assemblage of the Pleistocene (obtained by
combining the extant and extinct species). The data indicate a disproportionate loss of larger bodied
ungulates as a result of Pleistocene extinctions

Median extinct (kg) Median extant (kg) Combined median (kg)
Global 350 50 115
Africa 300 57 90
Asia 950 43 95
North America 462 64.5 271
South America 265 34 131.5
Europe 1919 66.5 365

extinct. Our histogram of extinct species does not show this (Fig. 7.6). It, therefore,
appears that the possible mass extinctions of smaller bodied ungulates may have
either gone unrecorded, or that the smaller bodied species are less preserved in the
fossil record.
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To our knowledge, a possible disproportional ‘mass extinction’ of small ungu-
lates in the Pleistocene has not been reported before. A potential explanation could
be found in the decline of C;3 grasses, and C; trees, due to the extremely low CO,
values during the hyper-arid period of the Last Glacial Maximum (some 40,000 BP)
(Street-Perrott et al. 1997); C; plants have a higher digestibility than C, forage which
could have strongly affected the small ungulates (Caswell et al. 1973). Therefore, the
influence of size biased Pleistocene extinctions appears to be seen in today’s
continental assemblages, particularly in continents that are thought to have lost the
most number of species. Indeed, there have been other ecological consequences of
these extinctions, in the form of enhanced fire regimes, vegetation state shifts, and
near-extinction of large fruiting plants, as seen in Rowan and Faith Chap. 3 (see
also van Langevelde et al. Chap. 10; Smit and Coetsee Chap. 13).

7.6 Body Masses of Ungulates Along a Precipitation
Gradient

Precipitation is one of the most important determinants of primary plant productivity
and standing plant biomass (Sankaran et al. 2005), and also of forage quality (OIff
et al. 2002). We were able to obtain data on ungulate and proboscidean assemblages
and annual precipitation from 77 sites across five continents (Fig. 7.7). It appears that
ungulates attained the highest median body mass in the precipitation range of
350-1000 mm. This rainfall range corresponds to the grassland-savanna habitat
(Sankaran et al. 2005), and is consistent with the finding that grasslands support
larger bodied ungulates (Fig. 7.4). Areas with more than 1000 mm of precipitation
tend to be dominated by forest habitats which typically support browsers, which are
expected to be smaller in body size. Although sites with lower than 300 mm
precipitation are grasslands and deserts capable of supporting grazers, the low
plant productivity may be unable to support the daily forage intake requirement of
large bodied grazers (Prins and OIff 1998).

7.7 Conclusions

Body mass plays an important role in foraging ecology and community dynamics of
ungulates. Consistency in the median body mass of extant ungulates across biomes
and continents suggests 50 kg to be some kind of an optimum body mass amongst
extant ungulates towards which the species seem to converge. Globally, grazers tend
to be significantly heavier than this global median, browsers significantly lighter,
while mixed feeders converge around the global median. Our results suggest that
positive and negative species interactions, amongst ungulates, appear to give rise to
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Fig. 7.7 Scatter plot of log-10 of median of ungulate and proboscidean body mass from 77 sites
across five continents around the world and the log-10 of precipitation at the site. The line indicates
a GAM function and the shaded area is the 95% CI. The left most point is Northern Atacama Desert.
The low number of data below about 100 mm of annual precipitation precludes a very strong
conclusion in that part of the precipitation gradient

body mass structuring in, not just grazer assemblages, but also amongst browsers,
though the pattern appeared weaker in browsers as compared to grazers, with
browsers showing the pattern in the forested tropical biome that has more browsing
species. This merits further investigation. Our comparison of body mass structuring
of Pleistocene assemblages, with the extant grazer and browser assemblages, shows
a significant decline in overall body masses due to the extinction of larger bodied
ungulates. However, it is intriguing that the extant assemblages of both North and
South America and of Europe indicate that species may also be missing at the
smaller end of the body mass spectrum. This could potentially imply disproportion-
ate Pleistocene extinctions of smaller bodied ungulates that may have gone
unrecorded so far, or that have not been captured adequately in the fossil record.
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Chapter 8 )
Weather and Climate Impacts on Browsing e
and Grazing Ungulates

Randall B. Boone

8.1 Introduction

Climate, the prevailing weather in an area over a long period, provides selection
pressures that determine the taxonomic diversity, geographic ranges, physiology and
behaviours of ungulates. Climatic constraints are evident in the biogeography of
ungulates, such as there being more than 80 bovid species alone in Africa, but just
two species of ungulates breeding in the far northern polar regions (muskox, Ovibos
moschatus, and caribou or reindeer, Rangifer tarandus). Ancient shifts in climates
promoted vicariance through favouring grasslands or forests, dividing ungulate
populations and promoting community diversity (Lorenzen et al. 2012). Climate
shifts, such as the Younger Dryas, caused extinctions in many mammals (Boulanger
and Lyman 2014), such as Columbian mammoths (Mammuthus columbi), and
extinctions of mammals from their continents of origin, such as Bactrian camels
(Camelus bactrianus) in North America. More generally, climate has influenced the
distribution of vegetation complexes, and those in turn influence the distribution of
faunal groups, including ungulates (see Saarinen Chap. 2; Rowan and Faith Chap.
3). Ungulates have adapted to habitats as diverse as arid landscapes, such as those
that are home to the African wild ass (Equus africanus), high alpine areas inhabited
by wild yaks (Bos mutus), and the high arctic sites that are home to muskox.

Over life-spans or shorter time scales, environmental conditions for ungulates are
integrated by the animals’ nutritional state, and reflected in changes in body condi-
tion (Parker et al. 2009). Extreme weather can cause ungulate populations to decline,
and the relatively slow reproductive rates of ungulates mean that years may pass
while populations rebuild (e.g., Ellis and Swift 1988). Winter conditions that
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continue into spring can stress ungulates that have used resources to survive the
length of the normal winter. Body mass, relative to some standard, reflects body
condition, and poor condition affects individual their survival and reproductive rates,
which in aggregate influence population size (e.g., ungulates as the breeders that rely
upon built capital of Festa-Bianchet et al. (1998) and others).

In this Chapter, I review some effects of climate and weather on the physiology of
ungulates, and ways in which ungulate populations relate to changes in climate and
weather. I then describe some effects of recent changes in weather and climate on
ungulates, their populations, and distributions, and cite potential changes in the
distributions of ungulates, as environmental conditions change. These sections are
intended to introduce selected concepts; the ways in which ungulate distributions,
abundances, and nutrition relate to climate and weather are richly represented in the
literature. For example, the effects of climate change on livestock production
systems (e.g., Jones and Thornton 2009; Thornton et al. 2009; Rojas-Downing
et al. 2017), and the inverse (Goodland and Anhang 2009), have been reported on
broadly, and are not expanded upon here.

8.2 Weather, Climate, and Individual Effects

Thermoregulation allows ungulates to maintain their body temperatures over a
variety of ambient conditions. A range of temperatures correspond to a zone of
thermal comfort for an animal. In those conditions, energy put towards thermoreg-
ulation is minimized, and the remainder can be put to other uses, such as fat storage
or reproduction. Temperatures causing thermal stress can vary seasonally; for
example, moose (Alces alces) respired more quickly when temperatures rose
above —5 °C in winter, and in summer that threshold was crossed at 14 °C (Renecker
and Hudson 1986); wind can narrow that temperature range. Across mammals, core
body temperatures vary little, with some exceptions (e.g., monotremes, sloths and
anteaters, Order Pilosa, have low body temperatures, and their body temperatures
can vary through the day; Taylor 1970; Shrestha et al. 2012), and basal metabolism
relates to body size (Benedict 1938), scaling to the 2/3rd power (White and Seymour
2003). Thus, differences in insulation are a major determinate of the thermal comfort
zones in mammals, and insulate animals in both cold and hot conditions (Scholander
et al. 1950; Jessen 2001). That insulation can be remarkably effective—Parker and
Gillingham (1990) cite mule deer (Odocoileus hemionus), having skin temperatures
like those on a warm summer day, in the early morning sun, on a day with —30 °C air
temperature. The differences in insulation between species, and even within an
individual, can be striking, as some animals grow thick coats in winter and shed
these in preparation for summer. As I have already mentioned, ungulates exist from
tropical to polar biomes, and the fundamental niches of species can be broad.
Subspecies of elk (Cervus elaphus), for example, range in North America from
central Canada (e.g., an average January temperature of —30 °C in the southwest
Northern Territories) to the southern United States (e.g., an average June tempera-
ture of 32 °C in western Texas).
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Animals will seek out means to remain within a thermal comfort zone through
movement or other behaviours (Mysterud and @stbye 1999; Terrien et al. 2011).
Thermal cover captures the concept of ungulates seeking landscape features that help
maintain a positive thermal energy balance (e.g., Cook et al. 2004). Vegetation cover
reduces wind speed, can reduce ambient temperature through evapotranspiration,
blocks solar radiation through shading during the day, and traps long-wave radiation
at night. Ground-cover availability, and its albedo, are relevant to microclimates;
e.g., ungulates will seek shade during the heat of the day to rest and ruminate. Other
behaviours include piloerection of fur, and vasoconstriction to limit blood flow to the
skin and extremities (Feist and White 1989). Animals, such as muskox, huddle
together in low temperatures to decrease their collective surface-to-volume ratio
and conserve heat (Parker and Robbins 1985). Ungulates will consume more food in
cold conditions, to offset the energy costs of thermoregulation, and increased muscle
activity (Ragsdale et al. 1950), whereas in hot conditions they may reduce food
intake to limit energy expenditure and decrease heat-producing digestive activity
(Parker et al. 2009; reviewed in Arnold 1985).

Intriguing trade-offs exists in thermoregulation, in that muscle activity is the main
means of heat production in ungulates (e.g., through shivering or locomotion
associated with acquiring more energy to compensate for the cold), and is highly
effective, but can be energetically expensive (Parker and Robbins 1985). A less
energetically expensive way to maintain body temperature is by absorbing heat
radiation (‘basking’), which explains winter movements of golden takin (Budorcas
taxicolor bedfordi) in the Qinling Mountains of China (Zeng et al. 2010, with
evolutionary background provided by Geiser et al. 2002). In contrast, dissipating
excess heat is mostly passive, or has low energy costs, through vasodilation, panting
and sweating. But, whereas heat production at low temperatures can be increased if
sufficient energy remains, means by which excess heat can be dissipated cannot
readily be increased, making ungulates more at risk from high rather than low
temperatures (Terrien et al. 2011). In high temperatures, ungulates will reduce
activity, and seek areas with higher wind speeds or cool rock ledges, for modest
changes in heat dissipation, or cooler shaded forests (Bailey and Provenza 2008; van
Beest and Milner 2013). An exception is submersion in water, which dissipates
heat well.

Winter, or dry seasons, are typically bottleneck periods with respect to the
nutritional needs for ungulates. A given land area can typically support more animals
in the spring, summer and autumn/fall, or in the wet season than in the winter or dry
seasons. Fat reserves, reduced metabolism, insulative coats, and changes in behav-
iour can reduce the need for energy acquisition in stressful seasons. Seasonal
migration allows ungulates to escape the harshest regions (Hobbs et al. 2008). In
the winter, or dry season, browse can be key resources for ungulates (Gordon and
[lius 1989), which can be higher in nutrients than grasses. For example, elk will use
browse when grasses are unavailable (Hobbs et al. 1981), and camels (Camelus
dromedarius) that used shrubs in droughts in Turkana, Kenya, proved critical to
pastoralists’ wellbeing (Coughenour et al. 1985). Evergreen shrubs and trees can be
particularly valuable for browsers, when the season or conditions cause deciduous
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plants to drop their leaves (Reid and Ellis 1995; Illius and O’Connor 1999). Annuals,
and drought-tolerant perennials, can also be important in dry periods.

Precipitation can reduce mobility and space use, increase thermoregulation costs,
and snow can increase travel costs and limit access to forage (Cooperrider 1986).
Ungulates may easily paw through snow up to 10 cm deep, and some species can
manage much deeper snow depths; e.g., moose may be unencumbered by snow
depths of 40-50 cm (Kelsall 1969). Deep snow impedes ungulate travel (if the
species does not have wide hooves to move over packed snow, such as the adapta-
tion of caribou or reindeer), and pushing through snow can be extremely energeti-
cally expensive, if it exceeds the animal’s brisket height (Parker et al. 1984). High
insolation and high temperatures in the day, or winter rain, combined with low night-
time temperatures, can cause the crusting of snow, most often in the spring. If the
crust can support an animal, it can decrease travel costs, but reduce access to
underlying forage (Fancy and White 1985; Richard et al. 2014). If the crust breaks,
it can increase travel costs, but provide easier access to forage.

Increases in soil moisture, leading to increased forage production, is an example
of an indirect effect of weather on ungulate populations. Extended snow cover can
improve soil moisture, and lengthen the period over which new vegetation growth is
available to ungulates in the spring and summer (Mysterud et al. 2001).

8.3 Weather, Climate, and Population Effects

Prolonged periods of energy deficit, associated with harsh weather or sudden storms,
or other events that limit food intake, or induce hypothermia, have direct effects on
body mass, mortality rates, and birth rates (reviewed in Hudson and White 1985).
Animals with relatively low body masses have a greater risk of dying in harsh
winters than do those with normal body masses (Loison et al. 1999). Losses of
individual animals within a group, taken in aggregate, can have population effects
(e.g., Picton 1984; Georgiadis et al. 2007). The dynamics of many populations have
been associated with changes in weather and extreme events, such as drought and
heavy snow (Young 1994). Climate as well affects populations, such as the effects
on elk populations (Sauer and Boyce 1983; Picton 1984), and the relative carrying
capacities of juveniles of elk, mule deer, and bighorn sheep (Ovis canadensis)
(Picton 1984). Analyses may relate weather events directly to sudden declines in
populations, or include integrative or lagged weather and climate in assessments of
reproduction or population dynamics. An example, at broader scales, is from
Mongolia, where a summer drought in 2016 was followed by two large winter
storms (dzuds), which caused a drop in temperatures, wetted animals, and blanketed
pastures in snow that prevented animals from feeding. In the winter of 20162017,
1.1 million livestock died (Reuters 2017); in the severe dzud of 2009-2010,
9.7 million livestock died, 20% of the entire national herd (Fernandez-Gimenez
et al. 2015).
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Drought can cause large-scale die-offs of both wild and domestic ungulates,
through low primary production and loss of water sources, and floods too can kill
many animals, either through drowning, loss of access to forage, or through favouring
disease vectors such as ticks (Young 1994; Boone et al. 2000). Populations of
ungulates, in semi-arid and arid areas, are most at risk, with primary production
linked to precipitation that can be highly variable (Ellis and Galvin 1994). At broader
scales, the dynamics of some ungulate populations relate to regional atmospheric
pressure patterns that cycle across years or even decades (reviewed in Steptoe et al.
2018), such as the North Atlantic Oscillation (Forchhammer et al. 1998; Post and
Stenseth 1998; Mysterud et al. 2001), El Nifio-Southern Oscillation (Ogutu and
Owen-Smith 2003; Ogutu et al. 2009), and Indian Ocean Dipole (Ogutu et al. 2011).

The degree to which climate may influence population dynamics of ungulates in
arid systems has been debated (Vetter 2005). As perspectives expanded to appreciate
non-equilibrium dynamics of ecosystems (DeAngelis and Waterhouse 1987), ecol-
ogists applied those concepts to arid rangelands to consider the strength of linkages
between grazers and vegetation (Ellis and Swift 1988). Systems with precipitation
that is relatively consistent from year-to-year will see animal populations reach an
equilibrium, with density-dependent population changes associated with excess or
insufficient forage. Frequent droughts in arid systems (Young 1994) can kill large
numbers of animals, and their reproductive capacity is such that populations may
take years to rebound (Ellis and Swift 1988). During recovery, ungulate populations
may not be closely associated with forage availability (see also Kiffner and Lee
Chap. 6). If the frequency of droughts is shorter than the period required for
populations to recover, ungulate population dynamics are essentially density-
independent, and controlled by abiotic climatic effects, i.e., the linkage between
ungulate population dynamics and vegetation is weak. A number of authors have
argued that what may appear as density-independent responses, may be actually
animal populations limited by key resources (Illius and O’Connor 1999). The spatial
variability of population dynamics can be spatially fine-grained and linked to
fragmented landscapes (Boone 2007; Derry and Boone 2010), and the implications
for pastoral people, and the rangelands they inhabit, have been hotly debated
(reviewed in Vetter 2005). I take from the literature two main messages, that:
(1) the spatial extent and granularity of arid rangelands allows for a diversity of
ungulate populations’ responses in landscape patches; and (2) equilibrium and non-
equilibrium dynamics vary in a continuum throughout arid rangelands. Both mes-
sages encourage tempering of points of view regarding arid rangeland dynamics.

8.4 Climate Change Effects and Responses

The Earth’s climate is changing more rapidly than ever in recorded history (Hansen
et al. 2006), due to burning of fossil fuels and other anthropogenic sources of air
pollution. Mining of organic materials locked away millions of years ago, has
released CO, and other greenhouse gasses into the atmosphere. Ruminant ungulates
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contribute to emissions through methane production from digestion. The increasing
demand for livestock products, due to human population growth, urbanization, and
changing incomes and tastes, will exacerbate the problem, although some mitigation
is possible (Thornton and Herrero 2010). Today, global temperatures are, on aver-
age, 0.8 °C warmer than they otherwise would be (GISTEMP 2018). Analyses, using
ensemble global circulation models, forecast a further 1.5 °C to 4.5 °C increase in
temperatures by 2100 (IPCC 2018). The effects of warming are now common, such
as thawing arctic sea ice, rapid snow melt, shrinking glaciers, and rising sea levels.
More frequent hot days, more frequent and extreme droughts, and shifts in precip-
itation are underway, and are likely to be more prominent in the future IPCC 2018).
Temperatures in Europe and America have now recovered from the Little Ice Age,
and are back to the levels, or have exceeded those, of the High Middle Ages
(Crowley 2000; Cronin et al. 2003; McCormick et al. 2012), but have not yet
reached the highs of the Antonine period of the Roman Empire (Biintgen et al.
2016).

The ecological effects of climate change are diverse (reviewed in Walther et al.
2002; Parmesan and Yohe 2003). Phenological changes are commonly reported,
such as earlier annual green-up of vegetation (Boone et al. 2007; Ma et al. 2013), and
flowering dates (Menzel et al. 2006). Growing seasons have lengthened, and vege-
tation productivity, in the northern hemisphere, has generally increased because of
CO, fertilization (Korner 2006). Carbon dioxide is used by plants in photosynthesis
to create organic compounds, and many experiments have demonstrated that
increased ambient CO, increased photosynthetic rates and vegetation productivity
(many reviews cited in Korner 2006). Large-scale field experiments, too, have
shown increased vegetation production with increased ambient CO, (reviewed by
Ainsworth and Long 2005).

8.5 Ungulate Responses to Climate Change

The responses of ungulate populations to a changing climate depend upon their
exposure to changing conditions, sensitivity to those changes, resilience, and capac-
ity to adapt. Populations may shift their geographic ranges, adapt locally, or go
locally extinct. Large-scale genomic responses to climate change are unlikely in
ungulates, in that rates of climate change are much faster than the rate of evolution of
most species (Quintero and Wiens 2013), and generation times in large ungulates
are too long to allow rapid evolutionary responses (Hetem et al. 2014). Regional
changes in land cover may be expected to favour given ungulate groups, however,
such as expanding woody vegetation under future climates (Boone et al. 2018)
favouring mixed feeders and browsers.

Rising temperatures may cause organisms to shift their ranges to higher eleva-
tions or latitudes (e.g., Biintgen et al. 2017). Chen et al. (2011) used meta-analyses to
identify an 11 m decadal shift to higher elevations, and 16.9 km shift per decade to
higher latitudes across many species, with shifts in ranges correlated with levels of
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warming and highly variable within taxa. Large mammals are more likely to respond
to a changing climate by migration than small mammals, with those at higher
elevations or latitudes most likely to respond (McCain and King 2014); for example,
alpine chamois (Rupicapa rupicapra) moved upslope in warmer periods (but were
forced to move to avoid domestic sheep even more) (Mason et al. 2014). That said,
shifts to higher elevations should not be envisioned as animal or plant communities
simply shifting upslope. The palaeoecological and palaeoclimatical record shows
that mammals have shifted their ranges in the past, in response to climate change
(reviewed in Li et al. 2006). Ancient shifts, by individual species, can be idiosyn-
cratic, rather than as communities shifting in unison.

Conservation boundaries are mostly static, and as such, conserving species in
currently protected areas is an insufficient approach (Bull et al. 2013). Managers
must consider opportunities for ungulates to move toward the poles and to higher
elevations. Shifts in physiological niche dimensions are expected to be slow in
ungulates, because of their lengthy generation times (Hetem et al. 2014), but as
those niches shift in response to climate change, changes will be overshadowed by
realized niches constrained by competing species, including domestic livestock.
Ungulate diets can overlap more than in other taxa, and in mountainous areas, shifts
to higher elevations will compress ranges due to the negative relationship between
elevation and surface area, and this will increase the likelihood for dietary
competition.

Large-scale shifts in modern large ungulate populations are hampered by
fragmented landscapes that are semipermeable or impermeable to animal move-
ments (Hobbs et al. 2008). Ecological generalists are better equipped to respond to
shifting climate regimes than specialists, animals adapted to disturbance and semi-
urban areas are likely to adapt well, and temperate species appear to be more
adaptable than tropical species (Hetem et al. 2014). Janzen (1967) reminds us that
“mountain passes are higher in the tropics,” meaning that species with niches packed
tightly, in stable climates, are physiologically more stressed to move through
variable landscapes than are species adapted to harsh seasons. Some ungulates will
require human intervention to persist in the face of shifting habitats, such as scimitar-
horned oryx (Oryx dammah), which Thuiller et al. (2006) projected to have their
suitable habitat shift by thousands of kilometres under future climate scenarios.

Local adaptations are the main means by which ungulates are likely to respond to
climate change. Genetic changes in ungulates linked to altered climates, are poorly
studied (Hetem et al. 2014; Boutin and Lane 2014), but differences in genetic
diversity in caribou, under different climates have been identified, for example
(Yannic et al. 2014). Anatomical changes in ungulates may result from climate
change; for example, Maloney et al. (2009) hypothesized that the proportion of dark
Soay sheep (Ovis aries), in the population on St. Kilda (Scotland), has declined
because warmer temperatures increase the value of a pelt with higher albedo
(Gebremedhin et al. 1997). Phenological traits are more plastic than anatomical
ones (Boutin and Lane 2014), such as red deer (Cervus elaphus) on the Isle of Rum
(Scotland), which have shifted their reproductive behaviours to earlier in the year, in
association with earlier plant growth (Moyes et al. 2011). We are reminded,
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however, that phenological plasticity can lead to changes in phenology that are both
mis-timed and maladaptive, termed a trophic mismatch (Boutin and Lane 2014).

Changes in behaviour are the most plastic form of adaptation in response to
changing climates, involving only decision making by individuals. Ungulates that
are diurnal or nocturnal, and in predator-free environments, are better equipped to
modify their behaviours, in response to rising temperatures, than those that must be
active during the day. Grazing at night, or in the cool hours of the day, reduces heat
stress brought about by higher temperatures (Merrill 1991; McCain and King 2014).
Moose provide an excellent example of behavioural changes, as a species sensitive
to maximum temperatures in every season; for example, in Minnesota, the number of
moose declined roughly 60% from historic numbers, until stabilizing in recent years,
and some of that decline has been attributed to warming temperatures. Dussault et al.
(2004) reported moose seeking conifer stands, with high tree cover, to avoid high air
temperatures, and moose immersed themselves in water (Hetem et al. 2014). Doing
so improved their thermoregulation, but reduced their foraging time (unless thermal
cover is also a good food source, which was not the case in the study of Dussault
et al. 2004), and their body mass and condition declined. Hoy et al. (2018) identified
shrinking body sizes (inferred from skull sizes), in yearling moose at their southern
range limit, and shorter life spans associated with malnutrition, and related that to
warmer winters, linking behavioural and phenotypic plasticity. How much of the
observed changes is associated with changing adaptations, and how much is due to
changing resources, is difficult to know. Changes in moose populations in Minne-
sota are now thought to relate most closely with increases in white-tailed deer
(Odocoileus virginianus) populations, and the parasites they carry that cause death
in moose (Wiinschmann et al. 2015). But regardless, decreases in nutritional state
can increase the susceptibility of moose to parasites, other diseases, predators, and
other stressors (Hetem et al. 2014), suggesting declines in southern populations may
be associated with warming temperatures in complex ways (Rempel 2011).

Changes in precipitation, and in potential evapotranspiration, associated with a
changing climate, poses risks for ungulates dependent upon limited water sources.
As water sources dry, populations of water-dependent species will decline, such as
cattle and Thomson’s gazelle (Gazella [Eudorcas] thomsonii), and those that are
better adapted to low water availability will be favoured, such as camels and Grant’s
gazelle (Gazella [Nanger] granti) (Georgiadis et al. 2007; Doreau et al. 2012).
Moreover, more precipitation will fall as rain rather than snow, changing the timing
of runoff from mountain streams and rivers (Gleick 1987), and, therefore, water
availability for ungulates.

More frequent extreme events are of concern in the context of ungulate biology
and rangeland dynamics. As cited above, populations of wild and domestic ungu-
lates recover between droughts or winter storms, and as those storms are likely to be
more frequent under climate change (Masih et al. 2014), the period for recovery is
likely to be shorter. Carried through to the long-term, more frequent extreme events
will lead to perennially lower ungulate populations. More frequent droughts have
been verified in Africa (Masih et al. 2014), and N. Bolormaa, Secretary-General of
the Mongolian Red Cross Society, said, “In the past, frequency of dzud disasters was
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5 times in 60 years. The old frequency was once in 12 years. For the last 27 years,
Mongolia has experienced 7 dzud disasters, or one in every 3.8 years,” (Reuters
2017, but see, e.g., Tachiiri and Shinoda 2012). Our understanding of the drivers of
mortality in dzuds is improving, demonstrating interactions across spatial and
temporal scales. Fast drivers (sensu Carpenter and Turner 2001), such as dzuds,
may cause dramatic change that capture peoples’ interests, but slow drivers of
change may cause subtle shifts in systems that make them less resilient to those
fast drivers. Specifically, dry summers or droughts, and dzuds, may interact to cause
livestock losses, with droughts in months before winter snows weakening animals
and degrading pastures, increasing livestock mortality (Tachiiri et al. 2008; Joly
et al. 2018). Those authors identified a decline in the number of young produced by
livestock prior to dzud, associated with reduced body condition. Moreover, slow
drivers, affecting the frequency of winter disaster, are captured in the term ‘hoof
dzud,” introduced to identify dzuds precipitated by overgrazing (Tachiiri and
Shinoda 2012). An example of variation across spatial scales is provided by
Bayasgalan et al. (2009), who portray the spatial variability in risk to livestock
losses from future dzuds for regions of Mongolia (see also Tachiiri and Shinoda
2012).

Risks from more frequent extreme events are compounded by fragmented land-
scapes; for example, a drought in the mid-1980s caused dramatic losses among the
African buffalo (Syncerus caffer) population in the Serengeti ecosystem, but the
buffalo population recovered in less than a decade. A drought in the early 1990s also
killed many buffalo, but their populations has not fully recovered due to habitat
fragmentation, and also competition with livestock, predation, and more frequent
droughts (Dublin and Ogutu 2015).

Shrub expansion is a global phenomenon linked with fire suppression, warmer
temperatures and changes in soil moisture and snow cover associated with climate
change, CO, fertilization, as well as changes in the abundances of wild and domestic
ungulates (Myers-Smith et al. 2011; Boone et al. 2018; IPCC 2018). Invasive shrubs,
such as mesquite (Prosopis juliflora) in East Africa, contribute to the expansion due,
in part, to benefits that exotic species enjoy, such as release from pathogens and
specialized herbivores (Maundu et al. 2009; Prins and Gordon 2014). These changes
in forage availability can be expected to benefit browsing ungulates, with
corresponding shifts in ungulate communities, and browsers, in turn, can slow
shrub expansion (e.g., Myers-Smith et al. 2011; Ravolainen et al. 2014). Declines
in herbaceous cover, and in the abundance of grazing domestic ungulates, are a
concern for those people reliant upon animals for commercial sale, and those who
are often food insecure and rely upon livestock for subsistence (e.g., Moleele et al.
2002).

In this brief review I have focused on changes in individual species associated
with climate change, but we may expect cascading effects as ungulates shift their
distributions, or are eliminated from communities (Beschta and Ripple 2009; Estes
et al. 2011). As they are most often consumers in the middle of trophic pyramids,
ungulates have controlling effects on vegetation, which in turn can influence a
wealth of other ecosystem functions (e.g., Teichman et al. 2013; Sabo Chap. 11;
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Katona and Coetsee Chap. 12). In certain conditions ungulates may be controlled by
predators, with feedbacks on predator populations, other ungulates, and other species
to which predators may switch (e.g., Sinclair et al. 2003). Palmer et al. (2015)
provides an example—they demonstrate a trophic cascade, where population
increases in three cervid species, over more than a decade, were closely associated
with declines in bird species, judged a priori to be sensitive to loss of understory
habitat.

Feral pigs (Sus scrofa) provide a reminder that increases in ungulate abundances,
associated with a warming climate (Vetter et al. 2015), presents complex problems.
In North America, feral pigs are a destructive introduced species—Anderson et al.
(2016) estimate $189 million in annual crop damage across 11 USA States, and total
costs of damage and control have been estimated to be $1.5 billion per year
(Pimental 2007). But vocal hunting constituencies value the increased opportunity
to hunt feral pigs (e.g., Bevins et al. 2014). “The conundrum is that you’ve got one of
the world’s hundred worst invasive animals, and at the same time you’ve got a
highly desirable game species” (Dr. JJ Mayer, quoted in Goode 2013). So-called
winners and losers are part of many climate change scenarios.

At broader spatial scales, a changing climate will have mixed benefits for food
production for ungulates. As cited above, throughout the Northern Hemisphere,
greenness and productivity, particularly in browse species, have increased through
CO, fertilization. Debates are ongoing about the longevity of the effect, and its
interplay with reduced soil moisture associated with warming, etc. (Norby et al.
2010). But, in general, ungulates are likely to have more forage biomass available to
them in the future (Boone et al. 2007), but the nutrient density of that forage may be
lower as more biomass is produced on soils of limited fertility (Cotrufo et al. 1998).

8.6 Conclusions

The management of limited energy available to individuals is an effective means
of understanding the linkages between climate and weather, and the distributions,
population dynamics, adaptations, and behaviours of ungulates. For example, range
shifts, the use of thermal cover, and other behavioral responses, may be viewed as
means to conserve energy, and increase the degrees of freedom in ways that energy
can be allocated. Compared to wild ungulates, the physiological responses of
domestic ungulates to extremes in weather are well known, but many questions
remain for both groups. Forecasting the ways in which ungulates will respond to
climate change, associated with rising greenhouse gas emissions, involves many
more unknowns, a few of which I have touched upon, but many that are beyond
the scope of this Chapter. For example, how might increasing evaporative cooling,
under warmer temperatures, affect ungulate water balances (e.g., Hetem et al. 2014)?
What will be the effects of more rapid green-up of vegetation (e.g., Pettorelli et al.
2007)? Will predators, and other species interacting with ungulates, be able to match
their range shifts, or could we expect dramatic community changes? How may
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biomes shift (e.g., Bergengren et al. 2011; Luo et al. 2015)? As populations shift to
higher latitudes or to higher elevations, will the dispersing populations be sustain-
able? If they are, will drift and bottleneck effects change the genetic makeup of the
populations in undesirable ways? Are habitats, in a changed landscape, sufficient to
support the populations that people wish to be maintained (e.g., Beschta et al. 2013)?
Are barriers to dispersal, either natural or human made, going to limit the movements
of ungulates to such a degree that shifts are not possible? N.B. we know already that
many migratory pathways are no longer available (e.g., Berger 2004; Bolger et al.
2008; Harris et al. 2009). The pulsing and pressing drivers of change, to which
ungulates are responding, are with us long-term—greenhouse gases contributing to
radiative forcing will continue to warm the planet for centuries to come, for example
(Solomon et al. 2010). The futures of many ungulate species will be dependent upon
their abilities to adapt to these drivers, and the foresight, planning, and priorities of
wildlife ecologists and other conservation professionals, politicians, and citizens.

References

Ainsworth EA, Long SP (2005) What have we learned from 15 years of free-air CO, enrichment
(FACE)? A meta-analytic review of the responses of photosynthesis, canopy properties and
plant production to rising CO,. New Phylol 165:351-371. https://doi.org/10.1111/j.1469-8137.
2004.01224.x

Anderson A, Slootmaker C, Harper E et al (2016) Economic estimates of feral swine damage and
control in 11 US states. Crop Prot 89:89-94

Arnold GW (1985) Regulation of forage intake. In: Hudson RJ, White RG (eds) Bioenergetics of
wild herbivores. CRC Press, Boca Raton, FL, pp 8§1-101

Bailey WB, Provenza FD (2008) Mechanisms determining large-herbivore distribution. In: Prins
HHT, van Langevelde F (eds) Resource ecology: spatial and temporal dynamics of foraging.
Springer, Dordrecht, pp 7-28

Bayasgalan B, Mijiddorj R, Gombluudev P, Oyunbaatar D, Bayasgalan M, Tas A et al (2009)
Climate change and sustainable livelihood of rural people in Mongolia. In: Devissher T, O’Brien
G, O’Keefe P, Tellam I (eds) The adaptation continuum: groundwork for the future. ETC
Foundation, Leusden, pp 193-213

Benedict FG (1938) Vital energetics: a study in comparative basal metabolism. Carnegie Institution
of Washington, Washington, DC. Publication no. 503

Bergengren JC, Waliser DE, Yung YL (2011) Ecological sensitivity: a biospheric view of climate
change. Clim Chang 107:433. https://doi.org/10.1007/s10584-011-0065-1

Berger J (2004) The last mile: how to sustain long-distance migration in mammals. Conserv Biol
18:320-331

Beschta RL, Ripple WJ (2009) Large predators and trophic cascades in terrestrial ecosystems of the
western United States. Biol Conserv 142:2401-2414

Beschta RL, Donahue DL, DellaSala DA, Rhodes JJ, Karr JR, O’Brien MH, Fleischner TL, Deacon
Williams C (2013) Adapting to climate change on western public lands: addressing the
ecological effects of domestic, wild, and feral ungulates. Environ Manage 51:474-491

Bevins SN, Pedersen K, Lutman MW, Gidlewski T, Deliberto TJ (2014) Consequencies associated
with the recent range expansion of nonnative feral swine. Bioscience 64:291-299

Bolger DT, Newmark WD, Morrison TA, Doak DF (2008) The need for integrative approaches to
understand and concerve migratory ungulates. Ecol Lett 11:63-77


https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1007/s10584-011-0065-1

208 R. B. Boone

Boone RB (2007) Effects of fragmentation on cattle in African savannas under variable precipita-
tion. Landsc Ecol 22:1355-1369. https://doi.org/10.1007/s10980-007-9124-4

Boone RB, Galvin KA, Smith NM, Lynn SJ (2000) Generalizing El Nifio effects upon Maasai
livestock using hierarchical clusters of vegetation patterns. Photogramm Eng Remote Sensing
66:737-744

Boone RB, Lackett JM, Galvin KA et al (2007) Links and broken chains: evidence of human-
caused changes in land cover in remotely sensed images. Environ Sci Policy 10:135-149.
https://doi.org/10.1016/j.envsci.2006.09.006

Boone RB, Conant RT, Sircely J et al (2018) Climate change impacts on selected global rangeland
ecosystem services. Glob Chang Biol 24:1382-1393. https://doi.org/10.1111/gcb.13995

Boulanger MT, Lyman RL (2014) Northeastern North American Pleistocene megafauna chrono-
logically overlapped minimally with Paleoindians. Quat Sci Rev 85:35-46. https://doi.org/10.
1016/j.quascirev.2013.11.024

Boutin S, Lane JE (2014) Climate change and mammals: evolutionary versus plastic responses.
Evol Appl 7:29-41. https://doi.org/10.1111/eva.12121

Bull JW, Suttle KB, Singh NJ, Milner-Gulland EJ (2013) Conservation when nothing stands still:
moving targets and biodiversity offsets. Front Ecol Environ 11:203-210

Biintgen U, Myglan VS, Ljungqvist FC, McCormick M, Di Cosmo N et al (2016) Cooling and
societal change during the Late Antique Little Ice Age from 536 to around 660 AD. Nat Geosci
9:231-236

Biintgen U, Greuter L, Bollmann K et al (2017) Elevational range shifts in four mountain ungulate
species from the Swiss Alps. Ecosphere 8:e01761. https://doi.org/10.1002/ecs2.1761

Carpenter SR, Turner MG (2001) Hares and tortoises: interactions of fast and slow variables in
ecosystems. Ecosystems 3:495-497

Chen I-C, Hill JK, Ohlemiiller R et al (2011) Rapid range shifts of species associated with high
levels of climate warming. Science 333:1024—1026. https://doi.org/10.1126/science.1206432

Cook JG, Irwin LL, Bryant LD, Riggs RA, Thomas JW (2004) Thermal cover needs of large
ungulates: a review of hypothesis tests. In: Transactions of the 69th North American wildlife and
natural resources conference, pp 708-726

Cooperrider A (1986) Inventory and monitoring of wildlife habitat. US Dept. Interior Bureau of
Land Management, Denver, CO

Cotrufo MF, Ineson P, Scott A (1998) Elevated CO, reduces the nitrogen concentration of plant
tissues. Glob Chang Biol 4:43-54. https://doi.org/10.1046/j.1365-2486.1998.00101.x

Coughenour MB, Ellis JE, Swift DM et al (1985) Energy extraction and use in a nomadic pastoral
ecosystem. Science 230:619-625. https://doi.org/10.1126/science.230.4726.619

Cronin TM, Dwyer GS, Kamiya T, Schwede S, Willard DA (2003) Medieval warm period, little ice
age and 20th century temperature variability from Chesapeake Bay. Glob Planet Change
36:17-29

Crowley TJ (2000) Causes of climate change over the past 1000 years. Science 289:270-277

DeAngelis DL, Waterhouse JC (1987) Equilibrium and nonequilibrium concepts in ecological
models. Ecol Monogr 57:1-21. https://doi.org/10.2307/1942636

Derry JF, Boone RB (2010) Grazing systems are a result of equilibrium and non-equilibrium
dynamics. J Arid Environ 74:307-309. https://doi.org/10.1016/j.jaridenv.2009.07.010

Doreau M, Corson MS, Wiedemann SG (2012) Water use by livestock: a global perspective for a
regional issue? Anim Front 2:9-16

Dublin HT, Ogutu JO (2015) Population regulation of African buffalo in the Mara—Serengeti
ecosystem. Wildl Res 42:382. https://doi.org/10.1071/WR14205

Dussault C, Ouellet J-P, Courtois R et al (2004) Behavioural responses of moose to thermal
conditions in the boreal forest. Ecoscience 11:321-328

Ellis J, Galvin KA (1994) Climate patterns and land-use practices in the dry zones of Africa.
BioScience 44:340-349

Ellis JE, Swift DM (1988) Stability of African pastoral ecosystems: alternate paradigms and
implications for development. J Range Manag 41:450-459


https://doi.org/10.1007/s10980-007-9124-4
https://doi.org/10.1016/j.envsci.2006.09.006
https://doi.org/10.1111/gcb.13995
https://doi.org/10.1016/j.quascirev.2013.11.024
https://doi.org/10.1016/j.quascirev.2013.11.024
https://doi.org/10.1111/eva.12121
https://doi.org/10.1002/ecs2.1761
https://doi.org/10.1126/science.1206432
https://doi.org/10.1046/j.1365-2486.1998.00101.x
https://doi.org/10.1126/science.230.4726.619
https://doi.org/10.2307/1942636
https://doi.org/10.1016/j.jaridenv.2009.07.010
https://doi.org/10.1071/WR14205

8 Weather and Climate Impacts on Browsing and Grazing Ungulates 209

Estes JA, Terborgh J, Brashares JS et al (2011) Trophic downgrading of planet earth. Science
333:301-306

Fancy SG, White RG (1985) Incremental cost of activity. In: Hudson RJ, White RG (eds)
Bioenergetics of wild herbivores. CRC Press, Boca Raton, FL, pp 143-159

Feist DD, White RG (1989) Terrestrial mammals in cold. In: Wang LCH (ed) Animal adaptations to
cold. Springer, Berlin, pp 327-360

Fernandez-Gimenez ME, Batkhishig B, Batbuyan B, Ulambayar T (2015) Lessons from the dzud:
community-based rangeland management increases the adaptive capacity of Mongolian herders
to winter disasters. World Dev 68:48-65

Festa-Bianchet M, Gaillard J-M, Jorgenson JT (1998) Mass- and density-dependent reproductive
success and reproductive costs in a capital breeder. Am Nat 152:367-379

Forchhammer MC, Stenseth NC, Post E, Langvatn R (1998) Population dynamics of Norwegian
red deer: density-dependence and climatic variation. Proc Biol Sci 265:341-350

Gebremedhin KG, Ni H, Hillman PE (1997) Modeling temperature profile and heat flux through
irradiated fur layer. Trans ASAE 40:1441-1447

Geiser F, Goodship N, Pavey CR (2002) Was basking important for the evolution of mammalian
endothermy? Naturwissenschaften 8§9:412-414

Georgiadis NJ, Olwero JGN, Ojwang G, Romafiach SS (2007) Savanna herbivore dynamics in a
livestock-dominated landscape: 1. Dependence on land use, rainfall, density, and time. Biol
Conserv 137:461-472. https://doi.org/10.1016/j.biocon.2007.03.005

GISTEMP Team (2018) GISS surface temperature analysis (GISTEMP). NASA Goddard Institute
for Space Studies. http://data.giss.nasa.gov/gistemp/. Accessed 1 Nov 2018

Gleick PH (1987) Regional hydrologic consequences of increases in atmospheric CO, and other
trace gases. Clim Chang 10:137-160. https://doi.org/10.1007/BF00140252

Goode E (2013) When one man’s game is also a marauding pest. New York Times, New York

Goodland R, Anhang J (2009) Livestock and climate change: what if the key actors in climate
change are . .. cows, pigs, and chickens? Worldwatch Institute, Washington, DC

Gordon 1J, Illius AW (1989) Resource partitioning by ungulates on the Isle of Rhum. Oecologia
79:383-389. https://doi.org/10.1007/BF00384318

Hansen J, Sato M, Ruedy R et al (2006) Global temperature change. Proc Natl Acad Sci USA
103:14288-14293. https://doi.org/10.1073/pnas.0606291103

Harris G, Thirgood S, Hopcraft JGC, Cromsigt JPGM, Berger J (2009) Global declines in
aggregated migrations of large terrestrial mammals. Endang Species Res 7:55-76

Hetem RS, Fuller A, Maloney SK, Mitchell D (2014) Responses of large mammals to climate
change. Temp (Austin) 1:115-127. https://doi.org/10.4161/temp.29651

Hobbs NT, Baker DL, Ellis JE, Swift DM (1981) Composition and quality of elk winter diets in
Colorado. J Wildl Manage 45:156-171

Hobbs NT, Galvin KA, Stokes CJ et al (2008) Fragmentation of rangelands: implications for
humans, animals, and landscapes. Glob Environ Chang 18:776-785. https://doi.org/10.1016/].
gloenvcha.2008.07.011

Hoy SR, Peterson RO, Vucetich JA (2018) Climate warming is associated with smaller body size
and shorter lifespans in moose near their southern range limit. Glob Chang Biol. https://doi.org/
10.1111/gcb.14015

Hudson RJ, White RG (1985) Bioenergetics of wild herbivores. CRC Press, Boca Raton, FL

Mlius AW, O’Connor TG (1999) On the relevance of nonequilibrium concepts to arid and semiarid
grazing systems. Ecol Appl 9:798-813

IPCC (International Panel on Climate Change) (2018) Summary for policymakers. In: Masson-
Delmotte V, Zhai P, Portner HO, Roberts D, Skea J et al (eds) Global warming of 1.5°C. an
IPCC special report on the impacts of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts to eradicate
poverty. World Meteorological Organization, Geneva

Janzen DH (1967) Why mountain passes are higher in the tropics. Am Nat 101:233-249


https://doi.org/10.1016/j.biocon.2007.03.005
http://data.giss.nasa.gov/gistemp/
https://doi.org/10.1007/BF00140252
https://doi.org/10.1007/BF00384318
https://doi.org/10.1073/pnas.0606291103
https://doi.org/10.4161/temp.29651
https://doi.org/10.1016/j.gloenvcha.2008.07.011
https://doi.org/10.1016/j.gloenvcha.2008.07.011
https://doi.org/10.1111/gcb.14015
https://doi.org/10.1111/gcb.14015

210 R. B. Boone

Jessen C (2001) Temperature regulation in humans and other mammals. Springer, Heidelberg.
https://doi.org/10.1007/978-3-642-59461-8

Joly F, Sabatier R, Hurbert B, Munkhtuya B (2018) Livestock productivity as indicator of
vulnerability to climate hazards: a Mongolian case study. Nat Hazards 92:S95-S107. https://
doi.org/10.1007/s11069-017-2963-7

Jones PG, Thornton PK (2009) Croppers to livestock keepers: livelihood transitions to 2050 in
Africa due to climate change. Environ Sci Pol 12:427-437. doi.org. https://doi.org/10.1016/j.
envsci.2008.08.006

Kelsall JP (1969) Structural adaptations of moose and deer in snow. J Mammal 50:302-310

Korner C (2006) Plant CO, responses: an issue of definition, time and resource supply. New Phytol
172:393-411. https://doi.org/10.1111/j.1469-8137.2006.01886.x

Li M-H, Krauchi N, Gao S-P (2006) Global warming: can existing reserves really preserve current
levels of biological diversity? J Integr Plant Biol 48:255-259. https://doi.org/10.1111/j.1744-
7909.2006.00232.x

Loison A, Langvatn R, Solberg EJ (1999) Body mass and winter mortality in red deer calves:
disentangling sex and climate effects. Ecography 22:20-30. https://doi.org/10.1111/j.1600-
0587.1999.tb00451.x

Lorenzen ED, Heller R, Siegismund HR (2012) Comparative phylogeography of African savannah
ungulates 1. Mol Ecol 21:3656-3670. https://doi.org/10.1111/j.1365-294X.2012.05650.x

Luo Z, Jiang Z, Tang S (2015) Impacts of climate change on distributions and diversity of ungulates
on the Tibetan Plateau. Ecol Appl 25:24-38

MaT, Zhou C, Pei T, Xie Y (2013) A comparative analysis of changes in the phasing of temperature
and satellite-derived greenness at northern latitudes. J Geogr Sci 23:57-66. https://doi.org/10.
1007/s11442-013-0993-y

Maloney SK, Fuller A, Mitchell D (2009) Climate change: is the dark Soay sheep endangered? Biol
Lett 5:826-829. https://doi.org/10.1098/rsbl.2009.0424

Masih I, Maskey S, Mussd FEF, Trambauer P (2014) A review of droughts on the African
continent: a geospatial and long-term perspective. Hydrol Earth Syst Sci 18:3635-3649.
https://doi.org/10.5194/hess-18-3635-2014

Mason THE, Stephens PA, Apollonio M, Willis SG (2014) Predicting potential responses to future
climate in an alpine ungulate: interspecific interactions exceed climate effects. Glob Chang Biol
20:3872-3882. https://doi.org/10.1111/gcb.12641

Maundu P, Kibet S, Morimoto Y et al (2009) Impact of Prosopis juliflora on Kenya’s semi-arid and
arid ecosystems and local livelihoods. Biodiversity 10:33-50. https://doi.org/10.1080/
14888386.2009.9712842

McCain CM, King SRB (2014) Body size and activity times mediate mammalian responses to
climate change. Glob Chang Biol 20:1760-1769. https://doi.org/10.1111/gcb.12499

McCormick M, Biintgen U, Cane MA, Cook ER, Harper K et al (2012) Climate change during and
after the Roman empire: reconstructing the past from scientific and historical evidence. J
Interdiscip Hist 43:231-236

Menzel A, Sparks TH, Estrella N et al (2006) European phenology response to climate change
matches the warming pattern. Glob Chang Biol 12:1969-1976

Merrill EH (1991) Thermal constraints on use of cover types and activity time of elk. Appl Anim
Behav Sci 29:251-267. https://doi.org/10.1016/0168-1591(91)90252-S

Moleele NM, Ringrose S, Matheson W, Vanderpost C (2002) More woody plants? The status of
bush encroachment in Botswana’s grazing areas. J Environ Manag 64:3—11. https://doi.org/10.
1006/jema.2001.0486

Moyes K, Nussey DH, Clements MN et al (2011) Advancing breeding phenology in response to
environmental change in a wild red deer population. Glob Chang Biol 17:2455-2469. https://
doi.org/10.1111/j.1365-2486.2010.02382.x

Myers-Smith IH, Forbes BC, Wilmking M et al (2011) Shrub expansion in tundra ecosystems:
dynamics, impacts and research priorities. Environ Res Lett 6:45509. https://doi.org/10.1088/
1748-9326/6/4/045509


https://doi.org/10.1007/978-3-642-59461-8
https://doi.org/10.1007/s11069-017-2963-7
https://doi.org/10.1007/s11069-017-2963-7
http://doi.org
https://doi.org/10.1016/j.envsci.2008.08.006
https://doi.org/10.1016/j.envsci.2008.08.006
https://doi.org/10.1111/j.1469-8137.2006.01886.x
https://doi.org/10.1111/j.1744-7909.2006.00232.x
https://doi.org/10.1111/j.1744-7909.2006.00232.x
https://doi.org/10.1111/j.1600-0587.1999.tb00451.x
https://doi.org/10.1111/j.1600-0587.1999.tb00451.x
https://doi.org/10.1111/j.1365-294X.2012.05650.x
https://doi.org/10.1007/s11442-013-0993-y
https://doi.org/10.1007/s11442-013-0993-y
https://doi.org/10.1098/rsbl.2009.0424
https://doi.org/10.5194/hess-18-3635-2014
https://doi.org/10.1111/gcb.12641
https://doi.org/10.1080/14888386.2009.9712842
https://doi.org/10.1080/14888386.2009.9712842
https://doi.org/10.1111/gcb.12499
https://doi.org/10.1016/0168-1591(91)90252-S
https://doi.org/10.1006/jema.2001.0486
https://doi.org/10.1006/jema.2001.0486
https://doi.org/10.1111/j.1365-2486.2010.02382.x
https://doi.org/10.1111/j.1365-2486.2010.02382.x
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1088/1748-9326/6/4/045509

8 Weather and Climate Impacts on Browsing and Grazing Ungulates 211

Mysterud A, @stbye E (1999) Cover as a habitat element for temperate ungulates: effects on habitat
selection and demography. Wildl Soc Bull 27:385-394

Mysterud A, Stenseth NC, Yoccoz NG et al (2001) Nonlinear effects of large-scale climatic
variability on wild and domestic herbivores. Nature 410:1096-1099. https://doi.org/10.1038/
35074099

Norby RJ, Warren JM, Iversen CM, Medlyn BE, McMurtrie RE (2010) CO2 enhancement of forest
productivity constrained by limited nitrogen availability. PNAS 107:19368-19373. https://doi.
org/10.1073/pnas.1006463107

Ogutu JO, Owen-Smith N (2003) ENSO, rainfall and temperature influences on extreme population
declines among African savanna ungulates. Ecol Lett 6:412—419. https://doi.org/10.1046/j.
1461-0248.2003.00447.x

Ogutu JO, Piepho H-P, Dublin HT et al (2009) Rainfall extremes explain interannual shifts in
timing and synchrony of calving in topi and warthog. Popul Ecol 52:89-102. https://doi.org/10.
1007/s10144-009-0163-3

Ogutu JO, Owen-Smtih N, Piepho H-P, Said MY (2011) Conitinuing wildlife population declines
and range contraction in the Mara region of Kenya during 1977-2009. J Zool 285:99-109

Palmer G, Stephens PA, Ward Al, Willis SG (2015) Nationwide trophic cascades: changes in avian
community structure driven by ungulates. Sci Rep 5:15601. https://doi.org/10.1038/srep15601

Parker KL, Gillingham MP (1990) Estimates of critical thermal environments for mule deer. J
Range Manag 43:73-81

Parker KL, Robbins CT (1985) Thermoregulation in ungulates. In: Hudson RJ, White RG (eds)
Bioenergetics in wild herbivores. CRC Press, Boca Raton, FL, pp 161-182

Parker KL, Robbins CT, Hanley TA (1984) Energy expenditures for locomotion by mule deer and
elk. J Wildl Manag 48:474-488

Parker KL, Barboza PS, Gillingham MP (2009) Nutrition integrates environmental responses of
ungulates. Funct Ecol 23:57-69. https://doi.org/10.1111/j.1365-2435.2009.01528.x

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across
natural systems. Nature 421:37-42. https://doi.org/10.1038/nature01286

Pettorelli N, Pelletier F, von Hardenberg A, Festa-Bianchet M, C6té SD (2007) Early onset of
vegetation growth vs. rapid green-up: impacts on juvenile mountain ungulates. Ecology
88:381-390

Picton HD (1984) Climate and the prediction of reproduction of three ungulate species. J Appl Ecol
21:869-879

Pimental D (2007) Environmental and economic costs of vertebrate species invasions into the
United States. In: Managing vertebrate invasive species, 38

Post E, Stenseth NC (1998) Large-scale climatic fluctuation and population dynamics of moose and
white-tailed deer. ] Anim Ecol 67:537-543. https://doi.org/10.1046/j.1365-2656.1998.00216.x

Prins HHT, Gordon 1J (eds) (2014) Invasion biology and ecological theory: insights from a
continent in transformation. Cambridge University Press, Cambridge

Quintero I, Wiens JJ (2013) Rates of projected climate change dramatically exceed past rates of
climatic niche evolution among vertebrate species. Ecol Lett 16:1095-1103. https://doi.org/10.
1111/ele.12144

Ragsdale AC, Thompson HJ, Worstell DM, Brody S (1950) Environmental physiology, with
special reference to domestic animals. IX. Milk production and feed and water consumption
responses of Brahman, Jersey, and Holstein cows to changes in temperature, 50° to 105° F and
50° to 8° F. Univ Missouri Agric Exp Stat, Columbia, Missouri, Research Bulletin 460

Ravolainen VT, Brithan KA, Yoccoz NG, Nguyen JK, Ims RA (2014) Complementary impacts of
small rodents and semi-domesticated ungulates limit tall shrub expansion in the tundra. J Appl
Ecol 51:234-241

Reid RS, Ellis JE (1995) Impacts of pastoralists on woodlands in South Turkana, Kenya: livestock-
mediated tree recruitment. Ecol Appl 5:978-992

Rempel RS (2011) Effects of climate change on moose populations: exploring the response horizon
through biometric and systems models. Ecol Model 222:3355-3365. https://doi.org/10.1016/j.
ecolmodel.2011.07.012


https://doi.org/10.1038/35074099
https://doi.org/10.1038/35074099
https://doi.org/10.1073/pnas.1006463107
https://doi.org/10.1073/pnas.1006463107
https://doi.org/10.1046/j.1461-0248.2003.00447.x
https://doi.org/10.1046/j.1461-0248.2003.00447.x
https://doi.org/10.1007/s10144-009-0163-3
https://doi.org/10.1007/s10144-009-0163-3
https://doi.org/10.1038/srep15601
https://doi.org/10.1111/j.1365-2435.2009.01528.x
https://doi.org/10.1038/nature01286
https://doi.org/10.1046/j.1365-2656.1998.00216.x
https://doi.org/10.1111/ele.12144
https://doi.org/10.1111/ele.12144
https://doi.org/10.1016/j.ecolmodel.2011.07.012
https://doi.org/10.1016/j.ecolmodel.2011.07.012

212 R. B. Boone

Renecker LA, Hudson RJ (1986) Seasonal energy expenditures and thermoregulatory responses of
moose. Can J Zool 64:322-327. https://doi.org/10.1139/286-052

Reuters (2017) Widespread deaths among livestock in Mongolia after second big freeze. In: Glob
News. https://globalnews.ca/news/3254902/widespread-deaths-among-livestock-in-mongolia-
after-second-big-freeze/. Accessed 26 Jan 2018

Richard JH, Wilmshurst J, C6té SD (2014) The effect of snow on space use of an alpine ungulate:
recently fallen snow tells more than cumulative snow depth. Can J Zool 92:1067-1074. https://
doi.org/10.1139/cjz-2014-0118

Rojas-Downing MM, Nejadhashemi AP, Harrigan T, Woznicki SA (2017) Climate change and
livestock: impacts, adaptations, and mitigation. Clim Risk Manag 16:145-163. https://doi.org/
10.1016/j.crm.2017.02.001

Sauer JR, Boyce MS (1983) Density dependence and survival of elk in northwestern Wyoming. J
Wildl Manag 47:31. https://doi.org/10.2307/3808049

Scholander PF, Hock R, Walters V, Irving L (1950) Adaptation to cold in artic and tropical
mammals and birds in relation to body temperature, insulation, and basal metabolic rate. Biol
Bull 99:259-271. https://doi.org/10.2307/1538742

Shrestha AK, van Wieren SE, van Langevelde F, Fuller A, Hetem RS, Meyer LCR, de Bie S, Prins
HHT (2012) Body temperature variation of South African antelopes in two climatically
contrasting environments. J Thermal Biol 37:171-178. https://doi.org/10.1016/j.jtherbio.2011.
12.008

Sinclair ARE, Mduma S, Brashares JS (2003) Patterns of predation in a diverse predator-prey
system. Nature 425:288-290

Solomon S, Daniel JS, Sanford TJ, Murphy DM, Plattner G-K, Knutti R, Friedlingstein P (2010)
Persistence of climate change due to a range of greenhouse gases. Proc Natl Acad Sci USA
43:18354-18359

Steptoe H, Jones SEO, Fox H (2018) Correlations between extreme atmospheric hazards and global
teleconnections: implications for multihazard resilience. Rev Geophys 56:50-78. https://doi.
0rg/10.1002/2017RG0O00567

Tachiiri K, Shinoda M (2012) Quantitative risk assessment for future meteorological disasters:
reduced livestock mortality in Mongolia. Clim Chang 113:867-882

Tachiiri K, Shinoda M, Klinkenberg B, Morinaga Y (2008) Assessing Mongolian snow disaster risk
using livestock and satellite data. J Arid Env 72:2251-2263. https://doi.org/10.1016/j.jaridenv.
2008.06.015

Taylor CR (1970) Strategies of temperature regulation: effect on evaporation in East African
ungulates. Am J Phys 219:1131-1135

Teichman JK, Nielsen ES, Roland J (2013) Trophic cascades: linking ungulates to shrub-dependent
birds and butterflies. ] Anim Ecol 82:1288-1299. https://doi.org/10.1111/1365-2656.12094

Terrien J, Perret M, Aujard F (2011) Behavioral thermoregulation in mammals: a review. Front
Biosci 16:1428-1444

Thornton PK, Herrero M (2010) Potential for reduced methane and carbon dioxide emissions from
livestock and pasture management in the tropics. Proc Natl Acad Sci USA 107:19667-19672.
https://doi.org/10.1073/pnas.0912890107

Thornton PK, van de Steeg J, Notenbaert A, Herrero M (2009) The impacts of climate change on
livestock and livestock systems in developing countries: a review of what we know and what we
need to know. Agric Syst 101:113—-127. https://doi.org/10.1016/j.agsy.2009.05.002

Thuiller W, Broennimann O, Hughes G et al (2006) Vulnerability of African mammals to anthro-
pogenic climate change under conservative land transformation assumptions. Glob Chang Biol
12:424-440. https://doi.org/10.1111/j.1365-2486.2006.01115.x

Van Beest FM, Milner JM (2013) Behavioural responses to thermal conditions affect seasonal mass
changes in a heat-sensitive northern ungulate. PLoS One 8(6):¢65972. https://doi.org/10.1371/
journal.pone.0065972

Vetter S (2005) Rangelands at equilibrium and non-equilibrium: recent developments in the debate.
J Arid Environ 62:321-341. https://doi.org/10.1016/j.jaridenv.2004.11.015


https://doi.org/10.1139/z86-052
https://globalnews.ca/news/3254902/widespread-deaths-among-livestock-in-mongolia-after-second-big-freeze/
https://globalnews.ca/news/3254902/widespread-deaths-among-livestock-in-mongolia-after-second-big-freeze/
https://doi.org/10.1139/cjz-2014-0118
https://doi.org/10.1139/cjz-2014-0118
https://doi.org/10.1016/j.crm.2017.02.001
https://doi.org/10.1016/j.crm.2017.02.001
https://doi.org/10.2307/3808049
https://doi.org/10.2307/1538742
https://doi.org/10.1016/j.jtherbio.2011.12.008
https://doi.org/10.1016/j.jtherbio.2011.12.008
https://doi.org/10.1002/2017RG000567
https://doi.org/10.1002/2017RG000567
https://doi.org/10.1016/j.jaridenv.2008.06.015
https://doi.org/10.1016/j.jaridenv.2008.06.015
https://doi.org/10.1111/1365-2656.12094
https://doi.org/10.1073/pnas.0912890107
https://doi.org/10.1016/j.agsy.2009.05.002
https://doi.org/10.1111/j.1365-2486.2006.01115.x
https://doi.org/10.1371/journal.pone.0065972
https://doi.org/10.1371/journal.pone.0065972
https://doi.org/10.1016/j.jaridenv.2004.11.015

8 Weather and Climate Impacts on Browsing and Grazing Ungulates 213

Vetter SG, Ruf T, Bieber C, Arnold W (2015) What is a mild winter? Regional differences in
within-species responses to climate change. PLoS One 10:¢0132178. https://doi.org/10.1371/
journal.pone.0132178

Walther G-R, Post E, Convey P et al (2002) Ecological responses to recent climate change. Nature
416:389-395. https://doi.org/10.1038/416389a

White CR, Seymour RS (2003) Mammalian basal metabolic rate is proportional to body mass*>.
PNAS 100:4046-4049. https://doi.org/10.1073/pnas.0436428100

Wiinschmann A, Armien AG, Butler E et al (2015) Necropsy findings in 62 opportunistically
collected free-ranging moose (Alces alces) from Minnesota, USA (2003-2013). J Wildl Dis
51:157-165. https://doi.org/10.7589/2014-02-037

Yannic G, Pellissier L, Ortego J, Lecomte N, Couturier S, Cuyler C et al (2014) Genetic diversity in
caribou linked to past and future climate change. Nat Clim Chang 4:132-137. https://doi.org/10.
1111/ele.12376

Young TP (1994) Natural die-offs of large mammals: implications for conservation. Conserv Biol
8:410-418. https://doi.org/10.1046/j.1523-1739.1994.08020410.x

Zeng Z, Skidmore AK, Song Y, Wang T, Gong H (2010) Seasonal altitudinal movements of golden
takin in the Qinling Mountains of China. J Wildl Manag 72:611-617. https://doi.org/10.2193/
2007-197


https://doi.org/10.1371/journal.pone.0132178
https://doi.org/10.1371/journal.pone.0132178
https://doi.org/10.1038/416389a
https://doi.org/10.1073/pnas.0436428100
https://doi.org/10.7589/2014-02-037
https://doi.org/10.1111/ele.12376
https://doi.org/10.1111/ele.12376
https://doi.org/10.1046/j.1523-1739.1994.08020410.x
https://doi.org/10.2193/2007-197
https://doi.org/10.2193/2007-197

Chapter 9 )
Impacts of Browsing and Grazing Ungulates <o
on Soil Biota and Nutrient Dynamics

Judith Sitters and Walter S. Andriuzzi

9.1 Introduction on Soil Biota: Their Importance
for Ecosystem Functioning

Far from being merely the surface on which herbivores walk, or the medium in
which plants grow, soils are a fundamental component of terrestrial ecosystems. Soil
functioning depends on the organisms that inhabit it, including bacteria, archaea,
fungi, protists, and animals, which show a tremendous taxonomic and ecological
diversity (Bardgett and van der Putten 2014). Soil biota control processes upon
which plants and their consumers depend, such as the decomposition of plant and
animal remains, recycling and redistribution of carbon (C) and nutrients, mainte-
nance of soil structure, and oxygen and water availability to plant roots (Brussaard
et al. 1997; Rillig and Mummey 2006). Many soil microbes and invertebrates also
directly interact with plants as mutualists (e.g., mycorrhizal fungi, N,-fixing bacte-
ria), pathogens, or root-feeders (Wardle et al. 2004). Through their overall effect on
soil fertility, or by facilitating or suppressing certain plant species or functional
groups, soil biota can alter plant diversity and community composition (Ruijven
et al. 2004; Partsch et al. 2006; Bonkowski and Roy 2012), with ecosystem-wide
consequences on the structure and successional trajectory of terrestrial ecosystems
(Streitwolf-Engel et al. 1998; De Deyn et al. 2003). The diversity and functional
attributes of soil communities shape their interactions with plants and their effects on
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soil processes (Wardle et al. 2004; Hittenschwiler and Gasser 2005; Kardol et al.
2016), and determines C and nutrient cycling and retention (Johnston et al. 2004).
Therefore, soil communities may affect herbivores through various ecological pro-
cesses, generally with plants as intermediary. In turn, browsing and grazing ungu-
lates can affect soil organisms and biological processes via their effects on plants,
and also by returning C and nutrients (through excreta and carcasses) and modifying
soil physical properties (e.g., through trampling).

9.2 The Impact of Ungulates on Soil Biota

Ungulates may affect soil biota through trophic mechanisms, namely return of plant-
derived C and nutrients constituting basal resources in the soil food web, and
non-trophic mechanisms, namely physical disturbance. These mechanisms can
impact soil biota simultaneously—e.g., reduced plant cover due to grazing may
also affect soil biota by changing temperature and moisture (Yates et al. 2000;
Odriozola et al. 2014). Ungulates can change the amount, and quality, of resources
fuelling the soil food web, by chemical and/or physical changes in plant litter,
resulting from physiological responses of plants and/or shifts in plant species
composition (reviewed in Bardgett and Wardle 2003), or by providing fast pools
of C and nutrients via their excreta (Mikola et al. 2009; Mosbacher et al. 2016;
Buscardo et al. 2017) and carcasses (Carter et al. 2006; Szelecz et al. 2016). Browsed
and grazed plants may also alter the allocation of C belowground, including root
exudates (Hamilton et al. 2008; Sun et al. 2017), which are now recognized as a no
less important energy source than is leaf litter to many soil food webs (Pollierer et al.
2007; Fujii et al. 2016).

Physical disturbance by ungulates, although often less appreciated by ecologists
than plant feeding and excretion, may have large effects on soil structure, processes,
and biota. Trampling by medium- and large-sized ungulates may cause significant
soil compaction, especially on fine-textured soils (Van Haveren 1983; Schrama et al.
2013). Soil compaction, caused by trampling, may be strongest in relatively small
areas of the landscapes, for instance along preferred trails (Ostermann-Kelm et al.
2009), but nonetheless reduces the abundance of sensitive soil biota across the
landscape (Cluzeau et al. 1992; Beever and Herrick 2006; Sorensen et al. 2009).
There is growing evidence that the impact of large ungulates on soil physical
properties, especially moisture, partly determine the patchiness of plant communities
in many grazed ecosystems (Howison et al. 2017). In addition, some ungulates affect
soil physically by digging—e.g., wild boar (Sus scrofa) (Mohr et al. 2005; Bueno
et al. 2013), African elephant (Loxodonta spp.) (Haynes 2012)—although the most
important herbivore bioturbators are fossorial mammals such as rodents and lago-
morphs (Davidson et al. 2012).

In general, grazing and browsing ungulates may be expected to have distinct
effects belowground due to the plant communities in which they dominate. In early
successional systems, non-woody plants with their high-quality litter, and increased
nutrient uptake and growth due to grazing, are expected to promote soil microbial
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decomposers and animal detritivores, whereas opposite effects are expected in late
successional systems because of increased dominance of woody plants due to
browsing, which have low-quality litter (Bardgett and Wardle 2003). Quantitative
syntheses, however, showed that negative effects of mammalian herbivores on the
abundance of soil biota are far more common than positive effects (Andriuzzi and
Wall 2017; Zhao et al. 2017). A meta-analysis, by Andriuzzi and Wall (2017),
pointed to both climate and herbivore body size as controlling the response of soil
biota, with declines in abundance of soil organisms and mineralization rates more
likely in harsh climates and/or with large herbivores. Nonetheless, it is possible that
soil biota to respond differently to browsers vs. grazers in a given ecosystem, as well
as to browsers or grazers with different feeding behaviours. For example, in Europe
horses (Equus caballus) tend to select against tall vegetation patches as compared to
the foraging choices of cattle (Bos taurus), maintaining a mosaic of plants and,
therefore, litter which cattle tend instead to homogenise (Menard et al. 2002).
Moreover, by feeding on grass closer to the ground than cattle (Gordon 1989),
horses could expose the soil microclimate to larger fluctuations.

9.2.1 Shifts in Soil Microbial and Invertebrate Communities

Through their effects on basal resources and soil physical properties, browsers and
grazers may induce shifts in soil microbial and invertebrate communities. Herbivory
may lead plants to allocate less C to mycorrhizal partners, and in fact negative effects
of browsers on ectomycorrhizae have been reported from different ecosystems
(Rossow et al. 1997; Markkola et al. 2004), although a meta-analysis found that
mycorrhizal responses to herbivory are often negligible and may even be positive
(Barto and Rillig 2010). When it results in the enhanced availability and decompos-
ability of resources entering the soil food web, grazing may promote bacteria over
fungi (Bardgett et al. 2001; Andres et al. 2016), whereas it is unclear whether the
reverse shift occurs when grazing has negative effects on resources such as soil
organic matter content. Little is known on the responses of different taxa, or
functional groups, of bacteria and fungi, but there is some evidence that among
bacteria Gram-positive taxa such as Actinobacteria may benefit from grazing (Yang
et al. 2013; Eldridge et al. 2017). In Australian drylands, rabbits (Oryctolagus
cuniculus) negatively affected both ectomycorrhizal and arbuscular mycorrhizal
fungi, whereas sheep (Ovis aries) tended to suppress fungal pathogens of plants
(Eldridge and Delgado-Baquerizo 2018).

Groups of soil invertebrates may also diverge in their responses to herbivore
activities. Microarthropods and macro-predators tend to decline under grazing,
whereas macro-detritivores, such as earthworms and some insect larvae, are more
resistant and may even increase (Bardgett et al. 1993; Kay et al. 1999; Schon et al.
2012). However, responses within a taxonomic group may vary considerably; of the
two most abundant groups of microarthropods, both animal decomposers in a broad
sense, oribatid mites tend to be more negatively affected by grazing than collembola
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(Andriuzzi and Wall 2017). This could be due to differences in life strategies such as
development rate and fecundity (Behan-Pelletier 1999). Zooming into these
microarthropod taxa, response traits vary widely among species, for instance in
relation to physical disturbance (Maraun et al. 2003) and, in fact, some collembola
are also negatively affected by grazing while some oribatid mites are not (Francini
et al. 2014). Similarly, some earthworm species may benefit from grazing while
others may be negatively affected (Mikola et al. 2009). Broadly defined functional
groups—cross-taxa aggregations of species based on presumed similarity in ecolog-
ical attributes, such as diet and life history strategies (Brussaard 1998)—may also
obscure ecological differences between species (Heemsbergen et al. 2004; Fujii et al.
2016). These findings show that responses (or lack thereof) observed at coarse
taxonomic resolution, or broad functional groups, may conceal ecologically mean-
ingful changes in relation to mammalian herbivore activity detectable at finer
taxonomic scales. A way to detect such changes is to identify and measure functional
traits that link biota to ecosystem processes (Heemsbergen et al. 2004; Bardgett and
van der Putten 2014; Kardol et al. 2016). Despite a growing interest in functional
traits in various areas of ecology, their use in herbivore-soil research has lagged
behind. For example, body size—a trait of fundamental importance in soil commu-
nities (Brose et al. 2012)—is increasingly being investigated in the context of
climate change (Bokhorst et al. 2012; Lindo et al. 2012; Knox et al. 2017), but
rarely in response to grazing (Mulder et al. 2008; Mills and Adl 2011; Schon et al.
2012; Comor et al. 2014; Andriuzzi and Wall 2018), let alone browsing.

Depending on the context, ungulates may cause either increases in the average
size of soil fauna due to the increased availability of basal resources, or decreases
due to physical disturbance (e.g., by compacting soil and thus reducing pore space).
Recently, grazing, in a semi-arid steppe, was found to skew soil nematode commu-
nities toward larger body sizes by increasing soil fertility where it was lowest
(Andriuzzi and Wall 2018), consistent with previous fertilization studies (Verschoor
et al. 2001; Liu et al. 2015). On the other hand, findings from wetter soils, rich in
organic matter, suggest that grazing disturbance may promote smaller body sizes in
soil fauna (Mulder et al. 2008; Comor et al. 2014). Current knowledge on how
browsers and grazers may affect other functional traits than body size in soil
microbes and fauna is even more limited.

9.3 Cascading Effects of Ungulates on Soil Communities

9.3.1 Soil Food Web Changes

Ungulate-induced shifts in the community compo