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Browsers and grazers come from a range of taxa of large mammalian herbivores. Photos Iain
J. Gordon (gorilla) and Herbert H. T. Prins (elephant)



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
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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 Iain J. Gordon
Wageningen, The Netherlands Herbert H. T. Prins
18th February 2019
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Chapter 1
The Ecology of Browsing and Grazing II

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.”

I. J. Gordon (*)
James Cook University, Townsville, QLD, Australia
e-mail: Iain.gordon@jcu.edu.au

H. H. T. Prins
Animal Sciences Group, Wageningen University, Wageningen, The Netherlands
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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 palaeontology 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

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; Strömberg 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 Rössner 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
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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; Vizcaíno 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; Strömberg 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 (Vizcaíno 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
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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 (Žliobaitė 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 (Žliobaitė 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 (Vizcaíno 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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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

Fig. 2.1 Examples of hypsodonty and molar morphology in herbivorous mammals.
(1) Hypsodonty categories: A¼ hypsodont, B¼mesodont, C¼ 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)
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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/lamellae 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 δ13C and δ15N 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
et al. 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., Strömberg 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 Palaeocene, leading to the exceptionally
warm “Palaeocene-Eocene ThermalMaximum” at the end of this epoch (Zachos et al.
2001, 2008). Consequently, tropical and subtropical forest environments were the
dominant habitats globally (e.g., Strömberg 2011). Among herbivorous mammals,
perhaps themost 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 Palaeocene, and during the Early Eocene
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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 palaeoenvironments 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, palaeotheres (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 palaeoenvironments 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 palaeothere
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 palaeoenvironments of Eastern and Southern Asia were mostly
dominated by forest and woodland palaeoenvironments (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 palaeodietary 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 theMiddle 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; Strömberg 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 palaeotheres (Froehlich
2002). The next most abundant taxa, which had been the dominant ungulates in the
Late Palaeocene, 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). Palaeoenvironmental 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 (Strömberg
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 (Strömberg 2011). However,
the paleoenvironments were still predominantly open woodlands and shrublands,
with grasses being present but not yet forming extensive grassland environments
(Strömberg 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
andMerycoidodon), 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 palaeoenvironments of
Africa than those of Eurasia and North America. The palaeoenvironments 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
(Strömberg 2011). The latest Palaeocene—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 (Strömberg 2011). Early and
Middle Eocene palaeobotanical records from Australia indicate rainforest and
sclerophyllous forest environments in northwestern, central and southeastern parts
of the continent (Strömberg 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 palaeoenvironments (Janis 1993; Ortiz-Jaureguizar and
Cladera 2006; Reguero et al. 2010; Strömberg 2011; Strömberg 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 CO2 content (Vicentini et al. 2008; Strömberg 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 (Strömberg 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 (Strömberg 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 palaeothere
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
palaeoenvironments 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 andDzungariotherium). 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; Strömberg 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 genusMiohippus. 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 amynodontMetamynodon 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 palaeoenvironments were mostly forests and
swamps (Strömberg 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 palaeomastodonts (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
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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 ofChilgatherium, 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 palaeoenvironments comprised mostly forests and
woodlands, but some localities, such as the Late Oligocene deposits from Salla,
Bolivia, indicate open, grassy environments (Strömberg 2011; 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 palaeoenvironments of those faunas have been interpreted as relatively
open forests (Travouillon et al. 2009; Strömberg 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 palaeoenvironment, 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; Strömberg 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; Strömberg 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 palaeoenvironments were domi-
nated by subtropical and temperate forests in Europe (Zachos et al. 2001, 2008;
Eronen et al. 2010a; Strömberg 2011). 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), palaeomerycids (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 Listriodonwith 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” (Rögl 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; Strömberg 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

30 J. Saarinen



shift during the early Late Miocene (Vallesian) from forests to more seasonal semi-
open woodland environments (Agustí and Moya-Sola 1990), that supported such
large browsers as the proboscideans Deinotherium and Tetralophodon, the
chalicothere Chalicotherium, rhinoceroses (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; Strömberg 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
Gazella 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
palaeoenvironments 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 a result of the uplift of RockyMountains 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; Strömberg 2011). A
greater change from C3 photosynthesizing to C4 photosynthesising grasslands and
from brachydont browser-dominated to hypsodont grazer-dominated ungulate faunas
happened from theMiddle to the LateMiocene (Janis et al. 2002, 2004; Strömberg 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), rhinos (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 palaeomerycid ruminants (e.g., Aletomeryx) 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 LateMiocene palaeoenvironments 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 palaeomerycid 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 inNorthAmerica during the LateMiocene, 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 palaeoenvironments 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
theMiddleMiocene 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; Strömberg 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), rhinoceroses (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 palaeoenvironments 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 (Strömberg 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 EarlyMiocene 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 (Strömberg 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 (Vizcaíno 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 palaeoenvironments 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; Strömberg 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 CO2 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 (Tsuga) growing as far north as in the Great Britain (Head 1998; Kovar-
Eder et al. 2008; Strömberg 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 (Strömberg and McInerney 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; Sánchez 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; Strömberg 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 2011a, 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 palaeoecological and palaeoenvironmental
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 Notochoerus 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 palaeodietary 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
palaeoenvironments 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 CO2 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 palaeoenvironments. 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 rhinoceros Stephanorhinus hudsheimensis was able to
shift its diets from browsing in a forest environment to mixed-feeding in an open

2 The Palaeontology of Browsing and Grazing 41



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 l’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 palaeoenvironments 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 (Sánchez 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 (Fariña 1996; Vizcaíno 2009). In fact, it has been puzzling
how such abundant and diverse megaherbivore communities could have coexisted in
the Pleistocene South American palaeoenvironments (see Fariña 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;
Vizcaíno 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 beenmore 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
CO2-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
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-
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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 (Olff 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

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; González-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 Sporormiellamust 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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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 C4 dicot (most C4 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 (87Sr/86Sr) 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 5e) 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).

68 J. Rowan and J. T. Faith



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 CO2 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 (¼ ~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 likeHomo 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 5e 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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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
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. 2009c, 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-Barbería and Gordon 2001; Pérez-Barbería 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 Martínez 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 (Müller
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-Barbería 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%?;
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-Barbería 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 (log10-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,

4 Morphological and Physiological Adaptations for Browsing and Grazing 85



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 (λ), depicting the strength of the phylogenetic
signal (0 ¼ no signal, values approaching 1 ¼ 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).

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 ¼ ruminants; NR ¼ non-ruminants)
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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-Barbería
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 c). Only models with
ΔAICc � 2, where ΔAICc is the difference in AICc of a candidate model from the
lowest AICc 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
et al. 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 Olff 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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(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

Fig. 4.2 Proxies for face depth (e.g., masseter:fossa face length ratio) are negatively related to M3
size (a—the hypsodonty index) and to each other (b—diastema length vs. palate length), and
hypsodonty is also correlated with cheek tooth row length in ruminants, but not in non-ruminants (c)
and with the size (mass) of the masseter (d). Diastema, palate and tooth row lengths are presented
relative to BM0.33, and masseter mass relative to BM0.75
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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-Barbería 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 ¼ �0.125, p ¼ 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 (Müller 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; Strömberg 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 (Müller 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 i) 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 Fariña 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
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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-Barbería 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

Trait n

Best Model/s (ΔAICc � 2)

Factors r2 λ BM
%
grass

Anatomy

Rumen cranial pillar thick-
ness (mm)

61 BM + %grass 0.708 0.000 0.34 (0.031)���� +

Rumen caudal pillar thick-
ness (mm)

57 BM + %grass 0.675 0.000 0.32 (0.043)���� +

Rumen wall height (cm) 71 BM + %grass 0.856 0.282 0.35 (0.018)���� +

Reticulum height (cm) 70 BM 0.864 0.184 0.32 (0.015)���� 0

Reticulum width (cm) 66 BM + %
grass; BM

0.820 0.000 0.28 (0.019)���� 0

Reticular crest height (mm) 59 BM + %grass 0.542 0.784 0.36 (0.055)���� +

Intra-ruminal orifice area
(mm2)

52 BM + %grass 0.909 0.000 0.75 (0.052)���� +

Reticulo-ruminal orifice
area (mm2)

41 BM; BM + %
grass

0.715 0.386 0.48 (0.049)���� 0

Reticulo-omasal orifice
area (mm2)

50 BM; BM + %
grass

0.442 0.505 0.45 (0.073)���� 0

Surface papillation in
rumen (dorsal:atrium %)

57 BM + %grass 0.569 0.737 �0.34 (0.092)��� �

Max height of papillae
unguiculiformes (mm)

29 BM + %
grass; BM

0.323 0.561 0.24 (0.101)� �

Omasal laminal surface
area (cm2)

33 BM + %grass 0.881 1.000 1.29 (0.096)���� +

Abomasum fundus mucosa
thickness (mm)

41 BM; BM + %
grass; %grass

0.043 1.000 0.05 (0.037) 0 (�)

Abomasum pylorus
mucosa thickness (mm)

23 BM; BM + %
grass

0.371 0.000 0.26 (0.075)�� 0

Abomasum curvature (cm) 65 BM; BM + %
grass

0.913 0.000 0.34 (0.013)���� 0

Contents

Dry matter difference
(dorsal-ventral rumen)

13 %grass;
BM + %grass

0.732 0.000 2.42 (1.466) +

pH (rumen) 30 BM; %grass;
BM + %grass

0.112 0.375 0.01 (0.008) 0

Crude fibre (reticulorumen,
% of dry matter)

28 BM; BM + %
grass

0.181 1.000 0.07 (0.030)� 0

Volatile fatty acid concen-
tration (rumen, Mmol l�1)

29 BM 0.181 0.000 �0.07 (0.029)� 0

Volatile fatty acid concen-
tration (caecum, Mmol l�1)

16 %grass 0.339 0.000 �0.06 (0.046) �

n¼ number of species; λ¼ phylogenetic signal in PGLS; BM¼ body mass scaling exponent (s.e.);
%grass ¼ effect of mean % grass in species’ natural diets on trait (0 ¼ no effect, + ¼ positive
relationship, � ¼ negative relationship [alternative result from GLS in parenthesis if different from
PGLS]; **** ¼ p < 0.0001; *** ¼ p < 0.001; ** ¼ p < 0.01; * ¼ 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
(Müller 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 CO2 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-Schäfer 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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(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

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 BM0.75) and omasum size
(OLSA ¼ omasal leaf surface area, expressed relative BM0.67) (d)
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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 CO2 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 (Obidziński 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 Obidziński 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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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. 2011b), 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

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)
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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 (Strömberg
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
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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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).

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
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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

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
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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 (Olff et al. 2002; Prins and Olff 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

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/
location

Landscape Forests and
woodlands/
spatially more
structured

Open

Growth pattern At different heights Mostly close
to ground

Nutritional homogeneity of a
“bite”

Less More

Chemical composition Protein content Higher (including
nitrogenous
secondary
compounds)

Lower

Fibre content Lower but more
lignified

Higher but
less lignified

Pectin content Higher Lower

Secondary compounds More Less

Physical
characteristics

Abrasive silica, adhering grit,
resistance to chewing

Less More

Fracture pattern Polygonal Longish, fibre-
like

Change in specific gravity during
fermentation

Less More

Digestion/fermentation Overall digestibility Lower Higher

Speed of digestion Fast Slow

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

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)
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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
(Bjørneraas 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).

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 I Kill rate ¼ attack rate � prey density Linear

Type II Kill rate ¼ attack rate � prey density
1þ attack rate � prey density � handling time

Asymptotic

Type III Kill rate ¼ b � prey density2

1 þ c � prey density þ b � handling time � prey density2
Sigmoid

Type IV Kill rate ¼ attack rate � prey density
b þ prey density þ c � prey density2

Lognormal

Note that in these equations b and c are constants

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)
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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 (Rmax, i.e., the maximum cropping rate, and h 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
(abomasum)

Smaller Larger

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
opening, stiffer lips

Narrow muzzle, larger mouth opening,
flexible, often muscular lips, long tongue

Teeth Lower incisors of similar size, wider
contact area, wide incisor row,
incisors projected forward, high
crowned teeth, less surface area,
more shearing action, more ridges

Central incisors broader than outside
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 (Rmax) 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).

138 J. A. Venter et al.



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 Olff
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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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 Iason 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

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)
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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

Amultitude 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
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 (Olff 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 (Olff 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 ¼ 964) across the globe (available at http://www.wildnatureinstitute.org/
uploads/5/5/7/7/5577192/kiffner___lee_ungulate_densities.xlsx). 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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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 log10 body mass and
log10 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 AICc 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

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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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. 6.3c). 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)

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
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Fig. 6.3 Densities (ind.km�2) of grazing and browsing wild ungulates in relation to the average
female body mass (kg) in (a) Europe, (b) North America, (c) 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 (Müller 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 ¼ 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 ¼ 0.12, p ¼ 0.37, n ¼ 27; browser: tau ¼ 0.30,
p¼ 0.07, n¼ 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�2) of grazing and browsing wild ungulates in relation to the
average female body mass (kg) in (a) Europe, (b) North America, (c) 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

⁄�

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)

Fig. 6.5 Coefficient of
variation (CV; 1¼ 100%) of
population densities (a) in
grazing and browsing
ungulates and (b) all grazers
and browsers combined in
relation to body mass. We
only computed CVs for
species with �3 density
estimates
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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 Niño
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 CO2 concentration can act as
fertilizer for plants in general, but woody vegetation appears to benefit most from
CO2 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 CO2 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).

6 Population Dynamics of Browsing and Grazing Ungulates in the Anthropocene 167



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 (Jędrzejewska 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

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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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 CO2; and (5) direct, unsustainable exploitation (Sala
et al. 2000; Ripple et al. 2015). Some of these upheavals act on global scales (CO2

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

Fig. 6.7 Time series of
estimated grass and browse
consumption (kg�ha�1.
year�1) 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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(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
et al. 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 CO2 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” (Côté et al. 2004; Burbaitė and Csányi 2009; Massei
et al. 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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Chapter 7
Community Dynamics of Browsing
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 Olff 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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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

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
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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 mass0.75). 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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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 (Olff 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.

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, c and d,
respectively. Median for grazers (69 kg) was significantly higher (p ¼ 0.03) than the global median
for all ungulates while median for browsers (33 kg) was significantly lower (p ¼ 0.01). Median for
mixed feeders (45 kg) was similar to global median (p ¼ 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
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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 Olff 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
Olff 1998).

The structuring of body masses has received attention in the past in the grazer
assemblages of Africa and Asia (Prins and Olff 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 loge body mass and the rank of the species
(Prins and Olff 1998; Olff et al. 2002). Mixed feeders were considered together with
grazers for this analysis following Prins and Olff (1998). We estimated the explained
variance (r2-values) for the relationship between loge body mass and species rank
number for grazers and browsers in the two biomes. We then tested whether the r2

was higher than the 97.5 percentile of 10,000 randomly generated r2 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 r2s 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 r2s 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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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’?

Fig. 7.3 Histogram of r2 from 10,000 simulated data using the species richness and body size of (a)
grazers in grassland biome, (b) browsers in grassland biome, (c) 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 r2 from the real data. The p-value indicated the
percentage of times the simulated data resulted in the same or higher r2 than that from real data
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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 Olff 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. 7.4 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
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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. 7.5 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
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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.

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

192 C. Mishra et al.



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 C3 grasses, and C3 trees, due to the extremely low CO2

values during the hyper-arid period of the Last Glacial Maximum (some 40,000 BP)
(Street-Perrott et al. 1997); C3 plants have a higher digestibility than C4 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 (Olff
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 Olff 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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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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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
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Chapter 8
Weather and Climate Impacts on Browsing
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).

198 R. B. Boone



Animals will seek out means to remain within a thermal comfort zone through
movement or other behaviours (Mysterud and Østbye 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
Illius 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 2016–2017,
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 Niño-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 CO2 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 �Cwarmer 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 (Büntgen 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
CO2 fertilization (Körner 2006). Carbon dioxide is used by plants in photosynthesis
to create organic compounds, and many experiments have demonstrated that
increased ambient CO2 increased photosynthetic rates and vegetation productivity
(many reviews cited in Körner 2006). Large-scale field experiments, too, have
shown increased vegetation production with increased ambient CO2 (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., Büntgen 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 (Wünschmann 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, CO2 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
CO2 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.
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Chapter 9
Impacts of Browsing and Grazing Ungulates
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, N2-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; Hättenschwiler 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 composition of microbes and inverte-
brates has implications for soil food web structure and functioning. Grazers and
browsers may favour the bacterial over the fungal channel or vice versa, but
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predicting what controls the direction of change has proved elusive (Wardle et al.
2001; Mikola et al. 2001; Andriuzzi et al. 2013). Responses at higher trophic levels
are also difficult to predict. In a large-scale study in New Zealand, browsing had
idiosyncratic effects on soil biota across sites, however, in a given location responses
tended to be consistent across trophic levels, e.g., where detritivorous nematodes and
microarthropods declined, so did their predators (Wardle et al. 2001). On the other
hand, in subarctic ecosystems root-feeding nematodes are often negatively affected
by large ungulates whereas predatory nematodes are not (Andriuzzi et al. 2013), and
the same was found in a temperate marsh (Yang et al. 2017); conversely, in alpine
pastures root-feeding nematodes did not respond to grazing, whereas the other
nematode trophic groups tended to benefit from herbivore removal (Vandegehuchte
et al. 2016).

In some cases, the lack of soil food web responses may be explained by a weak, or
negligible, effect of ungulates on soil properties. In sub-alpine grasslands,
Vandegehuchte et al. (2016) found no consistent effects of grazing on soil nutrients,
and in fact no substantial change in soil food web structure was detected, as the
different trophic levels responded in synchrony (i.e., bacterial- and fungal-feeding
nematodes, as well as their putative predators, all became more abundant). In other
cases, responses in soil food web dynamics to browsing and grazing appear
decoupled from those of plants, soil properties, or even the abundance of major
groups of soil biota. In New Zealand forests, microbial biomass either decreased,
increased, or was unchanged by browsing, and the responses at the next trophic level
(microbial-feeding nematodes) were often neutral or even opposite, e.g., in some sites
browsing increased microbial biomass but decreased microbial-feeder abundance
(Wardle et al. 2001). This could indicate that microbes benefitted from an ungulate-
induced decline in their consumers, or increased due to distinct sensitivity to the
habitat changes caused by the ungulates (e.g., changes in soil microclimate due to
trampling and alterations in litter thickness). A grassland study found that soil
organic matter turnover and bacterial biomass greatly increased under grazing, but
the only consumers to show a similar response were omnivorous nematodes, and no
change in the amount of C processed by the fungal vs. the bacterial channel was
found (Andres et al. 2016). This may be partly explained by the fact that abundance
or biomass of soil biota, both microbes and animals, is not necessarily a good
predictor of their effects on process rates (Pausch et al. 2015; Rousk 2016). Presently
not much is known about how ungulates may affect, not only the composition of soil
food webs, but also their functional attributes. This limits the understanding of what
herbivore-soil interactions entail for ecosystem functioning. Given the context-
dependency of soil ecological patterns, the available knowledge does not currently
suffice to make robust generalizations. For instance, whilst the aforementioned study
by Andres et al. (2016) found that soil texture determines whether grazing
strengthens or weakens soil food web stability in semi-arid grassland, it is premature
to say whether this is a common pattern.
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9.3.2 Feedbacks Between the Soil Food Web and Ungulates

Soil communities do not merely respond to ungulates, but influence them as well. By
altering plant biomass, traits, diversity and community composition, soil biota
clearly have the potential to modulate the availability and quality of food resources
available to browsing and grazing ungulates (Ingham et al. 1985; Moore et al. 2003;
Wardle et al. 2004). Soil microbial decomposers can increase nutrient availability for
plants (Hamilton et al. 2008) or compete with them (Bardgett et al. 2003), thereby,
either boosting or depressing food quality for ungulates. It is well-established that
mycorrhizal fungi, root-associated bacteria, and earthworms can alter the nutritional
content and defence compounds in plant leaves and shoots, and, therefore, affect
their resistance to insect herbivores (Babikova et al. 2013; Badri et al. 2013; Xiao
et al. 2017), but if, and how, this affects vertebrate browsers and grazers is not well-
known. As for soil fauna, microbivores and detritivores, across a wide range of sizes,
from nematodes to earthworms, often enhance plant growth (Wu et al. 2013; van
Groenigen et al. 2014; Trap et al. 2016), and may, therefore, benefit ungulates.
Recent studies also highlighted more complex interactions; in African savannas, the
formation of nutrient hotspots, preferred by ungulates—e.g., grazing lawns (Preto-
rius et al. 2011; Veldhuis et al. 2014; Cromsigt and te Beest 2014)—may be either
facilitated or hindered by soil fauna. More broadly, evidence has been accruing that
interactions of ungulates with ecosystem engineers, such as earthworms, termites,
ants, and dung beetles, are a major contributor to the patchiness of grazed ecosys-
tems (Howison et al. 2017). There is also evidence of the positive effects on plant
resistance or resilience against climate variability in the presence of certain soil
microbes and macroinvertebrates (Lau and Lennon 2012; Andriuzzi et al. 2015;
Bonachela et al. 2015; Johnson et al. 2015), and at least some of the latter are closely
associated with ungulates, for instance coprophagous specialists such as many
species of dung beetles (Nichols et al. 2009).

9.4 The Role of Ungulates in Nutrient Cycling

Ungulates strongly impact nutrient cycling and availability, thereby determining
plant community composition, productivity and the functioning of these ecosystems
(Milchunas and Lauenroth 1993; Hobbs 1996; Bardgett and Wardle 2003). The
classically accepted view is that they do this mainly through changing the quantity
and/or quality of resources entering the soil, affecting the rate of organic matter
decomposition and soil nutrient availability (reviewed in Bardgett and Wardle
2003). Ungulates influence the quantity of resource inputs to the soil through
changes in plant biomass production and resource allocation, fine root dynamics
and root exudation (Augustine and McNaughton 1998; Bardgett and Wardle 2003;
Markkola et al. 2004; Pastor et al. 2006; Hamilton et al. 2008; Klumpp et al. 2009).
They can also influence the quality of resource inputs into the soil, either directly by
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returning nutrients in the form of dung and/or urine, which are more easily
decomposed than plant litter (Hobbs 1996; Augustine et al. 2003; Mikola et al.
2009; Buscardo et al. 2017; Sitters et al. 2017a; Veldhuis et al. 2018), or indirectly
by altering plant nutrient concentrations and/or secondary metabolites, which change
litter quality (Bardgett et al. 1998; Ritchie et al. 1998; Wardle et al. 2002). Addi-
tionally, over longer time scales, litter quantity and quality can be changed through
ungulate-induced shifts in primary productivity and/or plant species composition
(Davidson 1993; Ritchie et al. 1998; Côté et al. 2004; Ripple and Beschta 2012).
Empirical studies have found positive (Hobbs et al. 1991; Frank and Evans 1997;
McNaughton et al. 1997; Liu et al. 2018), negative (Pastor et al. 1993; Ritchie et al.
1998; Harrison and Bardgett 2004; Gass and Binkley 2011), or mixed effects
(Olofsson et al. 2001; Singer and Schoenecker 2003; Stark et al. 2003; Bakker
et al. 2009; Schrama et al. 2013; Sitters et al. 2017b) of ungulates on nutrient (mostly
nitrogen) cycling.

It is assumed that the net effect of ungulates on nutrient cycling depends on the
dominant leaf traits and plant physiological responses to consumption, which in turn
depend on ecosystem fertility and successional state (Ritchie et al. 1998; Bardgett
andWardle 2003; Pastor et al. 2006). In early successional, nutrient-rich ecosystems,
ungulates can promote the growth of plants that are tolerant of herbivory with high
litter quality, thereby increasing mineralization rates and nutrient availability. Addi-
tionally, ungulates excrete a higher proportion of N in urine when the N content of
plants is higher (Hobbs 1996), while diet N and dung N are also positively correlated
(Sitters et al. 2017a). Ungulate urine and/or dung has been shown to stimulate soil
microbial activity and nutrient cycling (Frank and McNaughton 1992; van der Wal
et al. 2004; Fornara and du Toit 2008). In contrast, ungulates can selectively remove
high quality plants with low carbon to nitrogen (C:N) ratios from late successional
nutrient-poor systems, thereby strengthening the dominance of plants that are intol-
erant of herbivory with low quality litter, and decreasing mineralization rates and
nutrient availability. Although this framework improved our understanding of
above-belowground interactions, evidence gathered since suggests that its general-
ities hold only in some contexts (Stark and Grellmann 2002; Bakker et al. 2009;
Cherif and Loreau 2013; Schrama et al. 2013; Stark et al. 2015; Sitters et al. 2017b).
Several alternative mechanisms have been proposed to explain the accelerating or
decelerating effects of mammalian ungulates on nutrient cycling (synthesized in
Sitters and Olde Venterink 2015 and in Table 9.1). When present, these mechanisms
will, together, determine the net effect ungulates have on nutrient cycling.

9.4.1 Ungulate Impacts on Other Nutrients than Nitrogen

The aforementioned examples, and ideas, on the role of mammalian ungulates in
nutrient cycling are based on the cycling of N, while the cycling of other nutrients,
potentially important for plant growth, such as phosphorus (P) or potassium (K),
have often been ignored. However, the biogeochemical cycles of N, P and K differ
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(e.g., N availability is largely determined by microbiological transformations, while
P availability is strongly affected by physico-chemical processes in the soil; Chapin
et al. 2002), therefore, it cannot be assumed that an ungulate-induced change in one
element will be matched by change in other elements. This is likely to have
consequences for plant growth and ecosystem dynamics; for example, an important
way in which ungulates can have differential impacts on N and P cycling is through
the differential release of these nutrients in their waste products (i.e., dung and
urine). The ratio of N to P released strongly depends on the stoichiometric compo-
sition of the ungulate’s food and the ungulate’s demand for these nutrients (Sterner
1990; Urabe et al. 1995; Elser and Urabe 1999). Conceptual models envisage that,
because of their high bone mass and P demand, ungulates recycle more N than P and
are consequently able to shift plant nutrient limitation to more P-limited conditions
(Sterner 1990; Sterner and Elser 2002). In practice little is known about the N:P
requirements of wild ungulates (Sardans et al. 2012; Sitters et al. 2017a) but two
recent studies have corroborated these model predictions with observations in the
field (Sitters et al. 2017b; Veldhuis et al. 2018).

Table 9.1 Alternative mechanisms by which ungulates accelerate or decelerate nutrient cycling

Ungulate-
induced
mechanism

Pathway by which nutrient
cycling is accelerated

Pathway by which nutrient
cycling is decelerated Refs.

Carbon respi-
ration of con-
sumed
vegetation

In areas with high plant C:N
ratios, the decrease of
organic C supply decreases
microbial immobilization
when microbes are
C-limited

In areas with low plant C:N
ratios, the decrease of
organic C supply decreases
microbial mineralization
when microbes are
C-limited

Sankaran and
Augustine (2004),
Cherif and Loreau
(2013)

Removal of
aboveground
vegetation

By an increase in the area of
bare soil, which increases
soil temperature and the
activity of soil organisms

By an increase in the area of
bare soil, which increases
soil salinity and decreases
the activity of soil
organisms

van der Wal et al.
(2004), Schrama
et al. (2013)

Lateral trans-
port of
nutrients

By the deposition of urine,
dung or carcasses in an area
where ungulates have not
consumed these nutrients

By consuming vegetation in
one area and not returning
these nutrients through
deposition of urine, dung or
carcasses in the same area

Augustine et al.
(2003), Sitters
et al. (2015),
Veldhuis et al.
(2018)

Soil compac-
tion by
trampling

By limiting oxygen or water
availability in wet and dry
soils respectively, particu-
larly those with a fine tex-
ture (i.e., clay). Soils with
intermediate soil moisture
are less sensitive to
compaction

Schrama et al.
(2013)
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9.5 The Impacts of Browsing vs. Grazing Ungulates
on Nutrient Cycling

Decelerating and accelerating effects of ungulates on nutrient cycling rates have
been ascribed to browsing and grazing systems, respectively (Bardgett and Wardle
2003; Pastor et al. 2006). This is because these effects are best known from the
boreal forest of Isle Royale in North America (browsing system) and the Serengeti
savanna in East Africa (grazing system) (Fig. 9.1). The former is an example of an
infertile, unproductive ecosystem where long-term selective browsing by moose has
caused acceleration of succession, leading to the domination of woody plants with
low litter quality (Pastor et al. 1993). This system carries a low number of browsers
which, consume a low percentage of primary productivity, resulting in a low return
of labile nutrients in dung and/or urine that is not large enough to offset the negative
effects through ungulate-induced changes in plant composition and quality. In
contrast, the Serengeti is an example of a fertile, productive system where
non-selective grazing facilitates increased nutrient uptake and growth by the
grazing-tolerant grasses, creating grazing lawns that produce high quality litter
(McNaughton 1984; Veldhuis et al. 2014; Hempson et al. 2015). This system carries
a large number of grazers, which consume a high percentage of primary productiv-
ity, resulting in a high return of labile nutrients in dung and/or urine. Indeed, the
return of nutrients in dung and urine is presumed to be the main driving mechanism
for ungulates stimulating N cycling and availability in these grassland ecosystems
(Bardgett and Wardle 2003). The studies in these two distinct ecosystems have led to
the generalisation that browsers decelerate nutrient cycling, while grazers accelerate
it (Pastor et al. 2006). This dichotomy is maintained as literature on positive
consumer-resource interactions in plant-ungulate systems is dominated by studies
on grassland systems, while our understanding of browsing systems is much more
limited and based on few studies performed in relatively nutrient poor ecosystems
(Cromsigt and Kuijper 2011).

Studies have shown that browsers can accelerate nutrient cycling (Stark et al.
2007; Fornara and du Toit 2008), such as in savanna where intense browsing
actually increases resource availability and nutrient cycling in browsing hotspots
(du Toit et al. 1990; Fornara and du Toit 2007; Cromsigt and Kuijper 2011; Fig. 9.1).
Several studies have also observed that grazers decelerate nutrient cycling, such as
reindeer (Rangifer tarandus) in tundra heath (Stark and Grellmann 2002; Stark et al.
2003; Fig. 9.1), and elk (Cervus elaphus) and cattle in grasslands (Singer and
Schoenecker 2003; Zhou et al. 2017). These observations have prompted du Toit
and Olff (2014) to strongly question the generality of the grazer-browser dichotomy
as a controller of nutrient cycling. They propose that the influence of large ungulates
on the rate of nutrient cycling is controlled by the mix of herbivory tolerance and
resistance traits in the plant community, and not based on the relative dominance of
browsing or grazing. However, neither the classical framework of Bardgett and
Wardle (2003), nor this proposal incorporate any of the alternative mechanisms
(Table 9.1).

9 Impacts of Browsing and Grazing Ungulates on Soil Biota and Nutrient Dynamics 223



Fig. 9.1 Four possible scenarios of how browsing and grazing ungulates impact soil food webs,
whereby they can change the abundance of soil fauna, and either decelerate or accelerate nutrient
cycling. Scenario A and B represent the best-known examples of browsing by moose in boreal forest
(Pastor et al. 1993) and grazing by zebra and wildebeest in savanna (McNaughton 1984), whereby
the former decreases nutrient cycling while the latter increase it. The abundance of invertebrate fauna
generally decreases in scenario A, likely due to a reduction in the amount of high quality leaf litter
(Suominen et al. 1999), whereas in scenario B it may either increase or decrease (or be unaffected)
depending on the combined effects of increase of provision of high quality resources (litter, root
exudates, dung and/or urine) vs. strong soil compaction by trampling (Andriuzzi and Wall 2017).
Scenario C shows that browsers, such as giraffe in savanna, can accelerate nutrient cycling by high
deposition of dung and/or urine, even if litter quality is low due to strong nutrient resorption (Fornara
and du Toit 2008). For this scenario we are unaware of any studies looking at the impact on soil fauna
or microbial activity. Scenario D shows that grazers, such as reindeer in tundra heath, can decelerate
nutrient cycling especially when reindeer migration causes a net resource output from the system
(Stark and Grellmann 2002). Here the abundance of invertebrate fauna also decreases due to soil
compaction by trampling (Francini et al. 2014). Note that reindeer can also be responsible for
acceleration of nutrient cycling (Stark et al. 2002; Olofsson et al. 2004; Sitters et al. 2017b). The
figure expands on the framework from Bardgett and Wardle (2003)
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9.5.1 The Importance of Alternative Mechanisms
in Explaining the Impact of Browsing vs. Grazing
Ungulates on Nutrient Cycling

How important the proposed alternative mechanisms are in explaining the impact of
browsing as compared to grazing ungulates on nutrient cycling is not known, but
they likely do not play the same role in every ecosystem. For example, changes in
soil properties, due to compaction through trampling, might play a more important
role when grazers are the dominant ungulate, as they often congregate in large herds,
while browsers are almost always solitary (Pastor et al. 2006). For example, the
deceleration of nutrient cycling when the density of grazing livestock (cattle/sheep)
is high (Zhou et al. 2017) might be related to the negative effects of trampling.
Ungulates are also known to redistribute nutrients across the landscape (Singer and
Schoenecker 2003; Augustine 2004; Moe and Wegge 2008; Sitters et al. 2015) and,
thereby, strongly increase the spatial heterogeneity of, for example, N:P availability
(Sitters et al. 2017a). Grazing and browsing ungulates are likely to have a differential
impact on this spatial redistribution. In savannas, mega-grazers, such as white
rhinoceros (Ceratotherium simum) and hippopotamus (Hippopotamus amphibius),
do not feed and defecate in the same areas (Veldhuis et al. 2018). The latter in
particular cause a major redistribution of nutrients from terrestrial grasslands to
aquatic systems (Subalusky et al. 2015), while white rhinoceros are responsible for
a negative nutrient balance in grasslands by the translocation of nutrients to their
dung deposition points (Veldhuis et al. 2018).

Browsers seem to cause a net flow of nutrients from woodlands to grasslands
(Sitters et al. 2014; Veldhuis et al. 2018), while meso-grazers tend to congregate and
deposit dung in open sites (Augustine 2004; van der Waal et al. 2011). Both
browsers and grazers likely do this to avoid predation (Riginos and Grace 2008).
Variation in N:P ratios of the dung of ungulates can be linked to the stoichiometric
composition of the ungulate’s food, and thus to their feeding strategy. Dung from
browsing ungulates tends to have higher N:P ratios than dung from grazing ungu-
lates (Sitters et al. 2014; Valdés-Correcher et al. 2019), as N concentrations in dung
increase with decreasing grass consumption (Codron et al. 2007). Rates of dung
decomposition and nutrient release are in turn influenced by dung N:P ratios, with
lower relative losses of the least abundant nutrient (Sitters et al. 2014). Browser dung
is, therefore, likely to increase relative N availability more than P availability to the
soil and plant components of the ecosystem. However, dung from browsers might
contain higher amounts of secondary metabolites (e.g., tannin, lignin), which could
decrease the release rate of N to the soil (Hobbs 1996). Hence, differences in
nutrients and other compounds between grazer and browser dung are likely to
have strong local effects upon N and P cycling.
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9.6 Consequences of Altered Nutrients for Ecosystem
Dynamics

When ungulates are responsible for the acceleration of nutrient cycling and avail-
ability, more nutrients are available to plants in a shorter amount of time and, hence,
primary productivity and plant quality will increase. In contrast, when ungulates are
responsible for the deceleration of nutrient cycling, less nutrients are available to
plants in the same amount of time, reducing primary productivity and increasing the
dominance of less nutritious species (Bardgett and Wardle 2003). Hence, ungulates
have the capacity to force shifts in vegetation states, with either negative (Pastor
et al. 1993; Rietkerk et al. 1997), or positive (McNaughton et al. 1997; van der Wal
2006), consequences for ecosystem functioning and the density of ungulates. For
example, acceleration of nutrient cycling by reindeer caused transitions from moss-
or shrub-dominated tundra to graminoid-dominated tundra, enhancing plant produc-
tivity and density of reindeer in the system (van der Wal 2006). By contrast,
deceleration of nutrient cycling by moose in boreal forest reduced plant productivity
and shifted dominance towards low-quality tree species, leading to a catastrophic
collapse of the herbivore population (Pastor et al. 1993). Ungulates also have the
potential to change the relative balance of nutrients, such as N and P, available to
plants and are, therefore, able to shift plant nutrient limitation. Studies have observed
ungulates to either increase N-limited (Carline et al. 2005), NP co-limited (Frank
2008) or P-limited conditions (Sitters et al. 2017b) for plant growth. It is, however,
hard to make any general predictions on the stoichiometric impact of ungulates on
plants (Sitters et al. 2017a), hence there is a pressing need to collect data from a
broad range of sites across ecosystems around the world.

The stoichiometric impact of browsing versus grazing ungulates on plants is
related to the stoichiometric variation (e.g., N:P ratio) in their dung, as differences
in the nutrient release rates of dung will likely influence competitive interactions
between plants and plant community composition. In savannas we, therefore, expect
both grazing and browsing ungulates to play an important role in maintaining the
tree-grass balance; i.e., the low N:P ratio of the dung of grazers benefits N2-fixing
tree seedlings, while the high N:P ratio of the dung of browsers favours the growth of
grasses (Sitters and Olde Venterink 2018). In accordance with this concept, woody
recruitment was constrained in abandoned livestock areas, where P levels were
25-fold higher than the surrounding savanna landscape (van der Waal et al. 2011).
Moreover, a recent study (Valdés-Correcher et al. 2019) showed that differences in
dung stoichiometry among ungulate species influences the diversity and composi-
tion of an experimental plant community. These studies highlight the importance of a
diverse assemblage of ungulate species (both browsing and grazing) to maintain
ecosystem productivity, richness and functioning.
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9.7 Future Research Needs

To better understand the impacts of browsing and grazing ungulates on soil biota and
nutrient dynamics, more studies on browsers are needed as so far most research has
focused on grazers. To better distinguish between the impacts of browsing vs.
grazing ungulates, studies are required where browsing and grazing effects are
compared across ecosystem types. As changes in abundance and diversity of broad
groups of soil biota (e.g., bacteria, soil mesofauna, etc.) do not necessarily indicate
how ungulates affect soil functioning, research would benefit from studies focusing
on the impacts of browsers and grazers (i) on functional traits of soil biota (e.g., body
size) and functional attributes of soil food webs; and/or (ii) at finer taxonomic scales
(e.g., with species or genus identification for fauna). Additionally, topical research
on important, but little studied taxa (e.g., protists), and across a range of soil
properties (e.g., soil texture, organic matter content), would be valuable. When it
comes to the impact of browsing and grazing ungulates on nutrient cycling, there is a
pressing need to develop and validate an integrated model that includes all the
important and alternative feedbacks between herbivores, plants and soil nutrient
cycling (Sitters and Olde Venterink 2015). Additionally, the inclusion of elements
other than nitrogen (e.g., phosphorus, potassium) would help develop more general
predictions on the stoichiometric impact of ungulates on soils and plants, and how
this feedbacks on the ungulates themselves. For this, data needs to be collected
across a broad range of sites among ecosystems around the world. Comparing the
impact of co-occurring browsers and grazers will also contribute to better under-
standing under which conditions ungulates accelerate or decelerate nutrient cycling.

9.8 Conclusions

Not only do browsing and grazing ungulates impact aboveground vegetation, they
also have a strong impact on soil biota and nutrient dynamics. Changes in below-
ground properties and processes may, in turn, impact aboveground vegetation
through various mechanisms, among which availability of water or nutrients for
plant growth, and eventually feedback on the ungulates themselves. Ungulates may
affect soil biota through trophic mechanisms, by changing the return of basal
resources to the soil, or through non-trophic mechanisms, such as changes in soil
physical properties. These herbivore-induced changes can cause shifts in soil micro-
bial and invertebrate communities, which will have consequences for soil food web
structure and functioning. These changes, in turn, will feedback on to the ungulates
themselves and have consequences for ecosystem functioning, as soil biota have the
potential to modulate plant communities.
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Ungulates strongly impact nutrient dynamics through changes in the quantity
and/or quality of resources entering the soil, whereby it is assumed that the net effect
of ungulates depends on the dominant leaf traits and plant physiological responses to
consumption, which are in turn determined by ecosystem fertility and successional
state. Differences between the effects of browsers and grazers can be interpreted
mechanistically, for instance in terms of chemical content of plant litter and waste
products. The classical theory of ungulate-induced changes in resource quantity
and/or quality links browsing ungulates and grazing ungulates to deceleration and
acceleration of nutrient cycling, respectively. However, recent evidence on alterna-
tive mechanisms (e.g., soil compaction by trampling and lateral transport of nutri-
ents) questions this classical theory and should be incorporated to develop a more
integrative framework. By changing nutrient dynamics, and balances, for plant
growth, ungulates can shift plant nutrient limitation and vegetation states, which
has consequences for ecosystem functioning and the density of ungulates.
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Chapter 10
Effects of Grazing and Browsing
on Tropical Savanna Vegetation

Frank van Langevelde, Claudius A. D. M. van de Vijver,
Herbert H. T. Prins, and Thomas A. Groen

10.1 Introduction

Savannas cover an eighth of the world’s land surface (Scholes and Archer 1997) and
harbour around one fifth of the world’s human population (Hoffmann et al. 2002).
Savannas are characterized by a continuous grass layer and a discontinuous layer
of trees and shrubs (Scholes and Archer 1997), that vary in cover (Sankaran et al.
2005), the determinants of which are poorly understood (Bond 2008; Lehmann et al.
2009).

The savanna tree to grass ratio is determined by several factors, including rainfall,
soil type, herbivory, and fire occurrence and intensity (Van Langevelde et al. 2003;
Bond et al. 2005). Savanna tree-grass dynamics are of particular interest in ecology,
as sudden shifts can occur between a low biomass system state (i.e., tree-grass
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co-dominance) and a high biomass system state (i.e., tree dominance) (Briggs et al.
2002; Brown and Carter 1998; Roques et al. 2001; Van Auken 2000). As the two
competing life forms trees and grasses co-occur under many environmental condi-
tions in savanna ecosystems, savannas, therefore, provide an ideal ecosystem to
investigate several ecologically important processes such as competition and facil-
itation (Van Langevelde et al. 2011).

In the past decade, the above-mentioned sudden shifts where, in this case,
savannas containing both trees and grasses suddenly shift into ecosystems dominated
by trees (so called bush encroachment), has become a serious point of concern
(Brown and Carter 1998; Van Auken 2000; Groen et al. 2017). It has been suggested
that the sudden shift from tree-grass co-existence towards tree dominance is the result
of the positive feedback mechanism between fuel load (grass biomass) and fire
intensity, which could lead the system towards either a savanna state with trees and
grasses or a tree-dominated state (Van Langevelde et al. 2003; Bond and Keeley
2005). The occurrences of these “alternative stable states” have been analysed in
detail for several ecosystems including shallow freshwater lakes (Carpenter et al.
1999), coral reefs (Nystrom et al. 2000), seegrasses (Van Langevelde and Prins
2007), mangroves (Huisman et al. 2009) and arid grasslands (Van Langevelde et al.
2016). An important feature of ecosystems having alternative stable states is the
prediction that they are vulnerable to abrupt discontinuous changes, so called “cata-
strophic shifts”.

Burning is a common phenomenon in savanna ecosystems (Bond et al. 2005;
Carmona-Moreno et al. 2005; Groen et al. 2011; Van Langevelde et al. 2014;
Lehmann et al. 2014), and can have profound effects on the tree-grass balance in
savannas, depending on a variety of factors such as climatic conditions, tree height
and fuel load (Govender et al. 2006). The damaging effect of fire on trees increases
with fire intensity (De Ronde et al. 2004; Groen et al. 2008), which is determined by
a number of factors, including grass biomass—more grass biomass resulting in more
intense fires.

As mentioned before, herbivory is another determinant of savanna structure and
dynamics. The effects of herbivory can be direct, for example through tree removal
(Dublin et al. 1990) or suppression of seedling establishment (Loth et al. 2005; Prins
and Van der Jeugd 1993). But the effects of herbivory can also be indirect, via
removal of grass biomass which can reduce fire intensity and thus the effect of fire on
trees. This can initiate a positive feedback where reduced fire intensity leads to less
damage to trees and thus higher tree cover which consequently reduces grass cover
through competition for resources.

Previous modelling studies predicted the occurrence of alternative stable states on
the basis of the interaction of between herbivores and disturbances like fire (Dublin
et al. 1990; Van Langevelde et al. 2003; D’Odorico et al. 2006; Groen et al. 2017).
An important assumption in these models is that grazing and browsing pressure is
constant. In human-managed systems this assumption might hold, but in natural
systems it certainly does not. The population dynamics, and distribution for wild
herbivore populations are largely determined by available resources (Owen-Smith
and Mills 2006; Wato et al. 2016). When considering grazing and browsing in
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savannas, however, the indirect facilitative effect of grazers on browsers and vice
versa, and their interactive effects on the positive feedback mechanism are so far
unexplored. In this Chapter we review studies that model the dynamics of tropical
savannas and the influence of grazing and browsing on these dynamics. We sum-
marize this understanding in a simple model to capture the dynamics of trees,
grasses, herbivores and fire in tropical savannas.

10.2 Review of Savanna Dynamics

Savanna vegetation occurs over a huge range of climate conditions: mean annual
precipitation (MAP) alone ranges from 150 mm to more than 2800 mm (Sankaran
et al. 2005; Lehmann et al. 2009). Soil properties (fertility, texture, depth) and
irradiance also vary widely across savannas (Solbrig 1996). Additionally, large
areas of savanna are subject to defoliation by herbivores and fire, two quite different
forms of defoliation on plants with consequent effects on their (re)growth, which
also vary substantially over the biome (Olff et al. 2002; Bond and Keeley 2005;
Hempson et al. 2015). Ecologists have attempted to deal with the complexity of
savannas by concentrating on the fundamental question how do trees and grasses
co-exist without one dominating the other (Scholes and Archer 1997; Van
Langevelde et al. 2011)? Here we will review two general explanations for tree-
grass co-existence in savannas: niche separation and disturbances.

The mechanism of niche separation proposes that plants segregate along various
environmental niche axes, including gradients of light, soil moisture and rooting
depth (Sydes and Grime 1984). The classical explanation for long-term co-existence
of trees and grasses in savannas, the two-layer hypothesis of Walter (1971), is based
on niche separation by rooting depth of trees and grasses. Assuming that water is the
most limiting factor for plant growth in savannas, this hypothesis states that because
of differences in their rooting depth, trees and grasses differ in their access to
water—trees and grasses both have access to the upper soil layers, where grasses
are thought to be competitively superior, and trees have sole access to deeper soil
layers. The two-layer hypothesis has a long history, and several subsequent models
have employed it as a basis to explain shifts in trees and grasses in savannas (Walker
et al. 1981; Van Langevelde et al. 2003).

Over the last decade, this two-layer hypothesis is debated (Scholes and Archer
1997; Higgins et al. 2000; Jeltsch et al. 2000) due to an accumulation of conflicting
empirical evidence. Some field experiments did not find clear niche separation of
roots (Seghieri 1995; Mordelet et al. 1997; Priyadarshini et al. 2014, 2015, 2016),
whereas others appear to have done so (Weltzin and McPherson 1997; Schenk and
Jackson 2002). Especially, in the drier areas with deep, sandy, free-draining soils
where water penetration from rainfall does reach lower layers of the soil, allocation
of root growth by trees to these layers has been observed (Schenk and Jackson 2002).
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However, savannas can also occur on shallow soils with impermeable lower layers
where grasses and trees are forced to share the same rooting space (Wiegand et al.
2005). Further, it appears that trees concentrate their rooting at shallow depths in
certain environments even though the underlying substrate is not necessarily imper-
meable to deeper root penetration (Mordelet and Le Roux 2006). Presumably,
advantages of competition by trees with grasses for soil resources outweigh advan-
tages of deeper rooting under these conditions. Recently, the study of Holdo et al.
(2018) confirmed that there are clear differences in rooting depth between grasses
and trees across the MAP gradient, with grasses generally exhibiting shallower
rooting profiles than trees. They also found that trees tended to become more
shallow-rooted as a function of MAP, to the point that trees and grasses largely
overlapped in terms of rooting depth at the wettest sites. Summarizing these results
allow us to maintain the two-layer hypothesis as explanation for coexistence of trees
and grasses.

Other explanations for the coexistence of trees and grasses in savannas recognise
the fundamental role of disturbances (Jeltsch et al. 2000; Higgins et al. 2000; Van
Wijk and Rodriguez-Iturbe 2002). These explanations are premised on the assump-
tion that climate variation (drought) and defoliation (fire and herbivory) are distur-
bances that differ in their impact on different life-history stages, causing
demographic bottlenecks on tree recruitment. Repeated negative impacts of these
disturbances on the dominant life-form create opportunities for the establishment
and persistence of the life-form that becomes out-competed (Warner and Chesson
1985). These explanations differ from the explanation based on niche separation in
that they explicitly focus on population processes of trees.

The relative importance of these disturbances differs over the MAP gradient. Arid
and semi-arid savannas have relatively high inter-annual variation in MAP, and
consequently these systems frequently experience drought events which can kill
adult plants (Fensham and Holman 1999), thereby opening resource space that may
be re-occupied by grasses or tree seedlings (Jeltsch et al. 2000; Van Wijk and
Rodriguez-Iturbe 2002). Trees can also be killed by other factors such as storms
(which are rare around the equator) or very large herbivores such as elephant
(Loxodonta africana) (e.g., Kohi et al. 2011; Pretorius et al. 2011). In humid
savannas, empirical evidence has accumulated which indicates that fire and herbi-
vory are important elements that structure the vegetation (Tomlinson et al. 2012),
including the balance between trees and grasses, which suggested that these distur-
bances might play a fundamental role in ensuring co-existence (Sankaran et al. 2005;
cf. Smit and Coetsee Chap. 13).

The effects of disturbances on savanna vegetation (fire, domestic livestock) can
be separated over the rainfall gradient (Bucini and Hanan 2007). Water supply limits
seedling recruitment (Jeltsch et al. 2000; Higgins et al. 2000; Van Wijk and
Rodriguez-Iturbe 2002; Barbosa et al. 2014a, b) and precipitates adult mortality
(Fensham and Holman 1999) in drier areas, while defoliation disturbances (herbi-
vory and fire) limit adult recruitment in humid areas (Van Langevelde et al. 2003,
2014; Mourik et al. 2007; Bond 2008). Many empirical studies illustrate the large
impact that grazers and browsers can have on savanna vegetation, both directly and
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indirectly (e.g., Prins and Van der Jeugd 1993; Loth et al. 2005; Sianga et al. 2017;
Van der Waal et al. 2011a, b, 2016). The relative importance of fire versus herbivory
is probably a function of plant shoot quality, because low-quality vegetation can
sustain much lower large mammalian herbivore biomasses than does high-quality
vegetation (Van Langevelde et al. 2008), and thus herbivory will increase in
importance with increased forage quality while fire will increase in importance in
areas with low forage quality (Bond and Keeley 2005; Hempson et al. 2015; Smit
and Prins 2015). These in turn are likely to have major implications for savanna
dynamics because of the different defoliation patterns associated with burning
(non-selective defoliation, destroying leaves, stems, apical buds and in particular
moribund, dead material) and herbivory (selective defoliation, removing live leaves
mainly). Forage quality is positively correlated with soil fertility and negatively
correlated with MAP (Olff et al. 2002) indicating that both MAP and soil fertility are
major drivers of this disturbance regime. Hence, high rainfall savannas (>1000 mm)
found on nutrient-poor soils might be mediated by fire. At intermediate MAP, forage
quality could be sufficient to maintain large herbivores, meaning that these environ-
ments are often mediated by herbivory (Olff et al. 2002).

10.3 Modelling of Savanna Dynamics

To summarize the empirical studies on the dynamics of tropical savannas, we
modelled savanna vegetation by including both niche separation as well as distur-
bances, i.e., fire and herbivory (Van Langevelde et al. 2003; Groen et al. 2017). The
model simulates changes in grass and woody biomass as a function of rainfall, soil
properties, fire and densities of both grazers and browsers. Compared to previous
studies, we added herbivore populations that change depending on the available food
(grass and browse). Grass biomass comprises both grass and herbaceous plants,
while woody biomass comprises wood, twigs and leaves. We assume that trees and
grasses compete for water, that trees have access to both top- (wt) and sub- (ws) soil
layers and that grasses only have access to the topsoil layer (Schenk and Jackson
2002). We also assume that grasses are better competitors for water in the topsoil
layer (Jackson et al. 1996). Water is often exclusively available during the wet
season when the plants grow, whereas during the dry season growth reduces to
almost zero (c.f. Priyadarshini et al. 2015). Including additional mortality due to
drought is not included in the model and could quantitatively change the results. The
model simulates with time steps of 1 year. All parameters with their description and
units are listed in Table 10.1.

The rate of moisture recharge into the topsoil layer is the amount of infiltrated
water (win) minus the loss of water to the subsoil layer (ws):

wt ¼ win � ws ð10:1Þ
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The amount of water that infiltrates to the subsoil layer is proportional to the
amount of water that infiltrates in the topsoil:

ws ¼ α win � βð Þ win > β

ws ¼ 0 win � β
ð10:2Þ

where β is the amount of water in the topsoil layer above which water starts to
percolate to the subsoil layer and α is the proportion of water that starts to percolate.

Table 10.1 Overview of the variables and parameters used in the model

Symbols Interpretation Units Values

H Grass biomass g m�2 0–400

W Woody biomass g m�2 0–1000

rH Water use efficiency of grasses g mm�1 1.0

rW Water use efficiency of trees g mm�1 0.5

θH Rate of water uptake per unit grass biomass mm yr�1 g�1 0.9

θW Rate of water uptake per unit woody biomass mm yr�1 g�1 0.5

dH Specific loss of grass biomass due to senescence yr�1 0.9

dW Specific loss of woody biomass due to senescence yr�1 0.4

dG Specific mortality rate of grazers m2 g�1 yr�1 0.02

dB Specific mortality rate of browsers m2 g�1 yr-1 0.02

cH Consumption coefficient of grass biomass by grazers m2 g�1 yr-1 0.02

cW Consumption coefficient of woody biomass by
browsers

m2 g�1 yr�1 0.02

eH Coefficient for consumption and conversion efficiency
of grass biomass by grazers

m2 g�1 yr�1 0–0.001

eW Coefficient for consumption and conversion efficiency
of woody biomass by browsers

m2 g�1 yr�1 0–0.001

kH Specific loss of grass biomass due to fire yr�1 0.1

kW Specific loss of woody biomass due to fire expressed
per unit of energy

W�1 0.01

n Frequency of fire per year yr�1 0 or 1

a Coefficient for the increase in fire intensity with grass
biomass

W m�1 g�1 0.5

α Proportion of excess water that percolates to subsoil
layer

– 0.4

β Soil moisture content in the topsoil layer above which
water starts to percolate to the subsoil layer

mm 200–500

win Annual amount of infiltrated water mm m�2 yr�1 0–1000

wt Available amount of water in the topsoil layer mm m�2 yr�1 See Eq. (10.1)

ws Available amount of water in the subsoil layer mm m�2 yr�1 See Eq. (10.2)

G Grazer density g m�2 0–30

B Browser density g m�2 0–15

Parameter values are taken from Van Langevelde et al. (2003), and references therein
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The proportion of water uptake from the topsoil layer per unit grass biomass is
defined as (Walker et al. 1981)

UH ¼ θH
HθH þWθW þ ws

ð10:3Þ

where θH and θW are the water uptake rates of grasses and trees respectively, H and
W are the amount of grass and woody biomass respectively, and ws is the amount of
water lost through percolation to the subsoil. Water is used by plants for production
of new biomass, and the utilization of water by grasses for production of new grass
biomass is expressed by the fraction of the total amount of water in the topsoil taken
up by grasses (UHH ) times the amount of water in the topsoil (wt) times the water use
efficiency of the grasses (rH). Total change in the amount of grass biomass in the
model is expressed as

dH
dt

¼ rHwtH
θH

HθH þWθW þ ws
� dHH � cHGH � kHnH ð10:4Þ

including mortality due to senescence (dHH ), grazing (cHGH) and loss due to fire
(kHnH).

For woody biomass, the equation is similar except for the uptake of water,
because trees also have access to the subsoil layer, and for the effect of fire on
trees where grass biomass determines the severity of burning. Water uptake from the
topsoil layer by trees is formulated in a similar fashion to that for grasses:

UW ¼ θW
HθH þWθW þ ws

ð10:5Þ

Because trees also have access to water in the subsoil layer, the total rate of
change in woody biomass is:

dW
dt

¼ rW wtW
θW

HθH þWθW þ ws
þ ws

� �
� dWW � cWBW � kWanHW ð10:6Þ

where the last term (kWanHW) expresses the loss of tree biomass due to fire which is
a function of fire frequency (n), the specific loss of biomass due to fire per unit heat
released (kW), the amount of grass biomass present (H ) and the heat yield per g of
grass biomass (a).

The effect of fire on trees is mostly limited to small trees, whereas large trees
hardly suffer any damage from fires (De Ronde et al. 2004). Also the effect of
browsing on trees might not be the same as trees grow out of reach for most browsers
(De Knegt et al. 2008; Cameron and Du Toit 2007), and small trees are likely to
suffer more from browsing than large trees, but it has been shown that mature trees
also suffer from browsing (Goheen et al. 2007). We, therefore, modelled trees
occurring in the most susceptible range to fire and herbivory, being up to 5 m
(De Ronde et al. 2004).
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Several studies showed a direct relation between vegetation and the density of
herbivores (Kumar et al. 2002; Owen-Smith and Mills 2006; Hilbers et al. 2015;
Wato et al. 2016, 2018), We modelled the consumption of plant biomass by the
populations of grazing (G) and browsing (B) herbivores by assuming a linear
numerical response. Increments in herbivore biomass occur as a result of the intake
rate of plant biomass and the conversion efficiency of consumed plant biomass into
herbivore biomass. We combined these properties into one parameter for grazers
(eH) and one for browsers (eW), assuming that both are constants (Prins 1993). We
assume a density dependent growth function resulting in the following equations
describing herbivore dynamics:

dG
dt

¼ eHGH � dGG
2 ð10:7Þ

dB
dt

¼ eWBW � dBB
2 ð10:8Þ

10.4 Analysis of Savanna Dynamics

We analysed the stability of the equilibria of the model with extensive simulations.
We simulated the model with parameter values as presented in Van Langevelde et al.
(2003) and references within. For each combination of parameters we simulated with
different initial densities of grass biomass to make sure that if alternative stable states
exist the simulations started in the different domains of attraction. We varied water
availability (win), the efficiency with which the grazers consume and convert grass
biomass (eH), the specific mortality rate of grazers (dG) and fire frequency (n) over
realistic ranges of values to analyse the behaviour of the model. We simulated the
model with (1) constant grazer and browser populations (Eqs. 10.4 and 10.6); (2) a
dynamic grazer population and constant browser population (Eqs. 10.4, 10.6 and
10.7); (3) a constant grazer population and dynamic browser population (Eqs. 10.4,
10.6 and 10.8); and (4) dynamic grazer and browser populations (Eqs. 10.4, 10.6,
10.7 and 10.8). When alternative stable states were found, the location of the
separatrix was determined using simulations by initialising the model over a range
of values of grass biomass. The separatrix indicates, at which level of grass biomass,
the ecosystem switches from one stable state to another stable state, given fixed
environmental conditions. By recording between which levels of initial H the system
switched from one stable equilibrium to the other stable equilibrium the separatrix
for several environmental conditions could be determined.

In Fig. 10.1, the effect of water availability (win) on grass and woody biomass for
all analyses is presented, i.e., no herbivore population dynamics, only grazer popu-
lation dynamics, only browser population dynamics and both grazer and browser
population dynamics. When herbivore populations are not modelled dynamically,
increasing the water availability (win) drives the system from a grassland system via
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Fig. 10.1 Stable equilibria (solid lines) for grasses (H ) and trees (W ) over a precipitation range
(250–1000 mm) with different situations of herbivore dynamics. (a) and (b) constant grazer and
browser pressure; (c) and (d) constant browsers pressure and dynamic grazer pressure; (e) and (f)
constant grazer pressure and dynamic browser pressure and (g) and (h) dynamic grazer and browser
pressure. The separatrix (dashed line) is obtained by running simulations with different initial values
for H. Which equilibrium for W is selected depends on the initial value in H, and therefore
this separatrix cannot be shown. Grey arrows show to which equilibrium the system will develop,
given initial grass biomass. Parameters: α ¼ 0.4; a ¼ 0.5; cH ¼ cW ¼ 0.02; dG ¼ 0.02; dB ¼ 0.02;
dH ¼ 0.9; dW ¼ 0.4; eH ¼ eW ¼ 0.001; kH ¼ 0.1; kW ¼ 0.01; n ¼ 1; rH ¼ 1; rW ¼ 0.5; θW ¼ 0.5;
θH ¼ 0.9; β ¼ 250; G ¼ 15 (in a, b, e and f); B¼5 (in a–d)
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tree-grass co-occurrence in savannas towards a woodland system (Fig. 10.1a, b). In
regions of win with alternative stable states, both savannas and woodlands can occur.
Alternative stable states occur in most analyses (Fig. 10.1a–f) except when both the
grazer and browser population is dynamic (Fig. 10.1g, h). We simulated the latter
even up to win ¼ 2500 mm (data not shown), but this did not provide us with
alternative stable states. In the model with constant grazer and browser numbers,
alternative stable states occur at intermediate levels of win, while they occur at higher
win levels when either the grazer or browser populations are simulated dynamically,
and also the range of win where alternative stable states occur decreases. Finally, the
domain of attraction of the savanna equilibrium is much larger when herbivore
populations are dynamic than with constant herbivore numbers as the parameter
ranges where savanna occurs increases at the expense of woodland and alternative
stable states.

The effect of varying the efficiency with which the grazer population consumes
and converts grass biomass (eH) and the specific mortality rate of the grazer
population (dG) on grass and woody biomass are shown in Fig. 10.2. When grazers
are modelled dynamically but browser numbers are kept constant, alternative stable
states exist only at low values of eH (Fig. 10.2a, b). At higher values of eH, the system
switches to woodland without grass biomass. When browsers are modelled dyna-
mically as well, savanna is the only stable equilibrium (Fig. 10.2c, d). Changing dG
leads to alternative stable states at quite low values, while woodland occurs at low
values of dG and savanna at high values (Fig. 10.2e, f). Again when we include
browser dynamics as well, the alternative stable states disappear and only savanna
occurs. Here, the abundance of grass biomass increases with increasing dG
(Fig. 10.2g, h). The effect of eH and dG on the herbivore dynamics in the model is
that they determine the speed of the response of the herbivore population to changes
in forage availability. With high values of eH, the grazer population grows fast with
an increment in grass biomass. With high dG, the grazer populations’mortality rate is
high, meaning that the consumption of grass has to be high in order to maintain the
population density, and with a decrease of grass biomass, a rapid decline in grazer
density is to be expected.

To analyse the combined effect of water availability (win), soil water percolation
threshold (β) and fire frequency (n), we simulated the model for a range of environ-
mental conditions (Fig. 10.3). Figure 10.3a, b and c show that alternative stables
states only occur in the presence of fire at the expense of woodland, and that the
range increases with an increasing burning frequency (Van Langevelde et al. 2003).
When including dynamic grazer or browser populations (Fig. 10.3d–i), the param-
eter range where alternative stable states occur decreases. When including both
dynamic grazer and browser populations (Fig. 10.3j–l), alternative stable states
and also woodland do not occur anymore within the ranges investigated. This
concurs with the results in Fig. 10.1. Figure 10.3 also shows the interaction between
win and β. The positive effect of water availability on tree dominance becomes less
when β increases, because water is retained better in the topsoil layer. The interaction
between β and win results in a diagonal edge between conditions where woodland
occurs and where savanna occurs, or (when fire is included) where woodland occurs

246 F. van Langevelde et al.



400

300

200

100

0

eH (m2 g–1 yr –1)

H
 (

g 
m

–2
)

0.000 0.002 0.004 0.006

dynamic grazing pressure
constant browsing pressure

dynamic grazing pressure
constant browsing pressure

dynamic grazing pressure
dynamic browsing pressure

dynamic grazing pressure
dynamic browsing pressure

dynamic grazing pressure
constant browsing pressure

dynamic grazing pressure
constant browsing pressure

dynamic grazing pressure
dynamic browsing pressure

dynamic grazing pressure
dynamic browsing pressure

0.008 0.01

400

300

200

100

0

eH (m2 g–1 yr –1)

H
 (

g 
m

–2
)

0.000 0.002 0.004 0.006 0.008 0.01

400

300

200

100

0

eH (m2 g–1 yr –1)

W
 (

g 
m

–2
)

0.000 0.002 0.004 0.006 0.008 0.01

800

600

400

200

0

eH (m2 g–1 yr –1)

W
 (

g 
m

–2
)

0.000 0.002 0.004 0.006 0.008 0.01

400

300

200

100

0

dG (m2 g–1 yr –1)

H
 (

g 
m

–2
)

400

300

200

100

0

H
 (

g 
m

–2
)

400

300

200

100

0

W
 (

g 
m

–2
)

0.0 0.04 0.08 0.12 0.16 0.2

800

600

400

200

0

dG (m2 g–1 yr –1)

W
 (

g 
m

–2
)

0.0 0.04 0.08 0.12 0.16 0.2

dG (m2 g–1 yr –1)
0.0 0.01 0.02 0.03 0.04 0.05

dG (m2 g–1 yr –1)
0.0 0.01 0.02 0.03 0.04 0.05

a b

c d

e f

g h

Fig. 10.2 Stable equilibria (solid lines) for grasses and trees with dynamic G and static B (a, b,
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and where alternative stable states occur. The slope of this edge indicates the strength
of this interaction; a steeper slope means that the effect of β on win becomes less
strong. The slope becomes less steep when fire frequency increases.

Figure 10.4 shows the effect of changing grazer and browser response to biomass
availability (eH and eW), when both grazers and browsers are modelled dynamically.
At very low values of eH and eW alternative stable states can occur, but when either
one of the two parameters increases, i.e., the population responds faster to increases
in biomass, alternative stable states disappear, and either woodland or grassland is
the resultant landscape. With increasing eH, the grassland state is suppressed, and
the resultant landscape is woodland. With increasing eW, the woodland state is
suppressed and the resultant landscape is savanna. When the mortality of grazers
increases (c.f. Fig. 10.4c with 10.4d), the parameter space of eH and eW where
woodland can occur decreases, because grazers are less capable of suppressing the
woodland state. Also, when the mortality of browsers increases, the parameter space
where savannas can occur decreases because the browsers are less capable of
suppressing the savanna state. The borders between the different states display
convex monotonously increasing curves, suggesting that the sensitivity of the
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system to changes in eH is high at low values, but decreases once this value
increases. Also, the system is much more sensitive to changes in eW than to changes
in eG (compare scales) and to changes in dG and in dB (compare different values).

The results of the analysis show that including dynamic herbivore populations
reduces the occurrence of alternative stable states and increases the occurrence of
savanna when compared with constant herbivore numbers (Fig. 10.2). The decrease
in parameter ranges where alternative stable states occur result in more resilient
savannas as under these conditions sudden shifts from savanna to woodland can
occur (i.e., bush encroachment). First, these results suggest that when herbivores
respond dynamically to changes in food abundance, the occurrence of savannas is
much more likely then under constant herbivore numbers. Second, they suggest that
the risk of, so called, bush encroachment is reduced when herbivores can respond
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dynamically because the conditions under which alternative stable states occur
decrease. Third, dynamic herbivore populations increase the domain of attraction
of the savanna equilibrium considerably, indicating that the savanna equilibrium
becomes much more resilient to perturbations. Finally, when both grazer and
browser populations are dynamic, savanna as stable equilibrium prevails as the
dominant type, and woodland no longer occurs as possible state.

As is explained by Van Langevelde et al. (2003), the positive feedback between
fuel load (grass biomass) and fire intensity results under certain conditions in
alternative stable states. High amounts of grass biomass result in intense fires,
which lead to severe damage to trees. The negative effect of grazers on this positive
feedback mechanism diminishes when the grazer population responds dynamically
to the available amount of grass biomass. A decrease in grass biomass due to
consumption triggers a negative feedback as this reduced grass biomass also leads
to a decrease in grazer density through density dependent effects on mortality and
fecundity. This allows the grass to recover from herbivory and to provide high fuel
load for intense fires until the grazer population increases as a result or relatively
high food availability. This ensures a more resilient presence of grass biomass in the
system and the occurrence of savannas where otherwise woodland would occur.

An important factor that determines the effect of this negative feedback is the
speed at which herbivores respond changes in grass biomass. We investigated
the effect of the response of herbivores on the stability of savannas by varying the
efficiency with which the grazers consume and convert grass biomass (eH) and
the specific mortality rate of the grazers (dG). First, we found that the stability of
savannas decreases with an increase in the response of grazer biomass to grass
biomass (i.e., high eH). Second, the stability of savannas increases with an increase
in the specific mortality rate, i.e., a rapid response of density-dependent mortality to
increasing grazer biomass (i.e., high dG). The speed at which grazer populations
respond to forage presence is not necessarily only a function of mortality or
consumption and conversion efficiency. At a larger scale, grazers migrate to loca-
tions with more food when forage becomes scarce reducing the effect of the grazers
on the vegetation (Drent and Prins 1987; McNaughton 1979; Van de Koppel et al.
2002; Venter et al. Chap. 5). We expected that such migratory behaviour reduces
the risk that savannas collapse into a bush-encroached state. Moreover, grazer
populations, both wildlife (Owen-Smith and Ogutu 2003) and livestock (Toulmin
1994), follow climatic variability (Illius and O’Connor 1999). Our results suggest
that when pastoralists respond quickly to a decrease in forage availability and slowly
to vegetation regeneration, the stability of the savannas increases and the risk on
vegetation collapse decreases. However, it should be kept in mind that the response
of herbivore populations depends on more than forage availability alone, like water
accessibility, vegetation structure and predation risk (Kiffner and Lee Chap. 6).
This means that savanna vegetation near water points can experience heavier grazing
pressure than predicted by our model (as is for example described by Sianga et al.
2017). Alternatively, areas with high predation risk, or high tsetse densities, can
experience less grazing than predicted by our model, resulting in more resilient
savannas.
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10.5 Future Avenues for Research

This Chapter demonstrates the importance of grazing and browsing in underpinning
the dynamics of tropical savannas. The vegetation in savannas, characterized by the
co-existence of trees and grasses, is determined by a combination of mean annual
precipitation, soil characteristics and disturbances such as fire and herbivory. Current
understanding about the dynamics of savanna vegetation is that both grazers and
browsers can trigger shifts in states, from a mixture of grasses and trees to a tree-
dominated state. These shifts occur when herbivores overexploit their foraging
resources, especially heavy grazing pressure results in low amounts of fuel for
ground fires which leads to fires that are not very intense and do not have a large
damaging effects on woody biomass. Overexploitation is often the result of keeping
large herbivores in a confined area (Boone et al. 2008; Fynn et al. Chap. 14).
Limitations on movement may lead to overexploitation of the vegetation by both
grazers and browsers and hence to shifts from tree-grass coexistence to tree-
dominated vegetation. These shifts are less likely to occur when populations of
grazers and browsers are free-ranging without movement limitations so that herbi-
vores can migrate to mitigate for food shortage during the dry season. The model
presented in this Chapter brings together numerous studies on the influence of
grazing and browsing in tropical savanna vegetation and generates predictions to
be tested by future studies.

One of the next steps is to model the dynamics of trees and grasses along a
gradient away from water points, because herbivores are limited to the water source
during the dry season (Wato et al. 2016), and hence have a large impact on the
vegetation next to waterpoints, the so-called piosphere effect (Sianga et al. 2017).
The vegetation along this gradient may largely differ depending on the composition
of the herbivore community that can vary in body size and diet (especially grazers
and less so for browsers as they are less water limited) and on the fire frequency. This
gradient will differ in length and effects on the vegetation when considered in areas
that differ in soil type and mean annual precipitation. More sandy soils and higher
MAP will promote the cover of woody biomass, probably increasing the effects of
herbivores (especially browsers) as their density also increase accordingly. Another
topic that can be studied using the existing model is whether herbivore density
(especially grazers) peaks at lower MAP than fire occurrence does on the same range
of MAP. Data on herbivore density (Hempson et al. 2015) and fire occurrence
(Lehmann et al. 2014) support this hypothesis.

Another expansion of the model would be to make it more spatially explicit, with
differential run-on and run-off across the landscape: indeed our modelling and
experimental work in West Africa points at the importance of this effect (Rietkerk
et al. 2002a, b; Stigter and Van Langevelde 2004). Modelling done by Rietkerk et al.
(2004) has, however, some intrinsic problems since plant growth was taken as a
diffusion equation, which is mathematically convenient but may lead to wrong
predictions. Also, in our model we have not taken seasonality into account: the
work by Priyadarshini et al. (2015) shows that trees and grasses change their access
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to ground water over the year. The work of, for example, Van der Waal et al. (2009,
2011a, b, 2016) shows unexpected effects of nutrients on their scale on seedling
establishment of woody species and their competitive ability with grasses. In
response to herbivory, plants evolved defence mechanisms such as spines
(Tomlinson et al. 2016) and chemical defences (Kohi et al. 2009), which reduces
the effect of herbivory on plant growth. Plant defences are known to depend on
nutrients in the soil, for example secondary metabolites are developed by plants in
soils with low nutrient status, which would create an extra complexity in the current
model. In a series of experiments, we explored the differences in responses of
seedlings from savanna trees to several stresses, such as drought (Barbosa et al.
2014a, b; Tomlinson et al. 2012, 2013b, 2014), nutrient availability (Van der Waal
et al. 2009; Tomlinson et al. 2013a; Barbosa et al. 2014a, b), herbivory (Tomlinson
et al. 2016), competition with grasses (Tomlinson et al. 2019). This work clearly
shows that plant responses differ largely between species (e.g., between evergreen
and deciduous tree species), which has not included in modelling studies so far.
These different responses may imply that the model results may only be valid for a
selected group of plant species. Recognition of these different responses in models
would improve our understanding of the effects of changes in climate and land use
on vegetation dynamics. Finally, we now know that cascading effects of water
availability or elephant browsing (Hilbers et al. 2015) may have unexplored conse-
quences. We believe that much still has to be gained by modelling to explore
vegetation dynamics, not only of savannas but of many other systems. Indeed,
savannas are defined as stable associations of grasses and trees but much of the
Palearctic is covered in taïga, which basically is the same formation yet hardly
studied.

Nevertheless, our results provide insight in the interactive effects of both grazing
and browsing on the dynamics in savanna ecosystems. An important conclusion of
our modelling study is that the speed with which herbivores respond to changes in
biomass availability has consequences for the occurrence of alternative stable states.
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Chapter 11
Impacts of Browsing and Grazing Ungulates
on Plant Characteristics and Dynamics

Autumn E. Sabo

11.1 Introduction

Ungulates occupy a wide variety of habitats, from forests and grasslands to deserts
and tundra, and are on all continents except for Antarctica. Wild ruminants number
approximately 214 � 106 (Pérez-Barbería 2017). Being primarily herbivores, they
ingest vast amounts of forage: approximately 2.5% (dry matter) of their body mass
daily (Prins and van Langevelde 2008). Given that ungulates are nearly ubiquitous
across rural and natural landscapes, and that they consume huge quantities of plant
material, they can dramatically affect vegetation communities.

Plant biologists view ungulates as one of the many disturbance factors that influence
plants. Interacting with fire and drought, ungulates drive the dynamics of ecosystems
across the globe, including savanna ecosystems as described in van Langevelde et al.
(Chap. 10). In this Chapter, I will explore how ungulates affect lower levels of
biological organization, from the morphology and chemistry of individual plants,
through plant populations and vegetation communities. These effects, in turn, contrib-
ute to nutrient cycling and ecosystem patterns (as detailed elsewhere in this book).

11.2 Plant Architecture

11.2.1 Introduction

Edibility and ease of access result in different species of ungulates selecting specific
plant types (e.g., Holechek 1984; Shipley 1999), and plant tissues (reviewed by
Hanley et al. 2007). Each plant part serves a particular physiological function that is
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crucial for plant survival and reproductive success. For example, leaves are the
primary photosynthetic powerhouse of most species. Thus, when ungulates consume
foliage, plants’ abilities to transform solar energy into chemical energy are reduced.
Damage to flowers and fruits directly diminishes short-term plant reproductive
output (Russell et al. 2001). Browsing of buds, or apical or lateral meristems, alters
plant repair responses and growth forms (reviewed by Russell et al. 2001), which
may feedback to also modify photosynthetic and reproductive capacities.

Physical characteristics of plants partially determine their susceptibility and
tolerance to ungulate damage. Some ungulates are deterred by spines and thorns
(Cooper and Owen-Smith 1986). Thus, they may become a prominent feature of
surviving plants in heavily browsed habitats, increasing in length with increased
herbivory levels (reviewed by Hanley et al. 2007). A telltale sign of heavy browsing
by ungulates is a lack of nearly all foliage and small twigs within their reach, a
phenomenon known as a browse line (Fig. 11.1). Differential responses by woody
and herbaceous plants to damage correspond, partially, to variation in lifespan, size,
and biomass allocation, as well as physiological integration between plant parts
(Haukioja and Koricheva 2000).

11.2.2 Woody Plants

In forest systems, most research regarding how ungulates impact plants has been
conducted on trees, with little attention given to shrubs and herbaceous species,
likely due to their disparities in commercial value. Unsuccessful regeneration by

Alison Paulson

Fig. 11.1 Abundant ungulates may consume nearly all of the foliage within their reach, which
creates a visible browse line, as shown in this photo from northern Wisconsin, USA by Alison
Paulson
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natural tree seedlings, and failed plantings because of browsing pressure, have
generated substantial interest (reviewed by Gill 1992; Russell et al. 2001; Rooney
and Waller 2003; Côté et al. 2004). In addition to stalled growth and increased
mortality, browsing damage to terminal buds may alter tree growth forms and,
consequently, stem quality (reviewed by Putman and Moore 1998; Côté et al.
2004). Stem quality is also affected in some regions by ungulates stripping bark,
with levels varying between tree species and plant age and morphology (reviewed by
Gill 1992). Tree rubbing (also known as fraying or thrashing) is a non-consumptive
type of stem damage caused when deer scratch their velvet antlers on tree trunks
(reviewed by Gill 1992).

Compared to single-trunked trees, shorter stature shrubs, with multiple stems,
may be more susceptible to sustained browsing. Unlike many overstory trees that
have the possibility of outgrowing ungulates’ reach at maturity, shrubs may hold
most of their edible-sized branches at a height continually accessible by ungulates.
Similarly, the year-round availability of shrub stems may also increase their relative
exposure to ungulate browsing compared to ephemeral herbaceous plants (Russell
et al. 2001). In support, the abundances of shrubs have been shown to be inversely
correlated with ungulate population density in many studies (e.g., McShea and
Rappole 2000; Augustine and McNaughton 2004; Mudrak et al. 2009; Frerker
et al. 2014).

11.2.3 Herbaceous Plants

Herbaceous vascular plants are often categorized into grasses and grass-like plants
(e.g., sedges and rushes), or graminoids, and broad-leaved herbs, or forbs.
Graminoids are considered to be well adapted to herbivore foraging due to their
protected basal meristems, high shoot density, belowground nutrient reserves, and, in
many species, short stature (Coughenour 1985). These common characteristics of
graminoids allow for rapid, and substantial, regrowth following grazing damage
(Haukioja and Koricheva 2000; but see Kirby 2001; Moser and Schütz 2006). On
the other hand, one browsing event per growing season is more likely to be cata-
strophic for forbs, because new growth is typically generated at the end of shoots
(Shipley 1999). Often, the showy flowers and large fruits of forbs are herbivore
attractants, and fencing studies indicate that sexual plant parts may be preferred over
the vegetative tissues (e.g., Hülber et al. 2005). While such preferences could relate to
visibility, differences in chemical composition are also likely contributors.
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11.3 Plant Chemistry

The chemistry of plants influences their digestibility and, subsequently, how
highly they rank in preference by various herbivores (e.g., Hanley 1997; Bee
et al. 2011). Differences in digestive system morphologies, body size and feeding
behaviours (Holechek 1984) have been used to characterise ungulates based on
their forage selection. While various systems have been promoted that include
mixed feeders (Lamprey 1963), a browser-grazer continuum (McNaughton and
Georgiadis 1986) and frugivores (Bodmer 1990), for simplicity, I discuss only the
broadest categories of grazers and browsers (Lamprey 1963) in this Chapter.
Grazers preferentially feed on graminoids that have low levels of potentially
poisonous volatile oils but are difficult to digest. Browsers consume primarily
forbs, shrubs and trees. These plants are often rich in defensive oils, proteins and
phosphorous, but lower in cellulose than graminoids, which can make them easier
to digest.

In addition to the graminoid vs. forb/tree/shrub categories discussed above,
grouping plant species according to their photosynthetic pathways (C3, C4 and
crassulacean acid metabolism [CAM]) also provides important information for
understanding herbivory. For example, herbivores often prefer C3 plants (reviewed
by Heckathorn et al. 1999). Generally, plant species that utilize the typical C3

pathway are higher in nitrogen and phosphorus, and lower in structural compounds
such as lignin and silica, as compared to C4 and CAM plants (reviewed by
Heckathorn et al. 1999). Structural compounds appear to reduce digestibility in
herbivores (reviewed by Augustine and McNaughton 1998); in particular, the
ratios of lignin, or carbon, to nitrogen concentrations in leaves are negatively
correlated with digestibility (e.g., Wardle et al. 2002; Cornelissen et al. 2004)
and/or consumption (e.g., Kurokawa et al. 2010). Structural compounds contribute
to physical properties of plants, such as leaf toughness, that appear to be important
for determining ungulate preferences (e.g., Cingolani et al. 2005). Leaf toughness
and specific leaf area are examples of functional traits being explored in cross-taxa
analyses of ungulate impacts (e.g., Díaz et al. 2001).

Plant secondary compounds, including phenolics, are thought to provide resis-
tance, or protection, from herbivory (reviewed by Augustine and McNaughton 1998;
but see Carmona et al. 2011). However, avoidance of certain plant species by
ungulates, based on high levels of secondary compounds, might only occur when
well-defended species are of moderate to high abundance (Bryant et al. 1991).
Potential reasons may be that secondary compounds only affect digestion at large
doses, or that species must be dense for herbivores to learn which vegetation to
avoid. The production of secondary chemicals may come at a metabolic cost to
plants (Herms and Mattson 1992), particularly where nutrient availability is limited
(reviewed by Augustine and McNaughton 1998).

Plants that are preferred by herbivores often have high levels of nitrogen
(reviewed in Gill 1992), a key component of enzymes. As concentrations of nitrogen
in plant tissues increase, photosynthetic rates and, thus, growth rates also increase
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(Field and Mooney 1986; Reich et al. 1995). Hence, some chemical aspects of plants
relate not only to herbivore preference but also to plants’ abilities to recover
following damage (reviewed by Augustine and McNaughton 1998).

11.4 Defoliation and Its Effects

11.4.1 Introduction

As discussed above, variation in ungulate damage is related to the physical structure
and chemistry of plant species. Effects on plant survival, regrowth and reproduction
are related to the timing and severity of herbivory, as well as the subsequent abilities
of damaged vs. undamaged plants to attain necessary resources. The removal of leaf
tissue diminishes plants’ immediate photosynthetic capacities, but the long-term
consequences vary according to plant traits and species, as well as the availability
of resources to support recovery (Aarssen 1995).

11.4.2 Timing of Herbivory

The timing of ungulate damage can determine outcomes for individual plants
(reviewed by Russell et al. 2001). Browsing of woody plants during the growing
season, in temperate climates, appears to be more detrimental than damage that
occurs on those same species while they are dormant (e.g., Canham et al. 1994). For
forbs, because their susceptible tissues never grow completely out of the reach of
ungulates, the timing of browsing has the potential to dramatically reduce, or
completely eliminate, seed production for the year (reviewed by Russell et al.
2001). Impacts on reproduction are likely to be especially pronounced in short-
lived plants and perennials that are only fleetingly aboveground (Augustine and
McNaughton 1998; Augustine and DeCalesta 2003). For example, the fruit number
of two lakeshore annuals declined drastically following simulated herbivory that was
applied during late stages of development, although clipping plants early during their
growth cycles had little effect (Gedge and Maun 1992). The severity and return
interval of damage events may also influence tolerance, or regrowth potential
(Bergelson and Crawley 1992).

11.4.3 Individual Plant Responses to Herbivory

Some species have lower tolerance to herbivory than others. Low tolerance relates to
characteristics that inhibit fast regrowth: investing large quantities of nutrients and
carbon into evergreen foliage (reviewed by Bloom et al. 1985); having low
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photosynthetic capacity (reviewed by Côté et al. 2004); lacking structures that allow
for horizontal, vegetative spread (reviewed by Augustine and McNaughton 1998);
having minimal reserves of belowground energy (reviewed by Augustine and
McNaughton 1998); or failing to reallocate resources from belowground to photo-
synthetic tissues (Richards 1984). The ability of certain species to compensate for
tissue loss, through increased growth, has been heavily researched but the hope of
identifying herbivore optimization levels (where herbivory intensity maximizes net
primary productivity, Dyer and Shugart 1992; McNaughton 1983) has rarely been
realized (Belsky 1986). Belsky (1986) clarified this muddy concept of compensatory
growth by introducing more exact terms including overcompensation, where dam-
aged plants’ biomasses exceed that of undamaged plants, and partial compensation,
indicated by some regrowth of removed tissues (Belsky 1986).

Conclusive research on compensatory growth is difficult because all plant parts
(above- and belowground tissues) and life stages (vegetative and reproductive,
Russell et al. 2001) need to be thoroughly evaluated to avoid mistaken conclusions
from the reallocation of plant resources rather than from actual compensatory growth
(reviewed in Côté et al. 2004). For instance, root biomass is often reduced by
ungulate herbivory (e.g., Ellison 1960; Crawley 1983; Richards 1984), so measuring
only aboveground growth leads to misleading findings. Most robust evidence for
overcompensation (reviewed by Côté et al. 2004) is from research on grasses, which
may be better adapted than other taxa to counteract defoliation effects because of
their basal meristems. However, some forbs also have well-protected meristems and
show compensatory regrowth after grazing (e.g., Plantago maritima after goose
grazing (Prins et al. 1980)). Following damage to shoot apical meristems, species
with terminal leaders often develop into more bushy forms (reviewed by Côté et al.
2004) that can produce greater numbers of flowering stems (Mopper et al. 1991).
Reduced fecundity in response to browsing is, however, more commonly observed
(reviewed by Russell et al. 2001).

11.4.4 Plant Population Responses to Herbivory

Ungulate herbivory can reduce growth (Tanentzap et al. 2012; Koh et al. 2010),
health (Switzenberg et al. 1955), cover (Rooney and Waller 2001; Habeck and
Schultz 2015), and stature of preferred species (e.g., McNaughton 1984), even
shifting populations to mostly prostrate genotypes (reviewed by Augustine and
McNaughton 1998). Such changes may alter the environment and related resources,
contributing to additional subsequent changes in plant populations (e.g., Heckel
et al. 2010; Sabo et al. 2017). Variation in site-level availability of plant resources
may likewise account for differences in herbivory tolerance between plant
populations (Saunders and Puettmann 1999).
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11.5 The Competitive Balance Between Plants

11.5.1 Introduction

Ungulate preferences for different species are related to plant structure and chemis-
try, as well as the temporal and spatial availability of preferred and less preferred
species. Damaged plants may be less able to acquire resources including light,
nutrients and water. Reductions in resources result in lower rates of vegetative
growth and reproduction. When a species is unable to obtain the necessary amount
of a resource in a given habitat, other species that either have lower requirements for
that resource or that are better at acquiring it increase in relative abundance
(in accordance with the resource ratio, or R*, competition model proposed by
Tilman 1982). Eventually, selective foraging by ungulates can drive the competitive
balance within communities, resulting in declines of preferred species that have
insufficient resources and, potentially, long-term decreases in species richness and
diversity.

11.5.2 Seasonal Availability of Browse

Long-distance migrations of ungulates may be a consequence of plant species’
configurations (e.g., Prins and van Langevelde 2008), and growth phases varying
in space and time (reviewed by Augustine and McNaughton 1998 and Hebblewhite
et al. 2008). As landscapes become fragmented by land use change, historical
patterns of transient feeding by native ungulates are interrupted (reviewed by
Augustine and McNaughton 1998; Hebblewhite et al. 2008). Ungulate impacts
may become more severe in fragmented areas (Reimoser 2003) because of reduced
overall quantities of forage as land becomes developed, as well as higher quality or
quantities of forage along patch edges (e.g., Takatsuki 2009).

Habitats with less distinct delineations of vegetation may also be structured by
seasonal differences in ungulate preferences. For example, preferences for deciduous
woody plants shift to evergreens during harsh seasons when deciduous foliage
senesces. This can result in dominance by deciduous species where browsers are
abundant during dry or cold leaf-off seasons (e.g., Owen-Smith and Cooper 1987;
Ammer 1996).

11.5.3 Relative Abundance of Preferred Species

Even where the availability of preferred species does not differ between seasons,
differences in the local abundance of plants are important for determining ungulate
effects. If the abundance of a specific, preferred species is high, the overall
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detrimental impact from ungulate damage to the population of that species may be
minor. This concept is called herbivore consumption saturation (Noy-Meir 1975).
To extend this concept, as the abundance of ungulates increases, they eventually
reach a population threshold after which the relative quantities of preferred plant
species begin to decline noticeably (Tilghman 1989).

11.5.4 Changes in Competitive Relationships

The duration and intensity of ungulate pressure can influence community impacts.
For example, when grazing was intense, but of short duration, sheep exhibited little
selectivity for preferred forage species (reviewed by Augustine and McNaughton
1998). Similarly, herd membership, with its corresponding intraspecific competition,
may also decrease selectivity (reviewed by Augustine and McNaughton 1998).
Where selectivity is low, but biomass removed by grazing is high, preferred and/or
less competitive species may actually increase following herbivory. Likewise, mod-
erate densities of ungulates may reduce strong competitors within the plant commu-
nity, allowing less robust species to increase (e.g., Schütz et al. 2003; Itô and Hino
2005; Takatsuki 2009).

Many studies focus on the effects of high, rather than moderate, densities of
ungulates. Elevated ungulate populations reduce preferred plant species to the
advantage of less preferred, more inaccessible, or more browse-tolerant species
(e.g., Anderson et al. 2002; White 2012; Bradshaw and Waller 2016). Repeated
grazing of grassland patches can lead to short, thick “grazing lawns” (McNaughton
1984). Similarly, in savannas, repeated browsing of trees may result in squat,
resprouting trees or “browsing lawns” (Jachmann and Bell 1985). “Alternative
successional trajectories” may develop whereby ungulates stall vegetation commu-
nities from transitioning to dominance by plant species that are characteristic of long
time periods without other types of natural disturbances (Hidding et al. 2013).

Non-consumptive effects of ungulates on plant tissues can also drive community
dynamics, e.g., trampling damage (reviewed in Persson et al. 2000), dispersal of
seeds (Collins and Uno 1985; Myers and Harms 2009; Albert et al. 2015), and
defecation (reviewed by Augustine and McNaughton 1998). In addition, herbivory
may indirectly mediate important environmental conditions in the groundlayer. For
example, abiotic factors such as light availability (Fig. 11.2, Takatsuki and Itô 2009;
Sabo et al. 2017; Boulanger et al. 2018), soil fertility (Pastor et al. 1988; Augustine
and Frank 2001; Chen et al. 2013; Sabo et al. 2017), soil moisture content (Chen
et al. 2013), soil compaction (Heckel et al. 2010; Chen et al. 2013; Shelton et al.
2014; Kardol et al. 2014; Sabo et al. 2017), and bareground (Knight et al. 2009;
DiTommaso et al. 2014), as well as biotic variables including pathogens (reviewed
by Russell et al. 2001) and mycorrhizae (Rossow et al. 1997), may drive understory
plant establishment, competitive ability and long-term success.
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11.5.5 Ungulate Effects on Species Richness and Diversity

The immediate impacts of ungulates on plant communities are typically changes in
the cover or density of individual species. However, in time, ungulate pressure can
lead to differential extirpation and colonization rates (Olff and Ritchie 1998), which
result in altered species richness. Changes in the number of species may occur more
quickly where plant generation times are shorter, e.g., grasslands vs. forest (Frank
2005).

Ungulates can increase overall species richness by reducing the dominance of
strong competitors, dispersing seeds (e.g., Vellend et al. 2003), or creating
microsites that are conducive to the establishment of incoming species (e.g., Frank
2005). In forests, there are many examples of decreased ungulate densities increas-
ing tree richness (or vice versa, high densities of ungulates reducing tree richness),
e.g., Tilghman (1989), Gill and Beardall (2001) and Habeck and Schultz (2015).
Changes in the richness of forest herb communities in response to ungulates are,
however, less well documented (Habeck and Schultz 2015; Sabo et al. 2019; but see
Rooney and Dress 1997; Stockton et al. 2005; Wiegmann and Waller 2006).
Additional long-term studies are needed to explore whether ungulates do, indeed,
have limited effects on herb species richness, or if forest herb communities instead
have long lag times before responding markedly to altered grazing pressure.

Katie Frerker

Fig. 11.2 Area accessible to white-tailed deer on the left side of the fence vs. inside the exclosure
(on right). Photo from Kemp Natural Resources Area, WI, USA by Katie Frerker
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Scientists have found some evidence that ungulates facilitate invasion by
non-native plant species (e.g., Vavra et al. 2007; Bartuszevige and Endress 2008;
Knight et al. 2009; Duguay and Farfaras 2011; Castellano and Gorchov 2013;
Frerker et al. 2014; Dávalos et al. 2015). Possible mechanisms for ungulates
increasing exotic species are the same mechanisms described above for increasing
overall species richness. Many non-native invasives are well-suited for colonizing
bareground, the creation of which is a documented outcome of ungulate disturbance
(Fahnestock and Knapp 1994; Knight et al. 2009; Chips et al. 2014). Lower
preference by native ungulates for exotic species, compared to native plants, may
contribute to invasions in some systems (e.g., Knight et al. 2009). There is, however,
evidence of native herbivores suppressing invasive plants (Rossell et al. 2007,
reviewed in Parker et al. 2006), and of exotic herbivores promoting invasions
(reviewed in Parker et al. 2006). Therefore, trying to generalize about how species
with exotic evolutionary histories contribute to ecosystem degradation (e.g., are they
“drivers, back-seat drivers or passengers” Bauer 2012) is fraught with complexity,
stemming from the range of community assembly factors, including ungulate effects,
that vary between sites.

In order to concisely describe overall changes to communities, ecologists often
combine abundance and richness into diversity indices. For example, in addition to
ungulates reducing tree species richness, as discussed above, ungulates also contrib-
uted to decreases in tree diversity in many studies (reviewed by Gill and Beardall
2001; Kuiters and Slim 2002; Habeck and Schultz 2015). Effects can be diversity
index and scale dependent (e.g., Frank 2005), however, so examining detailed
species richness, abundance and demography data remains valuable.

11.5.6 Community Structure Effects

In addition to influencing specific species, ungulates also affect plants at broader
levels of categorization. In areas with chronically large populations of ungulates,
plant species with single shoots, which rely primarily on sexual reproduction, may
decline while plants that spread vegetatively, from ground-level meristems, domi-
nate. Once clonal plants are well established in large patches, they can inhibit the
germination, or growth, of less vigorous species, becoming a self-perpetuating,
relatively static “recalcitrant layer” (Royo and Carson 2006). Another group of
species influenced by ungulate abundance is the legume family, which has an
unusual symbiosis with nitrogen-fixing bacteria. Due to their high nitrogen concen-
trations, legumes are likely to decline in habitats with abundant grazers because
ungulates prefer to forage on these species (e.g., Ritchie and Tilman 1995). Without
legume litter to increase soil nutrient levels, late successional species, with higher
nitrogen requirements, may be slow to colonize low fertility habitats. More directly,
ungulates often suppress tree establishment and growth through herbivory. As
detailed in the previous Chapter of this book (van Langevelde et al. Chap. 10), an
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extreme example is the maintenance of savannas in lieu of woodland/forest systems
(e.g., Russell et al. 2001).

11.6 Resilience and Recovery of Browsed/Grazed Systems

11.6.1 Site-Level Conditions

Worldwide, many ecosystems have evolved under the influence of grazing and
browsing ungulates and are, thus, resilient to certain levels of herbivory (Gunderson
2000). Historically, many plant communities depended on native grazers, or
browsers, to support ecological processes, whilst the vegetation provided ungulates
with essential food and cover. In these systems, predators fed on the ungulates,
which prevented them from sustaining high population densities. “Non-equilibrium
dynamics” result when additional stressors, such as drought or fire suppression,
disrupt these natural feedbacks (Ellis and Swift 1988). The system may become
strained to a point where even low population densities of ungulates impact the
ecosystem, making passive recovery following ungulate reductions unlikely
(Holling 1973).

Other than stressors like drought or fire, as well as site-level conditions can affect
vegetation recovery. Low-productivity areas, where plant growth is limited by
resource availability, may be less resilient to herbivory than high-productivity
habitats (Danell et al. 1991), either because plant communities consist of slow-
growing species, or because plants have limited access to resources for recovery.
Even in ecosystems that receive sufficient precipitation and that are rich in nutrients,
such as temperate deciduous forests, understory layer plants can experience resource
limitations. For example, low light at the groundlayer (e.g., Sabo et al. 2017) may
reduce opportunities for germination and growth.

11.6.2 Legacy Effects of Chronic Heavy Levels of Browsing

In forest systems, understory trees often experience more pronounced recovery than
herbaceous species following ungulate removal (reviewed in Habeck and Schultz
2015). One potential reason may be the availability of seed rain from mature forest
trees (Gill 1992). In addition, wide-ranging vertebrates are a common dispersal
mode for the seeds of many trees species (reviewed in Habeck and Schultz 2015).
In comparison, seed rain of preferred herbs may be negligible in systems that had
chronically high densities of browsers, because herbs are unable to escape ungulate
foraging by growing out of reach. Short-distance dispersal modes, including those
provided by ants, are typical for many forest herbs, and fragmentation can slow even
wind-dispersed seeds (McLachlan and Bazely 2001; Flinn and Vellend 2005; Soons
et al. 2005). Reduced propagule input is one example of a “legacy effect” from
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sustained high densities of browsers (reviewed in Cuddington 2011). Additional
symptoms could include loss of seed banks (DiTommaso et al. 2014), decreased
pollinator populations (Vázquez and Simberloff 2003), and recalcitrant understory
vegetation.

Recalcitrant layers develop after severe disturbances, such as chronically high
densities of ungulates. The dense layers of rhizomatous ferns, ericaceous shrubs,
graminoids or non-native invasive species block regeneration, or succession to shrub
and forest communities. Possible mechanisms include above- or belowground
competition, physical and chemical interference, and improved habitat for seed
and seedling predators (reviewed by Royo and Carson 2006; Young and Peffer
2010). Reductions in invasive species abundance following decreased ungulate
pressure (e.g., Kalisz et al. 2014; Dávalos et al. 2015) suggest that this is a
community-level change that may be less “recalcitrant” than other types (Nuttle
et al. 2014).

11.6.3 Ecological Models

Recalcitrant layers may be one cause of non-linear trajectories of system recovery
following reduced ungulate pressure. Non-linear, and non-equilibrium, systems have
been characterized by various ecological models. For example, ecological hysteresis
acknowledges non-linear cause and effect relationships (May 1977; Laycock 1991;
Rietkerk et al. 1996; Scheffer et al. 2001), and that active management may be
required to generate habitats that resemble past conditions. State-and-transition
models (Laycock 1991) accommodate alternate successional trajectories that may
occur because of differential ungulate grazing/browsing pressure (or other distur-
bance factors). Catastrophe theory includes thresholds to predict the impacts of
ungulate population densities on vegetation (Lockwood and Lockwood 1993).
Despite continuous advances (reviewed by Briske et al. 2010), the hope that these
types of models might serve as early warning systems to prevent severe ecosystem
damage has been overly optimistic given the variability between systems and even
sites of the same system type (Hastings and Wysham 2010).

11.7 Conclusions

Following decades of laboratory and field research into the impacts of ungulates on
plants, useful generalizations across taxa and ecosystems remain largely elusive. The
complexity of ungulate-vegetation dynamics demands continued, site-specific atten-
tion. Advances in restoration ecology, also focused narrowly on systems of interest,
will become increasingly critical unless stakeholders decide to content themselves
with alternative stable states (Suding et al. 2004).
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Chapter 12
Impacts of Browsing and Grazing Ungulates
on Faunal Biodiversity

Krisztián Katona and Corli Coetsee

12.1 Impact of Grazing and Browsing on Different
Biodiversity Components

Noss (1990) proposed that biodiversity has three primary attributes (i.e., composi-
tion, structure and function), and that these attributes can be expanded into four
levels of organisation—namely, genes-genome, population-species, community-
ecosystem and regional-landscape. Seen within this framework, the group Ungulata,
with its own high species diversity, has numerous direct and indirect effects on
broader biodiversity. The high species diversity in the Ungulata is associated with
high levels of diversity in morphology and physiology, which manifests in diverse
diet types, e.g., ungulates may graze, browse or do both; within these groups they
prefer certain plant parts or feed at specific heights within the vegetation strata
(Gordon and Prins 2008). These preferences may vary seasonally. Dietary prefer-
ences, in turn, govern foraging behaviour, distribution and habitat use, social
behaviour, and interactions with other species of herbivore taxa (Gordon 2003; Illius
and Gordon 1987; McNaughton and Georgiadis 1986).

The most obvious effects of ungulates on biodiversity take place at the
population-species level and result in changes in the abundance and richness of a
range of plant and animal taxa. These interactions can be direct (e.g., ungulates
consuming plants or animals) or indirect (e.g., ungulates competing with, or facil-
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itating, other animal species by changing vegetation dynamics thereby limiting, or
increasing, available habitat or food for other species). Less intuitive are the impacts
on biodiversity that come about at the genetic, ecosystem and landscape level.
Ungulates (along with other vertebrate or invertebrate herbivores and pathogens)
drive the evolution of anti-herbivore defences in plants and, in turn, have physio-
logical and behavioural adaptations in response to plant defences (Hanley et al.
2007). Altered level of plant defences, brought about by ungulates, may affect other
fauna such as invertebrates; for instance, whistling thorn (Vachellia drepanolobium)
offers more rewards to ants when browsed than when unbrowsed (Huntzinger et al.
2004). Ungulates, and their actions, can also affect ecosystem processes at a much
larger scale, often contributing to trophic cascades. As an example, in the Serengeti,
wildebeest (Connochaetes taurinus) grazing decreases fuel loads which results in
less intense fires and increased woody cover that may culminate in increased habitat
for browsers (Holdo et al. 2009a, b). Browsing and grazing ungulates can also have
effects on nutrient dynamics at landscape level; for instance, savanna ungulate
browsing may accelerate soil nutrient cycling when pruning stimulates shoot
regrowth which, in turn, is associated with increased consumption and decomposi-
tion (Fornara and Du Toit 2007, 2008).

In this chapter we focus on the impacts of browsing and grazing ungulates on
faunal biodiversity at the population-species level. It is not intended to be an
exhaustive review of the literature, but aims to increase understanding of the
expansive scope of direct and indirect effects that ungulates may have on faunal
diversity (Table 12.1). In addition to this, Sitters and Andriuzzi Chap. 9 provides
information on indirect effects of ungulates on ecosystem processes and Sabo
Chap. 11 addresses impacts of ungulates on plants and plant communities.

12.2 Direct Impact of Grazing and Browsing Ungulates
on Animal Diversity

Grazing and browsing ungulates can have many direct effects on coexisting animal
species; these include basic ecological processes, such as predation, scavenging or
parasitism, but also cover incidental effects.

12.2.1 Impacting Biodiversity by Predating on Other Fauna

Although ungulates are herbivores and feed mainly on plants, they can, to some
extent, predate on non-vertebrate animals. Predation by mammalian herbivores on
phytophagous insects has mostly been neglected by ecologists (Gish et al. 2017).
Intraguild predation by ungulates has been reported in Mediterranean savanna,
where red deer (Cervus elaphus) and wild boar (Sus scrofa) incidentally ingest
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chestnut weevils (Curculio elephas) within acorns of holm oak (Quercus ilex)
(Bonal and Muñoz 2007), and in warm-temperate old-growth forest where sika
deer (Cervus nippon centralis) consume small moths of leaf miner (Stigmella spp.)
(Yamazaki and Sugiura 2008). van Noordwijk et al. (2012) reported that 64% of
caterpillar nests of the Glanville fritillary butterfly (Melitaea cinxia) were damaged
after high intensity sheep grazing, mainly due to incidental ingestion of caterpillars.

Opportunistic consumption of animals, or animal products, by ungulates has been
reported quite widely; such as the case of Abbott’s duiker (Cephalophus spadix)
catching a frog in Mwanihana Forest, UdzungwaMountains, Tanzania (Rovero et al.
2005), red deer predation on ground nesting Manx shearwater (Puffinus puffinus) on
the Isle of Rhum, Inner Hebrides (Furness 1988), white-tailed deer (Odocoileus
virginianus) predation on Northern bobwhite (Colinus virginianus) eggs in south
Georgia, USA (Ellis-Felege et al. 2008), cattle predation on grassland bird eggs and
nestlings in Wisconsin, USA (Nack and Ribic 2005), swan (Cygnus bewickii) egg
and chick predation by reindeer (Rangifer tarandus) in Yakutia, Russia (Degtyarev
2010), and white-tailed deer predation on nestlings of five grassland songbird
species in North-Dakota, USA (Pietz and Granfors 2000). Around the Baltic sea,
direct killing of nestlings, and crushing of eggs by trampling of cattle, lead to high
extinction risk, over the long term, for sub-populations of southern dunlin (Calidris
alpina schinzii) (Pakanen et al. 2016). The same research group found trampling
rates of artificial nests to be very high, even at relatively low stocking rates of cattle,
i.e., 0.83 head.ha�1 (Pakanen et al. 2011).

12.2.2 Influencing Biodiversity by Symbiosis or Being
Parasitised or Predated

Ungulates, particularly ruminants, share their bodies (their gut) with countless
microbiota through mutualistic symbiosis with important consequences for the
health of the host individual (Bergmann et al. 2015; Hu et al. 2017). Although not
strictly qualifying as animals, in a systematic sense, the interaction between ungu-
lates and their microbiota has important consequences for biodiversity. These groups
include Prokaryotes, i.e., Bacteria and Archae, of an estimated 7000 and 1500
species, respectively (Chaucheyras-Durand and Ossa 2014). Beside Prokaryotes,
numerous species of Protozoa (eukaryotic single-cell, animal-like organisms show-
ing mobility and heterotrophy) occupy the rumen, where they comprise up to half of
the total microbial biomass (Tymensen et al. 2012). Although some work has shown
that Archaea and Protozoa are remarkedly similar across groups of ruminants, many
Archaea species have not been named, and we know little about bacterial species
inhabiting ruminants and other ungulates (Henderson et al. 2015).

Ungulates also directly influence faunal diversity in a passive manner by provid-
ing habitat for endo- and ectoparasite invertebrates (Ablat et al. 2014; Davidson et al.
2014; Mukul-Yerves et al. 2014). Examples include rumen fluke (Calicophoron
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daubneyi and Paramphistomum leydeni) in fallow deer (Dama dama) in Ireland
(O’Toole et al. 2014) and liver fluke (Fasciola hepatica) in red deer in the Highlands
of Scotland (French et al. 2016). They can also change relative frequencies of
endoparasites and thus affect other ungulate species (Odadi et al. 2011a).

Ungulates are important prey for many carnivore species. A global assessment of
grey wolf (Canis lupus) diet variability, from 177 studies, among and within North
America, Europe, and Asia, clearly pointed to the dominance of large (240–650 kg)
and medium-sized (23–130 kg) wild ungulates in the diet (Newsome et al. 2016).
From about 50,000 ungulate carcass records collected over 50 years in the Kruger
National Park, only 6% mortality was not the result of predation (Owen-Smith and
Mills 2008). López-Alfaro et al. (2015) found that the availability of ungulate meat
(particularly elk, Cervus elaphus) governed the productivity of bear (Ursus arctos)
populations in North America. In Cambodia, the Indochinese tiger (Panthera tigris)
disappeared from one historically important site as a result of two decades of illegal
hunting of both the tiger and its prey (red muntjac Muntiacus muntjak, sambar deer
Rusa unicolor, wild cattle Bos gaurus, B. javanicus, O’Kelly et al. 2012).

Ungulates can also be predated on by raptors; for instance bald eagle (Haliaeetus
leucocephalus) predate white-tailed deer (Duquette et al. 2011). Even after death,
ungulates can improve the survival chances of predatory birds; ungulate carcasses are
an important resource for golden eagles (Aquila chrysaetos) in Mediterranean Spain
(Sánchez-Zapata et al. 2010). In Catalonian Pyrenees, Spain, Margalida et al. (2011),
found that wild ungulates, primarily red deer, wild boar and chamois (Rupicapra
rupicapra), are an important food resource for obligate scavenger vulture species. In
Europe, vultures are also dependent on the carcasses of domestic animals, so the greater
restrictions of sanitary legislations on the use of animal byproducts was suggested to
lead to a decrease in vulture breeding success, and increases inmortality of younger age
classes (Donázar et al. 2009). But, as a positive example, Margalida et al. (2017)
concluded that the food shortage, caused by health policies, did not substantially affect
either foraging behaviour or breeding output in bearded vultures (Gypaetus barbatus),
in the Pyrenees. Meanwhile, across the Indian subcontinent, Gyps spp. vulture
populations have collapsed, in the recent decades, because of the consumption of
domestic and feral ungulate carcasses contaminated with residues of diclofenac, a
drugwidely used to treat pain, fever and inflammation in livestock (Taggart et al. 2007).

In the Greater Yellowstone Ecosystem, USA, the remains of ungulates, preyed
upon by other carnivores, provide an important food source for scavenging canids,
such as grey wolves and coyotes (Canis latrans) (Atwood and Gese 2008). In
Slovenia, roe deer (Capreolus capreolus), preyed upon by lynx (Lynx lynx), are an
important meat source for brown bears (Ursus arctos; acquired by kleptoparasitism)
(Krofel et al. 2012). In south-eastern Australia, wild dogs (dingoes Canis lupus
dingo, feral dogs and their hybrids Canis lupus familiaris) and foxes (Vulpes vulpes)
also frequently visit carcasses of the exotic sambar deer, hunted by people through-
out the year and left in the field (Forsyth et al. 2014). In Hungary, the high
availability of carrion of wild ungulates, in areas of intensively managed rangeland,
promoted the rapid expansion of golden jackal (Canis aureus) populations (Lanszki
et al. 2015).
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Ungulate carcasses function as essential food sources, but are also likely to create
a particular microclimate. Studies in southern Norway indicated that the local
abundance and diversity of Coleoptera spp. almost doubled around roe deer car-
casses, highlighting the significant ecological role of ungulate carcasses in European
boreal forest ecosystems (Melis et al. 2004).

12.3 Indirect Impact of Grazing and Browsing Ungulates
on Animal Diversity

12.3.1 Modification of Resources and Habitat

The actions of grazing and browsing ungulates, in general, affect a wide range of other
animals, including other mammals such as rodents, as well as birds, reptiles, amphib-
ians and invertebrates. Here we document indirect effects brought about through
habitat modification, which takes place, most often, through effects on vegetation.
But ungulates can also modify landscapes directly; e.g., the wallowing of exotic water
buffalo (Bubalus bubalis) in Australia has caused major landscape scale changes by
affecting the functioning of tidal creeks and channels, with comcominant negative
effects on native flora and fauna (Prins and Van Oeveren 2014).

Excessive utilization, by native ungulates, is often detrimental to native vegetation
diversity; significantly impacting woody seedling recruitment, establishment and
growth (e.g., Danell et al. 2003; Fornara and Du Toit 2008; Prins and Van der Jeugd
1993) or detrimental in associationwithfire (Staver et al. 2009; Staver andBond 2014).
Non-native ungulates may also affect vegetation negatively: Spear and Chown (2009)
in their review of the effects of non-indigenous ungulates on biodiversity found that
introduced ungulates often impact negatively on vegetation structure and composition
and, in certain cases, lead to the extirpation of associated native species of fauna.
However, moderate ungulate utilization is mostly beneficial to the diversity of native
vegetation. For instance, Royo et al. (2010) documented that white-tailed deer, at
moderate levels of abundance, promote herbaceous richness and abundance by pref-
erentially browsing fast growing pioneer species that thrive following co-occurring
disturbances (i.e., fire and gaps) in deciduous forest in West Virginia, USA. How the
changes in vegetation, brought about by ungulates, both native and exotic, impact other
fauna are not always clear and will be discussed in the following sections.

12.3.2 Interactions Between Ungulates and Invertebrates

The effects of ungulates on invertebrates depend on the group of invertebrates and
their sensitivity to micro-climatic conditions, as well as the effects of ungulates on
plant litter and the level of disturbance through trampling. Ungulates, and their
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actions, may impact negatively on invertebrates; such as the case of moose (Alces
alces) browsing and ground-dwelling invertebrates in Swedish pine forest
(Suominen et al. 1999), deer grazing and abundance of ants and richness of arthro-
pods in Great Smoky Mountains National Park, USA (Lessard et al. 2012), and
ungulate (i.e., red deer, wild boar) trampling and isopod and spider abundance in
montane woodland in Germany (Mohr et al. 2005). Livestock trampling, even when
very limited, decreased both land snail density and species richness in remnant forest
on the North Island of New Zealand (Denmead et al. 2015). In African savannas,
damage to seeds was more intense when large mammals were removed, as seed-
feeding invertebrates increased (Shaw et al. 2002); in the Kruger National Park, the
presence of meso-herbivores negatively affected the abundance of beetles and
grasshoppers (Jonsson et al. 2010).

Ungulates, and their actions, are not always detrimental to invertebrates;
Suominen et al. (2003) showed that Carabid beetles increased in plots grazed by
reindeer in Lapland. Higher beetle diversity was found at intermediate levels of
grazing and lower diversity at very high levels of grazing. In the Serengeti, the
diversity of invertebrates was not strongly affected by grazing; spiders, ground
beetles and ground-dwelling ants were more abundant in ungrazed sites, dung
beetles numbers were unaffected by grazing and flies increased with grazing inten-
sity (de Visser et al. 2015). The exclusion of white-tailed deer, which had historically
occurred at high numbers (i.e., about 40 deer.km�2) in Maryland, USA, had little
effect on invertebrates (Duguay and Farfaras 2011). Ungulates (e.g., Sus scrofa), in
the wetlands of Camargue in France, contributed to the dispersal of aquatic inver-
tebrates after wallowing (Vanschoenwinkel et al. 2008). Likewise, litter arthropod
species densities were highest on islands of Haida Gwaii (aka Queen Charlotte
Islands), Canada, where deer have been present for>50 years (as opposed to islands
where they had been present for a shorter period of time, or were absent); however,
the understory invertebrate species density dramatically decreased with length of
deer presence on the islands (Martin et al. 2010).

A large and diverse mammal fauna, and the associated dung, has been shown to
be important for the maintenance of a large and diverse dung beetle fauna (e.g.,
Hanski and Cambefort 1991). In Southern Europe, the conservation of European
dung beetle fauna could be enhanced by livestock grazing, as wild ungulate manure
cannot support the regional dung beetle species pool (Jay-Robert et al. 2008). Akaba
et al. (2014) showed that forest-dwelling dung beetle species gave way to grassland-
dwelling species at higher sika deer (Cervus nippon yesoensis) densities in Japanese
forests. Some scarce North American dung beetle species are specifically associated
with deer dung; Aphodius nemoralis in northern coniferous forest and A. zenkeri in
more southern woodlands (Stewart 2001).

12.3.3 Interactions Between Ungulates and Amphibians

Ungulates (e.g., peccaries Tayassuidae), through creating wallows, can increase
habitat for amphibians (Ringler et al. 2015), and benefit amphibian population
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dynamics and species diversity (Beck et al. 2010). However, relationships between
ungulates and amphibians can be complicated; Baruzzi and Krofel (2017) found that
amphibian species richness in aquatic environments, created by ungulates, in
Mediterranean-type systems in Italy, depended on the size of the water body and
the level of disturbance. Although amphibian species richness decreased in small
ponds regularly disturbed by wild boar and deer (Dama dama and Capreolus
capreolus), richness increased in large ponds regularly used by ungulates. In the
lowland wet forest of Costa Rica, more compacted litter, in plots with natural
peccary (Pecari tajacu and Tayassu pecari) densities, had higher densities of
amphibian and reptile individuals and more juveniles of anuran amphibian species
(i.e., order Salientia) than plots where peccaries were excluded (Reider et al. 2013).

Based on long term data of British population of natterjack toad (Bufo calamita),
grazing of the terrestrial habitat, by domestic livestock, was also found to positively
influence the population growth rate (Buckley et al. 2014). Whereas some species
(e.g., bufonids) may benefit from controlled grazing, Burton et al. (2009) suggested
that fencing cattle from wetlands may be a prudent conservation strategy for other
amphibian species (e.g., ranids).

12.3.4 Interactions Between Ungulates and Reptiles

Ungulates often have negative effects on reptiles (Beever and Brussard 2004).
McCauley et al. (2006) showed that the removal of large native herbivores, as well
as cattle, from East African savanna resulted in increases in snake numbers, concur-
rently with an increase in small mammal prey numbers. Pringle et al. (2007) found,
using the same exclosures as above, that the removal of herbivores resulted in an
increase in tree density and structural complexity with an associated increase in
lizard density (and their main prey species of beetles). In a landscape, grazed by
livestock, in south-eastern Australia, reptiles were found to be very closely associ-
ated with specific micro-habitats (Fischer et al. 2004), and landscape heterogeneity,
with diverse habitats, was very important for reptile diversity. In systems where
grazing, and management of grazing, have homogenized habitats, reptile diversity
decreased. However, Brooks (1999) failed to identify a lasting effect of chronic high
density of white-tailed deer on Northern redback salamander (Plethodon cinereus)
abundance in a mixed oak forest in Massachusetts, USA.

Occasionally, reptile abundance is increased in the presence of ungulates; the
exclusion of white-tailed deer in Ohio, USA, resulted in lower numbers of
red-backed salamanders and garter snakes (Thamnophis sirtalis) (Greenwald et al.
2008). This study suggested that an increase in herpetofaunal abundance, in the
presence of ungulates, was associated with an increase of their invertebrate prey,
which may be linked to an increase in favourable plant species resulting from
augmented nutrients when deer are present.
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12.3.5 Interactions Between Ungulates and Birds

The presence of ungulates mostly leads to decreased bird density and composition
through simplification of vegetation structure (Berger et al. 2001; Casey and Hein
1983; Holt et al. 2011; Martin et al. 2010; McShea and Rappole 2000). On the
islands of Haida Gwaii, Canada, introduced Sitka black-tailed deer (Odocoileus
hemionus sitkensis) has simplified vegetation (i.e., species composition and vegeta-
tion structure) in the understorey, with associated simplified invertebrate and song-
bird assemblages (Chollet et al. 2015; Martin et al. 2010). Following exclusion of
native white-tailed deer in North American forests, the density and diversity of
understorey woody plants increased, with a concomitant increase in numbers, but
not diversity, of ground and intermediate canopy bird species (McShea and Rappole
2000).

In contrast to the results in forested areas, applying fire and grazing in North
American grasslands created greater spatial heterogeneity in vegetation that pro-
vided greater variability in the grassland bird community (Fuhlendorf et al. 2006).
Similarly, bird assemblages on sites intensively grazed by cattle (with associated
higher landscape diversity) had higher species number and diversity, but lower
densities than on the extensive sites (low grazing density) on Hungarian steppes
and meadows (Báldi et al. 2005). Unfortunately, the higher species diversity masks
the fact that several bird species, of conservation concern, decreased with increased
grazing intensities. However, judicious grazing regimes may enhance rare bird
densities (Faria and Morales 2017).

Interactions between ungulate carcasses and detritivorous invertebrates may also
have consequences for birds; investigations in the Iberian Peninsula, Spain, revealed
that 12 non-corvid passerine species (predominantly the white wagtail, Motacilla
alba) opportunistically benefited from ungulate carrion, especially through predation
on scavenging arthropods (Moreno-Opo and Margalida 2013). Dung, through pro-
viding resources to fungi, flies, beetles and other insects, also indirectly improves
food opportunities to birds (Prins and Van Oeveren 2014 and references therein).

12.3.6 Interactions Between Ungulates and Rodents

The effects of ungulates on rodents are divergent; rodents generally benefit from the
presence of ungulates (and vice versa) in North American grasslands (Davidson et al.
2010), but ungulates may impact negatively on numbers, and diversity, of rodents in
African savannas (Keesing 1998; Pringle 2012; Pringle et al. 2010). In southern
African savannas, Hagenah et al. (2009) found that murid rodent abundance, and
species diversity, were higher in the absence of herbivores (including
non-ungulates), and increased with herbaceous vegetation height that likely gave
more cover from raptors. Pringle et al. (2010) suggest that, when larger herbivores
are absent, there is reduced competition for resources that leads to higher numbers
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and diversity of rodents in African savannas, rather than less habitat disturbance or
lower exposure to predators. In the boreal forests/subarctic tundra ecosystems in
Finnish Lapland, there was a grazing-induced reduction by reindeer of small mam-
mal abundance (den Herder et al. 2016). Experimental studies in European forests
(in the Wytham Woods, UK) concluded that the negative responses of small
mammal communities to intense deer browsing pressure can be rapidly reversed
by an effective deer control measure (from a peak of 0.4–1.5 to 0.2 deer.ha�1) (Bush
et al. 2012).

12.3.7 Interactions Between Ungulates and Other
Herbivorous Mammals

There is some debate, in the literature, as to whether smaller consumers competi-
tively displace larger ones when resources are limited (Bagchi and Ritchie 2012) or
whether larger size differences between consumers will lead to less intense compe-
tition and more co-existence (Ritchie and Olff 1999). Coexistence of sympatric
ungulates can thus be regulated through competition and facilitation (Arsenault
and Owen-Smith 2002; Gordon and Illius 1989; Latham 1999). Dietary studies of
ungulates, inhabiting the same lowland habitat in Nepal (Wegge et al. 2006),
suggested that the one-horned rhinoceros (Rhinoceros unicornis) facilitated feeding
of smaller swamp deer (Cervus duvauceli) and hog deer (Axis porcinus), during the
growing season, since feeding and trampling by rhinoceros stimulated high-quality
grass. However, the smaller and more selective deer species outcompeted the
rhinoceros, during the dry season, when food was more limited. Cattle grazing
facilitated rabbits (Oryctolagus cuniculus), but not voles (Microtus arvalis), on
floodplain grassland in the Netherlands (Bakker et al. 2009). Hippopotamus (Hip-
popotamus amphibius) grazing created structural vegetation heterogeneity and
nutritious short lawn areas which facilitated subsistence of smaller herbivores
(Kanga et al. 2013; Verweij et al. 2006). Van de Koppel and Prins (1998) further
suggest that the interplay between competition and facilitation of large and smaller
herbivores may drive transitions between grassland and woodland states in African
savanna.

Murray and Illius (2000) found that resource competition between two meso-
herbivores in African savanna (Serengeti, Tanzania) was achieved through the
modification of the quantity and quality of their food sources. Wildebeest graze
grass down to below the level at which topi (Damaliscus lunatus) can access grass;
in turn, the narrower mouthed topi can reduce the leafy component to a level below
that can be tolerated by wildebeest. Cameron and du Toit (2006) found that smaller
foragers displace larger species, such as giraffe (Giraffa camelopardalis), from
shared resources (e.g., giraffe browse high in canopy to avoid competition with
smaller browsers). However, whether ungulates, that share space and resources, will
compete depends on levels of forage production, browser population densities,
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habitat preferences and feeding preferences (Du Toit 1990). In a phenomenon called
apparent competition, rarer ungulate species, that occur sympatrically with ungulate
species that form the main prey of generalist predators, are subjected to
disproportionally higher rates of predation, thereby potentially becoming even
rarer (Johnson et al. 2013; Serrouya et al. 2011; Wittmer et al. 2010). Sound
evidence for competition between ungulates, however, is extremely rare (Prins
2016). Behavioural observations by Bartos et al. (2002) revealed very few interspe-
cific direct competitive interactions among four sympatric Cervids in a Czech forest.

According to the reviews by Prins (2016) and by Schieltz and Rubenstein (2016),
negative effects of livestock grazing on wild ungulates are more prevalent than
positive or neutral responses, but responses do vary by diet type and species.
Foraging site use, food selection, foraging efficiency, health status (e.g., parasite
loads, weight gain or fat stores) and demography of browsing and grazing wild
ungulates were influenced by livestock presence in different situations. Grazers have
been much less studied than browsers or mixed feeders, but several of the grazing
species in Africa show a trend of positive responses with livestock, suggesting
possible facilitation (Augustine et al. 2011; Odadi et al. 2011b), although numbers
of wild ungulates may also be limited by livestock (Prins 2000; Young et al. 2005).
Red deer preferentially grazed areas previously grazed by cattle on the Isle of Rhum,
Scotland, and there were more calves per hind in those areas than in areas that were
not grazed by cattle (Gordon 1988). On the other hand, in the Indian Trans-
Himalaya, bharal (Pseudois nayaur), a grazing caprid, include more browse in
their diet during winter, due to competition from livestock for grasses, resulting in
suppressed fecundity and first-year survival for bharal (Suryawanshi et al. 2010).
The endemic huemul deer (Hippocamelus bisulcus) in Argentina is endangered
because of interspecific competition with domestic sheep for scarce winter resources
(Vila et al. 2009). A recent review (Gordon 2018) suggests that human activities
associated with livestock production (e.g., land use change, removal of predators,
provision of water points) are the major factors affecting the outcome of the
interactions between domestic and wild ungulate species.

There is also evidence of competition between native and introduced deer or
caprid species across the globe, as suggested by their highly overlapping habitat and
dietary requirements and expressed by examples of negative associations (e.g.,
spatial or habitat exclusion, opposing population trends). The widely introduced
fallow deer is particularly effective as a competitor, meanwhile roe deer appear
particularly vulnerable to competition from introduced deer species in Europe
(Dolman and Wäber 2008; Ferretti 2011). Ferretti et al. (2015) found that the use
of grassland by reintroduced red deer affected the quality of pasture for Apennine
chamois (Rupicapra pyrenaica), with negative effects on the latter’s foraging
behavior and kid winter survival. Exotic deer do not always compete with native
deer; Flueck (2010) in his review of interactions between native huemel deer and
exotic red deer in Patagonia, found no evidence for exploitation competition.
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12.4 Synthesis in Terms of Management Implications
and Future Research

High ungulate diversity, with species distributed across body size classes and
feeding guilds, can be directly linked to the heterogeneity of the ecosystems they
occupy, regulated by a multitude of feedback loops between herbivores and plants,
as observed in African savannas (Du Toit and Cumming 1999). Olff et al. (2002)
propose that the highest diversity of large herbivore species should occur in areas of
intermediate moisture and high nutrients because of the response of ungulates of
differing body sizes to plant quality and quantity. In an evolutionary sense, high
diversity of ungulates gives rise to high biodiversity; for instance of predator
diversity (Sinclair et al. 2003) and floristic diversity (Du Toit and Cumming 1999).

However, ungulate effects on other faunal species are extremely variable and
depend on the composition and abundance of species involved, for example, whether
the ungulate species is a native species or replaces the functioning of a native
species, the intactness of the ecosystem (i.e., in structure and function) and the
scale. In certain parts of the world, wild ungulate species (e.g., white-tailed deer in
much of North America), may become a threat to biodiversity if numbers increase
unabated in the absence of predators (Horsley et al. 2003; Russell et al. 2001).
However, grazing and browsing ungulates are essential for maintaining, or
establishing, favourable conditions for various animal species and in the process,
shape faunal assemblages (Gordon 2006; Pastor et al. 2006; Vera et al. 2006) (see
Fig. 12.1).

Fig. 12.1 Summary of the most important direct and indirect effects of ungulates on the diversity of
different faunal taxa. The solid lines sign the mostly positive impact, while the dashed lines show
variable effects on species groups, based on the most common results of the related studies (the
drawings were made by Gergely Schally)
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With such variable effects of ungulates on biodiversity, how can we manage for
maximum biodiversity? Although some literature suggests that a moderate grazing
intensity (i.e., intermediate grazing hypothesis) will maximise animal diversity
(Milchunas et al. 1998; Suominen et al. 2003), this pattern is not always found
(Kruess and Tscharntke 2002; Wardle et al. 2001). Fuhlendorf and Engle (2001)
suggest that heterogeneity is the precursor to biological diversity at most levels of
ecological organisation. For instance, applying variable fire and grazing regimes in
North American grasslands creates greater spatial heterogeneity in vegetation com-
position and structure which leads to greater variability in the grassland bird
community (Fuhlendorf et al. 2006). Thus, management that creates a shifting
mosaic of vegetation composition and structure, using spatially and temporally
discrete disturbances in grasslands, can be a useful tool in conservation. However,
managing for heterogeneity is not only applicable to grasslands; managing within a
heterogeneity paradigm has been widely applied in African protected areas
(Chamaillé-Jammes et al. 2007; Owen-Smith et al. 2006; Parr and Brockett 1999;
Rogers 2003; van Wilgen 2009). The significant influence of habitat management on
ungulate impacts is also an emerging issue in Europe, especially in transition from
even-aged to close-to-nature forest management (e.g., Reimoser and Gossow 1996;
Reimoser 2003; Gerhardt et al. 2013).

The management involved in creating heterogeneity of landscape use of ungu-
lates depends on the nature of the ungulate community. In the Northern Hemisphere
(e.g., Europe, North America) free-ranging wild ungulate populations are common,
and have the potential to heavily graze vegetation or heavily browse the forest
understory, with associated decreases in vegetation and faunal diversity (Gordon
2006, and references therein). As these increases in ungulate populations, in some
areas, are due to the loss of natural predators, predators should either be
reintroduced, or their natural repatriation should be fostered; where this is impossi-
ble, or impractical, anthropogenic hunting should replace the missing predation
process (e.g., hunting for fear, Cromsigt et al. 2013). A widely-known (although
widely contested, e.g., Kauffman et al. 2010, 2013) example here would be the
trophic cascade that resulted after grey wolves (Canis lupus) were reintroduced into
Yellowstone National Park, USA. After the introduction of grey wolf, elk changed
behaviour which appears to have contributed to the recovery of plant species such as
aspen (Populus tremuloides), cottonwoods (Populus spp.) and willows (Salix spp.)
(Ripple and Beschta 2003, 2007, 2012).

In the southern Hemisphere (e.g., Africa) ungulates are often found in fenced
nature reserves and National Parks (Boone and Hobbs 2004). Fences often interrupt
natural migration routes and limit access to water (Boone and Hobbs 2004); hence
artificial water provision often follows the erection of fences (Smit et al. 2007).
Water provision remains one of the most important intervention options available to
managers to manipulate the densities and distribution of ungulates and other wildlife
(Chamaillé-Jammes et al. 2007; Hilbers et al. 2015; Smit et al. 2007; Smit and Grant
2009). Apart from manipulating water provision, variable landscape use of ungulates
can be encouraged through creating gradients of resources through the use of fire
(Allred et al. 2011; Archibald et al. 2005; Archibald and Bond 2004).
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Although livestock are often blamed for ‘overgrazing’, they can be sucessfully
used to recreate processes important for healthy ecosystem functioning, when
wildife is entirely absent, or specific functional types are lacking (Gordon and
Duncan 1988; Gordon 2006). As different domestic species have very divergent
effects on vegetation (e.g., horses keeping some patches of grass short and avoiding
tall grass vs. cattle that graze less discriminately and will include some woody
vegetation into their diet), practices that promote the favorable regulatory ungulate
effects, through ensuring an appropriate range of browsing and grazing pressures,
will lead to maximum biodiversity at all levels. Nevertheless, in most cases heavy
grazing pressure by domestic or wild ungulates are not determined directly and
quantitatively (Mysterud 2006). In order to continuously maintain favorable levels
of different ungulate effects, implementing an adaptive management approach is
recommended. This approach requires that the outcomes of interventions are mon-
itored, with a set of population and environmental indices, which are used to
continually revise the working hypothesis of the interventions (Apollonio et al.
2017).

Globally, rangelands are increasingly becoming invaded by woody vegetation,
possibly due to CO2 fertilization (Bond and Midgley 2000; Buitenwerf et al. 2012;
Kgope et al. 2010; Stevens et al. 2017). The only savannas where this woody
thickening has not taken place, over the last century, are in areas where elephants
are present (Skowno et al. 2017; Stevens et al. 2016). Ungulates interact with mega-
herbivores to limit woody regeneration, but their importance is often underappreci-
ated (O’Kane et al. 2014). Future research should aim to better understand how
mixes of different ungulates, both wild and domestic, can be used to increase the
health of ecosystems, in the face of the ecological challenges of our times (e.g.,
desertification, land desertion, woody encroachment and climate change). Venter
et al. (2017), for instance, suggest that rewilding African rangelands, by using
wildlife and livestock mixes to recreate mid-Holocene herbivory pressure and
diversity, will shift ecosystems from being fire-dominated to herbivore-dominated,
with associated increases in nutrient cycling, nutrient conservation and productivity.
Studies on the joint effects of two, or more, herbivore species on the dynamics of
temperate forests are also particularly relevant today, because of recent range
expansions, and recolonization, by previously extirpated forest ungulates (Faison
et al. 2016). As herbivory becomes a more important process in rewilded ecosys-
tems, research on the interactions of ungulate herbivory and episodic disturbances
(e.g., fire, timber harvesting, insect pests, diseases and drought) (Wisdom et al.
2006), and consequences for biodiversity become increasingly important.
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Chapter 13
Interactions Between Fire and Herbivory:
Current Understanding and Management
Implications

Izak P. J. Smit and Corli Coetsee

13.1 Introduction

Historically, studies on disturbances such as fire and herbivory have primarily
focused on their effects separately. Although many studies continue in this way, it
is increasingly appreciated that the interactive effects of these two processes are
often different to the sum of the separate main effects (Fuhlendorf and Engle 2004).
These interactive effects can be so strong that it has been argued that fire and
herbivory should be viewed as a single disturbance in ecosystems that evolved
with both processes active (Fuhlendorf and Engle 2004, i.e., pyric herbivory after
2001). Furthermore, while the effects of these disturbances were traditionally con-
sidered to be linear and unidirectional, current understanding explicitly highlights
non-linearity, time-lags, possibility of multiple stable-states and several feedbacks
(Archibald and Hempson 2016; Johnson et al. 2018; Rietkerk et al. 1996; Van
Langevelde et al. 2003). This Chapter sets out to illustrate these interactions, and
some feedbacks, typical of systems where both fire and herbivory are present.

Although the interaction between fire and herbivory (hereafter fire� herbivory) is
becoming increasingly well established in the literature, it is a complex topic with
very dynamic interplays with rainfall, soils, herbivore feeding guilds and population
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sizes, and with multiple feedback loops. To complicate matters even further, these
feedbacks are often context-specific and can be either positive or negative. Consid-
ering these complexities, a full review is beyond the scope of this Chapter, and
perhaps even beyond current techniques to aid our comprehension. Instead, we
provide a selection of relevant literature to illustrate concepts and observations
common across many studies. As such, we start by providing a brief overview of
how the paleo-ecological record suggests a long—and continuing—history of inter-
action between fire and herbivory (Sect. 13.2). This is followed by introducing
conceptual models, in order to synthesize how grazing and browsing typically
interact with fire (Sect. 13.3). We illustrate these conceptual models using a selection
of case studies from across the world. This is followed by a discussion on implica-
tions of fire � herbivory, highlighting the importance of considering these processes
together, rather than in isolation (Sect. 13.4). Section 13.5 provides a brief
conclusion.

13.2 A Long and Dynamic History of Fire and Herbivory
Interaction

Reconstructed herbivore and fire spatio-temporal patterns suggest that fire and
herbivory have a long history of interaction spanning thousands of years (e.g., Gill
et al. 2009; Pausas and Keeley 2009). The paleo-ecological record has been partic-
ularly useful in reconstructing these interactions, and various studies have indicated
how decreases in herbivory (using dung fungus spores Sporormiella as proxy; see
also Rowan and Faith Chap. 3) were often associated with periods of increases in
fire frequency (using charcoal as proxy) and with associated changes in vegetation
(using pollen as proxy) (Gill et al. 2009; Robinson et al. 2005). In a recent synthesis,
Johnson et al. (2018) considered 14 studies that have tracked pollen, Sporomiella
spores and charcoal over appropriate times-scales spanning extinctions of mega-
fauna (and arrival of humans). At sites that were initially wooded or forested (but not
where initially grass dominated), large increases in charcoal were observed once
mega-herbivores went extinct, which was frequently followed by changes in vege-
tation. Although it is hard to ascertain whether this inverse relationship, between fire
and herbivory, is causal as other factors can also play a role (e.g., arrival of humans
lighting more fires, climate change, etc.), these patterns nonetheless seem consistent
with prevailing patterns, and provide some circumstantial evidence for fire and
herbivory as competing consumers of vegetation biomass over historical time
frames.

Regardless of the cause(s), extinction of large mammal species has been
documented from many parts of the world including Eurasia, Australia and even,
although to a lesser degree, in Africa (Barnosky et al. 2004; Burney and Flannery
2005; c.f. Rowan and Faith Chap. 3). In North America all animals of >1000 kg,
and over half of those>32 kg, became extinct at the end of the Pleistocene and early
Holocene (Koch and Barnosky 2006). The disappearance of mega-herbivores at the
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end of the Pleistocene gave rise to no-analog, fire-driven plant communities in North
America (Gill et al. 2009). Similarly, Rule et al. (2012) proposed that human-driven
extinction of mega-fauna in Australia triggered replacement of rainforest by
sclerophyll vegetation, as fuel build-up led to increased fire frequency and intensity.
Johnson (2009) proposed, in his review of the ecological consequences of the late
Quaternary mega-faunal extinctions, that vegetation reverted to more dense and
uniform vegetation (c.f. Saarinen Chap. 2), and fire frequency increased due to
accumulating plant material. Bakker et al. (2016) combined paleo-records with data
from modern day herbivore exclosures, and came to a similar conclusion—i.e., high
herbivore density and diversity result in less fires, and more open landscapes
dominated by trees that are light-demanding and less preferred by herbivores. For
much of the Holocene, it seems, therefore, that fire gained a competitive advantage
over herbivory, as anthropogenic ignition frequency increased (Bowman et al.
2011), and native wildlife and mega-herbivores decreased (Johnson et al. 2018).

Although fire appear as the dominant vegetation consumption process during
most of the Holocene (“flammable new worlds” of Johnson 2009), intensive live-
stock farming, in more recent history (~400 years), resulted in fire decreasing again
in some locations, as domestic livestock grazing reduced fire spread (Rius et al.
2009; Valese et al. 2014). Land abandonment, in certain parts of Europe in recent
decades, may have shifted the balance towards fire ascendancy once again, this time
due to changed agricultural practises, including destocking of domestic livestock
(Archibald and Hempson 2016; Ascoli et al. 2009; Chauchard et al. 2007). It,
therefore, remains clear that fire and herbivory remain in dynamic interplay.

In conclusion, there is circumstantial evidence that herbivory (sometimes
interacting with climate and sometimes with anthropogenic management), contrib-
uted to, and interacted with, historic fire regimes, dynamically shaping vegetation
patterns over time (Gill et al. 2009; Robinson et al. 2005; Rule et al. 2012; Williams
et al. 2001).

13.3 Fire�Herbivory and Feedbacks: A Conceptual Model

Since Bond (2005) first suggested that, apart from a resource driven green world
(where climate controls vegetation), the world could also be brown (where herbiv-
ory controls vegetation) or black (where fire controls vegetation), our understanding
of ‘consumer’ controlled systems has greatly increased. Herbivory seems more
likely to dominate in drier, higher nutrient conditions, as opposed to fire, which
often dominates in higher rainfall and lower nutrient conditions (Bond 2005;
Archibald and Hempson 2016). At intermediate conditions, either process may
dominate (Archibald and Hempson 2016; see also later). In a worldwide biogeo-
graphical synthesis, Johnson et al. (2018) concluded that the evidence for vertebrate
herbivores reducing fire regimes, by reducing fuel build-up, was strongest in
environments with intermediate rainfall, warm temperatures and with grass-
dominated ground vegetation.
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In the paragraphs below, and summarised in Fig. 13.1, we propose a conceptual
model, illustrating how (i) vertebrate grazing influences fire behaviour in grassy
systems (typically grasslands; Sect. 13.3.1 and A in Fig. 13.1); (ii) vertebrate
browsing influences fire behaviour in systems where fire spreads by means of
woody vegetation (typically forests/shrubland; Sect. 13.3.2 and B in Fig. 13.1);
and (iii) grazing and browsing can interact to influence fires in mixed tree/grass
systems (typically savannas; Sect. 13.3.3; interaction between A and B in Fig. 13.1).

13.3.1 Fire � Grazing in Grass Dominated Systems

Managed grazing covers more than 25% of the global terrestrial surface, and as such,
is the most dominant land use on earth (Asner et al. 2004). In these grass-dominated
systems (Fig. 13.1, A), grazers and fire are competing for the herbaceous layer.
Increased grazing will typically make the landscape less favourable for fires through
both short- and long-term effects, as well as through changes to the abiotic land-
scape. Short-term effects refer to direct fuel removal, and changes in vertical
structure brought about by herbivores (e.g., Kramer et al. 2003). The long-term
compositional effects are due to the fact that tall, shade-tolerant flammable grasses,
which typically vigorously resprout from stored underground reserves after a fire,

Fig. 13.1 Conceptual model of interactions and feedbacks between fire and herbivory in grazing
(A), browsing (B) and mixed grazing/browsing systems (A + B) (inspired by Fuhlendorf et al. 2009)
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tend to be sensitive to grazing (Archibald et al. 2005; Archibald and Hempson 2016;
Hempson et al. 2015). Where fires, as opposed to grazers, are the dominant con-
sumer, high-biomass, fire-adapted grass species are favoured, and this positive
feedback results in a fire-dominated, often less preferred vegetation system. Inter-
estingly, Leonard et al. (2010) suggest that light grazing of tall, tussock grasslands
may increase fire potential due to animals selectively removing the live shoots
leaving a high proportion of dry and flammable fuel. However, if these tall grasses
are repeatedly defoliated through grazing, they tend to become out-competed by
grazer-tolerant (but shade-intolerant) shorter, mostly stoloniferous, grasses
(Archibald et al. 2005). These grasses are often more nutritious, reinforcing the
grazing feedback (Hempson et al. 2015), and are less flammable due to reduced
aerial cover, culminating in an herbivore-driven system. As such, persistent grazing
not only reduces the fuel biomass in the short-term, but can also, in the longer-term,
switch a system to a less flammable and possibly more nutritious state. As a third,
less studied mechanism of herbivores influencing fires, herbivores can change the
abiotic environment e.g., by creating a myriad of trails or bare patches, or influencing
the litter layer (e.g., burying litter decreases fuel load) (Johnson et al. 2018).

African-wide analysis suggests that grazing will generally be the dominant
consumer of grass for mean annual precipitation (MAP) <600 mm, whilst fire will
typically dominate in areas above this threshold (Archibald and Hempson 2016).
However, the areas with intermediate rainfall, around the threshold (500–800 mm
MAP), can switch between herbivores or fire as dominant consumers (Hirota et al.
2011; Staver et al. 2011; Van Langevelde et al. 2003). In these systems, management
actions, or natural phenomena such as disease, can possibly switch a system from
being dominated by one process to the other. For example, Smit and Archibald
(2019) showed fire frequency decreased once culling of mega-grazers terminated in
the semi-arid savannas of the Kruger National Park, South Africa. The effect was
especially pronounced in areas close to rivers, where grazing intensity is higher, and
in lower rainfall areas where productivity is lower. Similarly, Waldram et al. (2008)
showed that the removal of white rhinoceros (Ceratotherium simum), in a southern
African mesic savanna, increased fuel loads and continuity, which resulted in larger,
less patchy fires. In the Serengeti, rinderpest reduced wildebeest (Connochaetes
taurinus) numbers resulting in a system that burned frequently, but once the wilde-
beest numbers recovered, annual fire extent halved (Dublin et al. 1990; Holdo
et al. 2009).

Not all herbivory effects are similar, and herbivore traits (e.g., size and feeding
guild) may influence the resulting herbaceous dynamics. For example, work from
semi-arid southern African and north American savannas, has shown complicated
interactions between fire and herbivory, and how this translates to herbaceous
species composition and richness (Burkepile et al. 2013, 2016, 2017; Burns et al.
2009; Eby et al. 2014; Koerner et al. 2014). The magnitude and direction of effects
on herbaceous species depended in the diversity of herbivores present (single
vs. multiple), the suite of herbivores, the burning regime and the productivity of
the site. For instance, at the southern African site, annually burnt areas attracted a
diverse suite of herbivores; exclusion of larger herbivores (e.g., elephant, Loxodonta

13 Interactions Between Fire and Herbivory: Current Understanding and. . . 305



africana, zebra, Equus quagga, blue wildebeest, Connochaetes taurinus) increased
plant abundance and cover, but not plant diversity, while excluding smaller
(e.g., impala, Aepyceros melampus, warthog, Phacochoerus africanus, steenbok,
Raphicerus campestris) as well as large species led to declines in plant diversity
(Burkepile et al. 2016). On triennial burns, herbivore exclusion had no effect on
plant richness or diversity (or cover), which could be attributed to little competitive
exclusion due to the intermediate fire disturbance. Areas where fires were excluded
attracted the least diverse suite of herbivores, but herbivore exclusion led to herba-
ceous competitive exclusion with reductions in plant richness and diversity, via
increases in plant dominance and light limitation. In contrast, fire may affect
herbivore species composition; Klop and Prins (2008), in their West African
focussed review of how ungulate diversity and composition are affected by fire,
climate and soil, showed highest grazing (but not browsing) ungulate species
richness at intermediate fire frequencies.

In conclusion, high levels of grazing can reduce grass biomass and change the
grass layer structure and composition, resulting in patches or landscapes with
reduced flammability, with feedbacks to fire and grazing behaviour. There are,
however, also some studies that have noted the opposite effect, e.g., Williamson
et al. (2014) suggested that cattle grazing in the Australian Alps may have slightly
increased fire severity, because more flammable woody shrubs have increased at the
expense of grass under sustained grazing regimes.

13.3.2 Fire � Browsing Interaction in Woody Systems
(Forests and Shrublands)

Browsers consume a relatively small fraction of net primary productivity in forests
and shrublands (Hobbs 1996), and as such their direct effect on fuel accumulation,
and hence fire behaviour, are limited as compared to grazers. Nonetheless, browsers
can influence fire behaviour in woody systems, like forests and shrublands, either
directly or indirectly (B in Fig. 13.1).

Browsing can influence fire patterns directly through reducing fuel loads and
altering the vertical structure of vegetation. This process is very well documented
in the Mediterranean where land abandonment, and the cessation of livestock
farming, have led to a recovery of the fire-prone maquis vegetation with associated
increases in fire risk (Lasanta et al. 2006). For example, Alberes cattle consume a
high proportion of the most combustible species in Mediterranean scrublands
(i.e., Ericaceous species), which reduces the forest fire hazard (Bartolomé et al.
2011). Similarly, Payoya goats (Capra aegagrus hircus) reduce the phytovolume of
easily combustible undergrowth in pine forests in Spain, thereby reducing fire risk
(Mancilla-Leytón et al. 2013). Browsers can also influence the vertical structure of
fuel in forests, by decreasing the “bridging” fuels that may influence whether or not
surface fires spread to crown fires (Hobbs 1996).
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In turn, fire regimes have consequences for herbivores. Some work has shown
that both browsing and grazing ungulates prefer to consume vegetation immediately
post-fire (Cherry et al. 2018; Leverkus et al. 2018; Sachro et al. 2005; Vinton et al.
1993). Frequent fire may decrease concentrations of tannins and polyphenols mak-
ing forage more digestible (e.g., Ferwerda et al. 2006), whilst in other systems fire
suppression may decrease the forage quality for ungulates (Allred et al. 2011;
Carlson et al. 1993; Fischer and Bradley 1987). For instance, fire suppression has
led to the decline of Key deer (Odocoileus virginianus clavium), a subspecies of
white-tailed deer restricted to the lower Florida Keys, as the pine community that the
deer depends on has been negatively affected by a lack of recurrent fire (Carlson
et al. 1993). However, frequent fire may also decrease nutritional value of vegeta-
tion; for instance, Ferwerda et al. (2006) have shown that frequent fire decreases
nitrogen levels in mopane (Colophospermum mopane) woodlands in southern
Africa. Season of fire can also influence the plant growth form and nutritional
value. Griffin and Friedel (1984) found that winter fires maintained or increased
pasture plants preferred by cattle, whereas summer fires decreased the grass compo-
nent whilst increasing the non-preferred forb component.

Browsing can also indirectly influence fire patterns through restoration dynamics
and post-fire vegetation succession. For example, browsers can retard regeneration
of forests after fires, with very high consumption rates of emerging woody resprouts
after burns, which can result in reduced forest recovery, and hence reduced fire
frequency and intensity (Hobbs 1996). Fire suppression on the one hand, with heavy
browsing pressure by ungulates on the other, has drastically altered species domi-
nance and associated ecosystem function in North American deciduous forests
(Brose et al. 2001; McEwan et al. 2011). For instance, the interaction between fire
and appropriate levels of herbivory is important for the regeneration of aspen
(Populus tremuloides) (Bailey and Whitham 2002; Krasnow and Stephens 2015).
Work from Coconino National Forest, northern Arizona, USA, has shown that
without elk (Cervus elaphus), aspen regenerates vigorously via asexual reproduction
when intensely burned. However, when elk is present, they browse aspen ramets
more intensely, in high-severity than in intermediate-severity burns, with the sum
effect of reduced regeneration in high-severity burns. Royo et al. (2010) showed in
eastern North American deciduous forests that white-tailed deer (Odocoileus
virginianus), at moderate levels of abundance—as opposed to very high abun-
dance—promote herbaceous richness (i.e., forbs) and abundance, by preferentially
browsing fast growing pioneer species that thrive following co-occurring distur-
bances (i.e., fire and gaps). Similarly, Nuttle et al. (2013) found that woody diversity
is higher under low browsing pressure of fire sites and forest gaps, but once browsing
increases, these disturbances that are supposed to lead to increased woody diversity,
actually lead to a decline in diversity, or are less effective in creating diversity.

Post-fire browsing selectivity can also influence competitive outcomes between
plant species, which can subsequently influence flammability. For example, fire
increased local browsing intensity and amplified per-unit effect of herbivores in an
Australian Eucalypt forest, resulting in heavy browsing that created an understorey
dominated by a less preferred, fire-resistant fern that suppresses the establishment
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of other plants, creating a state that is hard to reverse (Foster et al. 2015). In other
landscapes, the opposite has been observed, where herbivory increased flammabil-
ity. For example, cattle and European hare (Lepus europaeus), two exotic and
widespread herbivores in Patagonia, inhibit forest recovery after fire, and favour a
transition to a more flammable shrubland (Raffaele et al. 2011).

In conclusion, direct effects of fire � browsing interactions include changed fuel
accumulation and vertical fuel structure, whilst indirect effects are often by means of
herbivory influencing competitive effects in vegetation successional processes,
influencing forest regeneration trajectories post-fire with implications for flamma-
bility of the system.

13.3.3 Grazing and Browsing Interaction with Fire
in Savanna Systems

Heterogeneous tree/grass systems span a range of conditions from open grassy areas,
dominated by grazers and often associated with higher fire frequency, to dense areas,
typically with limited fire due to lower grass biomass, dominated by browsers (Klop
and Prins 2008; Smit and Prins 2015). The mixture of trees and grasses means that
the grazing processes described in the grassland systems (A in Fig. 13.1) and the
browsing processes in forests/shrublands (B in Fig. 13.1) will interact, and have
feedbacks across the grassy/grazer and woody/browser interfaces. There are various
pathways in which grazing and browsing can interact to influence herbaceous and
woody dynamics, and hence fire behaviour in mixed tree/grass systems.

Figure 13.2 (adapted from Van Langevelde et al. 2003) shows one, arguably
over-simplified, scenario of how grazing and browsing may influence each other
through direct and indirect effects on the fire regime. Firstly, if the level of grazing is
high enough to reduce herbaceous biomass resulting in decreased fire frequency and
intensity, this may favour woody vegetation through increased woody recruitment,
allowing woody individuals to establish and grow tall enough to survive subsequent
fires (escaping the “fire-trap”). Furthermore, reduced grass biomass will also reduce
grass competition with trees (van der Waal et al. 2011a, b), allowing woody
vegetation a competitive advantage (February et al. 2013). These processes result
in higher woody cover, which may subsequently favour browsers. However, grazers
may also reduce woody vegetation through trampling, exposing seedlings to brows-
ing, and accidental, or even selective, ingestion of seedlings. Conversely, increased
levels of browsing may reduce woody vegetation recruitment (Augustine and
McNaughton 2004; Prins and Van der Jeugd 1993; Staver et al. 2009), and the
cover of mature trees (Buechner and Dawkins 1961). Additionally, browsing can
also indirectly influence surface fires, either through increasing fires by reducing the
competitive effects of trees on grass (February et al. 2013), or increasing fires by
decreasing tree clustering (tree clustering decreases fires by decreasing fuel load
below trees according to Groen et al. 2008). The feedback between fire and browsers
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is complex, as increased fire frequency and intensity may reduce the total amount of
forage available for browsers, but at the same time, browsers may be advantaged by
fire maintaining browse within the browse height (Carlson et al. 1993). Mixed
feeders, like elephants and impala, are also interesting to consider as that they can
switch between grazing and browsing, and hence their feedback to fire can be either
positive or negative. The combined effect of fire and elephants are a lethal combi-
nation for trees (Midgley et al. 2010; Shannon et al. 2011; Vanak et al. 2012), and
some studies have argued that elephants are a net facilitator of fire, through removal
of woody cover, favouring grass production and hence fire (Buechner and Dawkins
1961). However, a recent study has shown that increasing elephant density was
associated with decreased fire frequency (Smit and Archibald 2019), likely due to
elephants consuming and trampling large quantities of grass (Beekman and Prins
1989; Codron et al. 2006).

It is clear, from the above, that grazers, browsers and mixed feeders can influence
fire, and hence savanna vegetation patterns, in complex ways through both positive
and negative feedbacks. However, in general, it is agreed that large grazers affect
fuel loads, and hence fire regimes, more than browsers (Johnson et al. 2018).
Lehmann et al. (2011) suggest that if it was not for herbivory, the extent of denser
woodland would have been much wider in lieu of more open African savannas. This

Fig. 13.2 Interaction and possible feedbacks between browsing and grazing herbivores, vegetation
and fire (adapted from van Langevelde et al. 2003). Artwork by C. Coetsee
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is amply evidenced in long-term herbivory exclosures, in countries such as Kenya
(Western and Maitumo 2004; Young et al. 1997) and South Africa (Asner et al.
2009; Levick et al. 2009; Wigley et al. 2014). Correspondingly, Doughty et al.
(2016) proposed that South American savannas would be more similar to open
African savannas had the many native mixed- and browsing mega-herbivores not
gone extinct.

In conclusion, in mixed tree/grass and grazer/browser systems, increased grazing
pressure can reduce fire frequency and intensity directly through fuel removal and
compositional and structural changes to the herbaceous layer. Increased browsing
may increase fire indirectly through reducing woody recruitment and decreasing the
competitive effect of trees on grasses. However, there may also be other feedbacks
working in opposing directions, and it is sometimes hard to ascertain the net effect.
For example, grazing can also possibly reduce woody vegetation seedling establish-
ment as a result of trampling, exposing seedlings to browsers (Pachzelt et al. 2015),
and ingestion of seedlings. Also, grazing may lead to the formation of grazing lawns
with preferred species, which may further favour grazers (Grant et al. 2019;
Hempson et al. 2015; Venter et al. 2017), even though the total standing grass
biomass may be reduced. Tall bunch grass areas may, however, remain important for
some species, as well as being essential during drought periods when other grazing
resources are depleted (Staver et al. 2019). Lastly, increased fires may provide some
benefit to browsers, as resprouting from the base of the tree after aboveground parts
are killed by fire (topkill), may increase the available browse within browse height.

13.3.4 Ecosystem Pattern and Process

Fire � herbivory will, through its influence on herbaceous and woody dynamics,
influence ecosystem patterns and process, including biodiversity (bottom box in
Fig. 13.1). Studies on various taxonomic groups have shown that fire and herbivory
interaction can have species-specific positive or negative effects, with some species
seemingly unaffected. For example, greater spatial heterogeneity, resulting from
pyric herbivory, increases bird diversity and stability over time in tallgrass prairie
(Hovick et al. 2015). Similarly, while different fire severity regimes had no effect on
arthropod richness and abundance in north American aspen forest, intermediate-
severity fire, combined with moderate elk herbivory, resulted in higher richness and
abundance of arthropods, whilst severe fire and intense herbivory resulted in
decreases (Bailey and Whitham 2002). However, the interaction between fire and
herbivory does not always have consequences for biodiversity; for instance butterfly
species richness seemingly does not respond to pyric herbivory in north American
grasslands (Moranz et al. 2012).

We argue that the ecosystem patterns and processes, that are influenced through
fire � herbivory, will also exert influence on grazing and browsing behaviour
through various feedbacks. For example, it has been shown in African savannas
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that grazers may, at night, actively select more open and more frequently burned
landscapes in order to lower their predation risk (Burkepile et al. 2013). As such, the
spatio-temporal behaviour of herbivores is not only influenced by the availability of
forage and water, but also the risk of foraging as influenced by their visibility as
related to woody cover and grass structure, and the associated predation risk
(“landscape of fear”). This can possibly have further trophic cascading effects, as
herbivores can redistribute nutrients due to where they spend time as a result of
avoiding areas of higher predation risk (Le Roux et al. 2018). In another study, Feng
et al. (2012) showed how predation of moose (Alces alces) by grey wolf (Canus
lupus) influences the flammability of a system. In the absence of wolves, moose
numbers increase, and they selectively browse low-toxicity deciduous woody plants,
thereby speeding succession towards high toxicity evergreens, such as spruce,
culminating in increased overall landscape flammability. An example from
Australia illustrates how the removal of an exotic predator, in the absence of any
native predators, resulted in high abundance of native wallabies (Wallabia bicolor)
in Booderee National Park, which may inhibit the successful recruitment of many
plant species after fire-induced recruitment events (Dexter et al. 2013). As such, the
complex interplay between fire, grazers, browsers and ecosystem processes, such as
predation, are all interrelated, with various positive and negative feedbacks operating
at a range of spatio-temporal scales, influencing vegetation dynamics and
biodiversity.

13.3.5 Strength of Fire � Herbivore as Function of Size
of Fire

The size of fires seems to be important for how both grazers and browsers subse-
quently influence fire behaviour (Archibald 2008; Archibald et al. 2005; Donaldson
et al. 2018). In general, localised herbivore density, and hence their effect on fire
behaviour, is higher in smaller resprouting grass/woody patches, as compared to
large burnt areas where herbivory is less concentrated. For example, if relatively
small areas in forests or shrublands burn, browsers may have a bigger concentration
effect on the resulting post-fire fuel complexes (Hobbs 1996). Furthermore, with
small fires, herbivores can possibly influence the successional trajectory by targeting
preferred plant species—in contrast, for large fires, many preferred plant species will
have the opportunity to escape herbivory, which may influence the ultimate flam-
mability of the post-burn area. For example, large fires tend to disperse deer and
cattle, but not elk, which results in positive effects on aspen regeneration and
recruitment (Wan et al. 2014). Similarly, Donaldson et al. (2018) found that fires,
less than 25 ha, attracted sufficient grazing herbivores in the Kruger National Park,
South Africa, to shorten grass height, and to initiate positive feedbacks and maintain
grazing lawns after only two seasons of burning, ultimately excluding repeat fires on
those patches in the third year.
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13.4 Management

From the conceptual models discussed above, as well as the wealth of studies, of
which only some could be included here, it is clear that fire and herbivory need to be
considered jointly by the managers of fire-prone landscapes (Smit and Archibald
2019). Management practices will depend on the objective(s) of the land manager,
e.g., curbing bush encroachment, increasing land productivity, increasing biodiver-
sity, increasing system resilience, reducing fire risk, etc. Various management tools
such as (i) rewilding (reintroducing locally extinct fauna); (ii) mimicking historical
fire and herbivory regimes through prescribed burning, livestock herbivory and
mowing; and (iii) spatio-temporal manipulation of fire and herbivory, are increas-
ingly employed in order to manipulate or restore fire and herbivory interactions, and
to achieve specific objectives (Allred et al. 2014; Leverkus et al. 2018; Limb et al.
2011).

Rewilding, i.e., reintroducing locally extinct fauna or fauna that can fulfil the
function of extinct fauna, is seen as a way to restore trophic processes and has been
proposed as a potential way to reduce fires (Johnson et al. 2018). Venter et al. (2017)
propose that the rewilding of African rangelands, with mid-Holocene herbivory
pressure and diversity, may decrease the importance of fire and enhance nutrient
cycling, conserve soil nutrient pools and benefit productivity. This will ultimately
change African rangelands from a fire-dominated to an herbivore-dominated state
(see also Holdo et al. 2009; Smit and Archibald 2019). Similarly, Johnson et al.
(2018) argue that rewilding Australia, with medium-sized marsupials and rodents
that dig for food and, in the process, mix litter with top soil, could reduce fire risk and
at the same time also increase soil condition.

Where it is impractical to have natural fire and herbivory regimes, or to undertake
rewilding, for example in small reserves or agricultural settings, management could
aim to mimic these processes. This may include prescribed burning and herbivory
by domestic ungulates, or even defoliating grass through mowing. Although domes-
tic herbivores can, in some cases, be used as a substitute for native herbivores
(e.g., cattle for bison; Doughty et al. 2010), in other cases livestock represent a
different suite of functional traits from the original herbivore community (Archibald
and Hempson 2016), which may lead to unintended cascading effects, e.g.,
decreases in soil carbon storage when livestock replaces native wildlife (Bagchi
and Ritchie 2010).

Woody thickening is a major concern in many grassy systems worldwide
(Saintilan and Rogers 2015 and references therein). Woody encroachment is impor-
tant as it influences agricultural productivity (e.g., Anadón et al. 2014), as well as
biodiversity (Smit and Prins 2015; Stanton et al. 2018). Various studies have shown
that both fire and browsing are required to suppress woody vegetation, as an initial
fire will reduce the vegetation height (top-kill), but follow-up browsing is important
to slow browse plants’ recruitment and growth and to keep plants within browse
heights (Staver et al. 2009).
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There is indirect evidence that agricultural practises, such as livestock grazing
and mowing, have made possible the continued existence of many species threatened
by the reduction in native herbivores by humans (Pykälä 2000). As partial surro-
gates, traditional livestock grazing and mowing have obscured the importance of
natural disturbances to European biodiversity. Thus, the end of traditional animal
husbandry, together with the suppression of natural disturbances, may cause even
more adverse effects to biodiversity than is generally recognized (Pykälä 2000). Due
to farm abandonment, and replacement with other land uses (e.g., forestry), destruc-
tive fires have increased—here rewilding has also been proposed as a solution
(Dubinin et al. 2011; Navarro and Pereira 2015). In other areas, where native
herbivores and livestock have disappeared, management fires are used to reduce
fuel build up, and to reduce woody encroachment. However, this practise, of
applying fire in isolation of herbivory, in order to reduce fuels, is arguably inappro-
priate, and may compromise long-term sustainability of the system (e.g., reduced
soil fertility with increased fire; San Emeterio et al. 2016). Furthermore, fires may
not be that effective for curbing shrub/bush encroachment, as fire, without guided
herbivory, has proved largely ineffective in controlling shrub encroachment (Ascoli
et al. 2013; Garbarino et al. 2013). As such, managers in places like southern Europe,
are increasingly cognisant of the interactive effects of fire and herbivory, and are
incorporating livestock grazing and browsing into fire prevention activities. It is
argued that this reduces both the fuel loads, and the high cost of mechanical
clearance of encroaching shrubs (Leytón and Vicente 2012; Mena et al. 2016; Varela
et al. 2018).

Recent work in grasslands has promoted the idea that sequential positive and
negative feedbacks between fire and grazing cause a shifting mosaic of disturbance
patches in various post-fire and grazing-intensity successional stages across the
landscape (e.g., Fuhlendorf and Engle 2004). These mosaics differ, inter alia, in
nutritional and flammability qualities, and the resultant heterogenous landscape
is argued to have high overall biodiversity and productivity (Engle et al. 2008;
Fuhlendorf et al. 2006, 2009; Fuhlendorf and Engle 2001; Krook et al. 2007;
Fynn et al. Chap. 14). Properly planned management fires can manipulate both
herbivore and fire outcomes. For example, in the Kruger National Park,
South Africa, an experiment was conducted to see whether a fire-driven, tallgrass
system can, at least on a small spatial and temporal scale, be converted to a short
grass, herbivore-driven system (Donaldson et al. 2018). This was successfully
achieved by creating small fires, and ensuring the absence of large landscape fires
in the surrounding region. These small fires attracted native grazers, which after
2 years of fire application, resulted in grazing lawns forming, excluding further fires.
In another study (Allred et al. 2014), it was shown that spatial heterogeneity, created
through patchy burning in the Great Plains grasslands, ensured stable livestock
production through time as productivity was not related to precipitation, as opposed
to livestock productivity decreasing with reduced rain when heterogeneity was
absent (see also Fynn et al. Chap. 14). Research on East African savannas has
shown that prescribed burning enhances cattle nutrition, but not when cattle shared
grazing with native meso-herbivores (Odadi et al. 2017). However, a mosaic of
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burned and unburned areas, minimise fire-driven negative interactions between
cattle and native meso-herbivores as cattle can use unburned refuge areas and
burns draw wildlife away from important cattle foraging areas.

13.5 Conclusion

Herbivores can influence fire regimes directly through removal of fuels or indirectly
through changing fuel structure, species composition (with different flammability
characteristics), successional trajectories, or the creation of bare patches. Similarly,
fires can influence herbivores by attracting them to recently burned areas. Fire and
herbivory, or the lack thereof, are therefore, both drivers of, and responders to, each
other, often through complex feedbacks. Generally, in systems where fires spread
through grass fuels, an increase in herbivory will result in reduced fire frequency and
intensity. The effect of herbivory is more variable in systems where fires spread
through woody biomass, and this is mostly through indirect effects on species
composition, which may ultimately alter the flammability. Considering the interac-
tion and feedbacks between fire and herbivory, management should consider these
processes simultaneously, in order to address specific concerns, e.g., reducing fire
risk or curbing woody thickening. Actions like rewilding, and mimicking or manip-
ulating fire and herbivore spatio-temporal patterns, may be important to achieve
these outcomes.
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Chapter 14
Managing Browsing and Grazing Ungulates

Richard W. S. Fynn, David J. Augustine, and Samuel D. Fuhlendorf

14.1 Introduction

Browsing and grazing ungulates comprise a diverse guild of herbivores, including
domestic species such as goats (Capra aegagrus), sheep (Ovis aries), cattle (Bos
taurus), donkeys (Equus africanus), horses (Equus ferus) and camels (Camelus spp.)
and wild species, such as cervids (deer, moose), equids (zebra, wild horses), and
bovids (wildebeest, impala, buffalo, bison, etc.). They occur across most of the
earth’s landscapes from intensively managed, planted pasture systems to extensive
pastoral transhumance systems, and sedentary and migratory wildlife systems with
little or no management (Fig. 14.1). The current distribution of individual ungulate
species depends upon their historical range, prevailing environmental conditions,
human population densities and associated socio-economic factors, as well as the
objectives of management, such as biodiversity conservation, tourism, subsistence,
commercial livestock products and game ranching (Gordon et al. 2004).

Domestic ungulate species play a major role in food production and the econo-
mies of most of the cultures of the world, yielding around 20% of the world’s total
food production (FAO 2013). Similarly, the livelihoods of millions of rural people
are dependent upon livestock that range from subsistence systems to commercial
ranching operations in developed countries. Across the globe wild ungulates such as
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elephant (Loxodonta africana and Elephas maximus), wildebeest (Connochaetes
taurinus), buffalo (Syncerus caffer), bison (Bison bison), elk (Cervus elaphus) and
caribou (Rangifer tarandus) are important for tourism-based economies in many
regions, including providing a prey base supporting iconic predators such as lion
(Panthera leo), leopard (Panthera pardus), tiger (Panthera tigris) and grey wolf
(Canis lupus). For example, wildlife tourism in Botswana contributed 11% to GDP
in 2016 (WTTC 2017), in a country with a large beef industry as well as being the
world’s largest exporter of diamonds. Tourism in Tanzania is driven largely by its
world-renowned wildlife, and is now the nation’s leading economic sector, contrib-
uting 14% to GDP in 2014 (WTTC 2015). Yellowstone National Park, in the USA,
attracted over 4.25 million visitors in 2016 (US National Park Service 2017). Apart
from their economic importance, ungulates make up a large proportion of large
mammal biodiversity and play an important role in shaping plant communities and
ecosystem processes (Frank et al. 1998; Augustine et al. 2003; Augustine and
McNaughton 2006; Fornara and Du Toit 2007; Mishra et al. Chap. 7). Their
mobility requires conserving vast tracts of land, which is important for overall
biodiversity conservation.

Having established the importance of browsing and grazing ungulates for liveli-
hoods of people, and for biodiversity conservation, over a wide range of systems,
from intensively-managed livestock systems to extensive migratory wildlife sys-
tems, and from arctic tundra to tropical savannas, an important question is whether
there are some general concepts, and principles, that apply globally to their man-
agement? Here, we examine several concepts related to the ecology and productivity
of ungulate populations and apply these concepts to their management. Central to the
focus of this Chapter is the foundational role of resource heterogeneity in supporting
ungulate populations, wild or domestic. The importance of resource heterogeneity
for maintaining biodiversity, ecosystem processes and the productivity and stability
of ungulate populations, is now well recognised (Illius and O’Connor 2000; Owen-
Smith 2002, 2004; Augustine et al. 2003; Augustine and McNaughton 2006; Hobbs
et al. 2008; Fuhlendorf et al. 2009, 2017; Fynn et al. 2015, 2016). In this Chapter we
discuss the functional aspects of resource heterogeneity for ungulates, how this
heterogeneity is distributed on ecological gradients, and temporally by disturbance,
and the implications for management, at various scales.

14.2 Key Concepts Needed for the Management
of Browsing and Grazing Ungulates

Ungulates require a balanced diet of energy, protein and minerals, which is rarely
achievable at one given location (Prins and van Langevelde 2008). Moreover,
overall intake requirements, and the components of a balanced diet, are not constant
but vary seasonally with increasing demands for energy, protein and different
minerals to support pregnancy and lactation (Murray 1995; Owen-Smith 2004;
Prins and van Langevelde 2008). In addition, the quantity and quality of forage
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varies over both space and time, and is closely linked to the density and distribution
of ungulates. For example, large declines in available plant biomass, and its protein
and energy content, over the dry or winter seasons, often lead to deficits in nutrient
intake relative to maintenance requirements (Ellis and Swift 1988; Prins 1996; Frank
et al. 1998; Owen-Smith 2008; Parker et al. 2009). All systems can experience
periodic droughts or other forms of extreme weather events that, depending on the
duration and on ungulate densities, can result in acute deficits in nutrient intake
relative to maintenance requirements, leading to mortality and population collapses;
these are, however, most common in arid and semi-arid regions (Walker et al. 1987;
Ellis and Swift 1988).

In this Section, we provide a brief review of how heterogeneity of functionally-
different resources enables ungulates to adapt to seasonally varying physiological
and biophysical constraints on meeting nutrient intake requirements. We also review
how herbivory may interact with heterogeneity to promote biodiversity.

14.2.1 Inherent and Induced Sources of Functional Resource
Heterogeneity for Ungulates

Functional resource heterogeneity refers to spatiotemporal variability in forage
resources, whereby different patches in the landscape vary in their probability of
meeting the specific nutritional needs of a grazing or browsing ungulate over time
(between seasons or years). The functional nature of forage resources may be
characterized by spatial or temporal differences in the biomass, structure/height,
phenology, species composition and nutrient or chemical properties of forage. These
differences may be driven by soil, geological, mean annual rainfall or hydrological
variation fixed in space (inherent heterogeneity), or by patchy effects of rainfall,
fire or grazing across space and time (induced heterogeneity). Inherent forms of
functional heterogeneity are generally associated with ecological gradients arising
from topographic, edaphic, and climatic variability, at various scales—including
regional—or landscape-scale variation in soil moisture/salinity, across rainfall or
flooding gradients (Bell 1970; McNaughton and Banyikwa 1995; Hopcraft et al.
2010; Fynn et al. 2015; Raynor et al. 2017), or altitudinal/temperature gradients in
North America (Festa-Bianchet 1988; Frank et al. 1998), Fennoscandia (Albon and
Langvatn 1992; Marell et al. 2006) and Asia (Omer et al. 2006). High-quality
forages, supporting ungulate growth and reproduction, are mainly found, seasonally,
in the less productive regions of ecological gradients, such as low-rainfall, saline
regions and uplands, where grasses are shorter and more digestible, and support
higher concentrations of minerals for pregnant and lactating animals (e.g., Murray
1995; Grant and Scholes 2006; Fynn et al. 2014). A key point is that important
minerals, such as Ca, Na and P, are not at sufficient concentrations in forage across
the broad landscape so animals must find specific sites where the concentration of
these minerals is elevated (Murray 1995; Prins and van Langevelde 2008). This
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results in the migration of some species of ungulates to extensive saline regions at a
regional scale (Murray 1995; Fynn et al. 2014), or movement on landscape catena’s
to saline patches (sodic sites) at a landscape scale (Grant and Scholes 2006).

More reliable dry/winter season forages are usually found in more productive
regions of the gradient, such as lowlands, high rainfall areas and wetlands (Frank
et al. 1998; Hopcraft et al. 2010; Fynn et al. 2015). Importantly, wetlands and high
rainfall regions can provide green forage during the dry season when most land-
scapes support only dry, low-quality forage (Prins 1996; Hopcraft et al. 2010;
Fynn et al. 2015). Thus, meeting maintenance requirements during resource-limited
seasons, or extreme climatic events, requires access to forage resources in these more
productive habitats (wetlands, lowlands and high-rainfall regions), that maintain
adequate quantity and quality (Prins 1996; Owen-Smith 2002; Hopcraft et al.
2010; Fynn et al. 2015). When these areas are discrete, within the landscape, they
are commonly known as reserve and key/buffer resources (Prins 1996; Illius and
O’Connor 2000; Owen-Smith 2002; Hopcraft et al. 2010), and can be essential for
reducing the rate of use of body stores and preventing mortality (Illius and O’Connor
2000; Owen-Smith 2002; Hopcraft et al. 2010). To summarize the salient points of
the discourse so far, it appears that, in contrast to the commonly-held view of key
resources being limited to dry season reserves of forage (Illius and O’Connor 2000),
that there are two distinctly-different kinds of key resources, each acting on different
demographic parameters: (1) high-quality wet season key resources, supporting
animal growth and reproduction; and (2) adequate-quality dry season key resources,
minimizing weight loss and mortality (see Selebatso et al. 2018).

Apart from functional heterogeneity being distributed in fixed locations across
ecological gradients (inherent), it may also occur as transient (induced) heterogene-
ity through stochastic, patchy rainfall or fire events that stimulate growth of fresh,
high-quality green forage, actively sought out by various ungulate species
(Verlinden and Masogo 1997; Frank et al. 1998; Fryxell et al. 2005; Fuhlendorf
et al. 2009; Sensenig et al. 2010; Mueller et al. 2011; Raynor et al. 2017). In addition,
grazing and browsing by ungulates may remove older, low-quality grass or browse
and stimulate fresh high-quality regrowth (Vesey-FitzGerald 1960; Fornara and du
Toit 2007; Odadi et al. 2011), thereby increasing subsequent forage quality, and the
weight gain of ungulates (Gordon 1988; Odadi et al. 2011). In some situations,
ungulate foraging may even create grazing or browsing lawns supporting higher
quality leafy forage (Augustine and McNaughton 2006; Verweij et al. 2006; Fornara
and du Toit 2007; Anderson et al. 2010), where growth of new forage may be
stimulated relative to ungrazed or unbrowsed areas (McNaughton 1985; Fynn et al.
2017; Fornara and du Toit 2007).

Functional heterogeneity of resources may also be facilitated by the diversity of
plants in a landscape or the same patch. DNA metabarcoding has revealed a wide
range of plant species, and a high diversity of taxonomically similar plants
(e.g., grasses), in the diets of a wide range of ungulates (Kartzinel et al. 2015),
indicating that ungulates rely on a varied diet to meet their daily nutritional require-
ments, among other needs (see Prins and van Langevelde 2008). A critical point,
rarely recognised in the foraging ecology of ungulates, nor in optimal foraging
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theory, is that ungulates may select a diversity of plant species, not only for energy
gain or for nutritional purposes, but also, for medicinal purposes. For example,
different plant species may contain different macro- and micronutrients needed for
specific physiological processes, or contain chemical compounds with anti-parasite
properties (Lange et al. 2006; Shaik et al. 2006; Moreno et al. 2012; Mengistu et al.
2017). In addition, intake of forage may be stimulated by consumption of plant
chemical compounds counteracting toxins in forage that retard intake; some plant
species may contain compounds that nullify the effect of specific toxins (Provenza
et al. 2003), or by foraging on different plant species, each containing different
toxins that are complementary, a ungulate may obtain greater overall intake than by
foraging on only one species containing only one of the toxins but which has a
detrimental effect at higher doses (Provenza et al. 2003). Thus exposure of livestock
to a greater diversity of plants has been shown to increase intake and stimulate milk
production (Meuret and Dumont 1999; Provenza et al. 2003; Agreil et al. 2006).

Different plant species also allow diet breadth expansion over the annual cycle, as
an adaptive foraging mechanism, to seasonal variation in the quantity and quality of
individual plant species (Owen-Smith 2002). For example, grazers and browsers
may shift their diets between different plant species, which meet different metabolic
and nutritional needs, over the day’s foraging activities, and over the annual cycle
(Agreil et al. 2006; Owen-Smith 2002). The mechanistic basis for these diets shifts
by browsers or grazers, over the annual cycle, is best understood by translating
plant species-level selections into functionally different resource types, known as
generic functional resources (Owen-Smith 2002). A combination of restricted intake,
high-quality and staple functional resources are critical for animal growth and
reproduction, while reserve, bridging and buffer functional resources help to main-
tain intake during the dry season, and may prevent population collapse during
droughts (Owen-Smith 2002). For example, African buffalo were observed, during
the dry season in Lake Manyara National Park, to increase protein intake by foraging
on short, high-quality, Cynodon dactylon, lawns around the lake (restricted intake
resource), but required taller sedge grasslands (reserve resource) to meet their overall
intake requirements (Prins 1996).

Heterogeneity in forage resources, at landscape and regional scales, plays a
crucial role in creating adaptive foraging options for ungulates over the seasonal
cycle, and is a key consideration for how management actions influence the role of
ungulates, and their productivity within the system (Fig. 14.1). A critical factor
influencing ungulate access to inherent and induced forms of heterogeneity (adaptive
foraging options), is the spatial scale available for movement, as heterogeneity may
occur over hundreds of kilometres, either seasonally (Frank et al. 1998; Hopcraft
et al. 2010; Fynn and Bonyongo 2011; Mueller et al. 2011), or stochastically and
unpredictably within seasons (Verlinden and Masogo 1997; Fryxell et al. 2005;
Mueller et al. 2011). The relationship between adaptive foraging options and spatial
scale has major implications for management of ungulates, from the conservation of
mobile wild ungulate species, to management of domestic ungulates on ranches,
which will be discussed in later sections.
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14.2.2 Anthropogenic Disruption of Functional
Heterogeneity

A factor that plays an important role in creating heterogeneity in ecosystems,
that support ungulates, is distance to permanent water, which if large enough
(>15–20 km), creates herbivory gradients and so called piosphere effects (Sianga
et al. 2017). For intensively managed rangelands, the provision of water sources, at
high density across the landscape, as well as the installation of fencing, can enable
maximal utilization of forage by domestic livestock species (Fig. 14.1; Fuhlendorf
et al. 2017), or reduce spatial variation in vegetation utilisation in wildlife systems
(Sianga et al. 2017); however, they may jeopardise ecological function, and other
desired ecosystem services, such as landscape-scale hydrology, grassland structural
heterogeneity and native plant and animal biodiversity (Fuhlendorf et al. 2017). Also
in wildlife systems, for example, in regions with large elephant populations,
maintaining large proportions of the landscape >15 km from permanent water (the
maximum foraging distance of elephants from water—see Wato et al. 2018) facil-
itates woody vegetation structural heterogeneity and plant diversity, thereby pro-
moting faunal diversity (Sianga et al. 2017). Similarly, placement of a high density
of artificial water points across the landscape, in Kruger National Park, enabled the
spread of water dependent ungulates to areas far from permanent water (perennial
rivers) (Harrington et al. 1999). This may have led to increased lion densities in these
back country areas, and an associated loss of refuges from predation for roan
(Hippotragus equinus) and sable antelope (Hippotragus niger), possibly resulting
in collapse of their populations.

Similar to the effect of artificial water eliminating predation refuges far from
water in the landscape, heterogeneity in the age of forest stands in North America
can play a critical role in the interactions and dynamics of moose (Alces alces) and
woodland caribou (Rangifer tarandus caribou). Clear cutting of forest stands stim-
ulates regrowth of trees and increases browse availability for moose, whereas old
growth forests, with their abundant lichens, support woodland caribou (Bergerud
and Elliot 1986; Rettie and Messier 2000; Wittmer et al. 2005). Widespread logging
programs, that homogenize forest age and structure, can promote moose populations
by increasing their food resource and, more insidiously, increasing the abundance
of wolves (Canis lupus) in former caribou habitat, leading to increased predation
pressure and declining caribou populations (Bergerud and Elliot 1986; Wittmer et al.
2005).

Prior to the European settlers disrupting natural processes in North American
grasslands, interactions between fire and grazing, by the large mobile bison (Bison
bison), created structural and compositional heterogeneity in the vegetation, as herds
moved in response to burning, the distribution of water sources and the temporal
pattern of precipitation (Fuhlendorf et al. 2009; Allred et al. 2011; Augustine and
Derner 2014). Currently, Western-based approaches to management of rangelands
prevents the maintenance of grassland structural heterogeneity, in extensive regions
of North and South America, as well as portions of other continents (i.e., land is
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compartmentalized in small homogenous units, and fire and grazing are managed in
a homogeneous manner); as a result undermining ungulate interactions with hetero-
geneity, with negative consequences for biodiversity (Derner et al. 2009; Fuhlendorf
et al. 2009, 2017).

Another anthropogenic influence on functional heterogeneity is altering the
density of ungulates, either by removing predators, increasing water availability or
providing supplementary feeding. Research through the twentieth century clearly
showed that the largest influence of mammalian ungulates on rangeland condition,
and animal performance, depends on ungulate abundance, typically quantified, for
livestock, in terms of stocking rate, or the number of animals per unit space and
time (Heitschmidt and Taylor 1991; Holechek et al. 2004; Briske et al. 2008). The
influence of stocking rate, or more generally grazing intensity, is identified as more
important than the grazing management system (which alter the timing and distri-
bution of animals) in determining rangeland condition (Briske et al. 2008). Perennial
grasses require long recovery periods, after grazing, if they are to persist in the long-
term, but this is not possible at heavy stocking rates, because of the rapid depletion of
available forage, forcing premature utilization of rested paddocks (i.e., paddocks
without grazing) (Holechek et al. 2004; Fynn et al. 2017). In heavily stocked wildlife
areas, grassland is homogenized to a short grass state, eliminating taller grass forage
reserves, leading to reduced rainfall-use efficiency of plants and/or population
collapse of ungulates during drought (Walker et al. 1987; Irisarri et al. 2016).
Similarly, increases in wild ungulate density, in response to predator extirpation,
have substantial consequences for their effects on functional plant community
composition (Augustine and McNaughton 1998; Ripple and Beschta 2004). Whilst
this body of research has been focused mostly on domestic animals, and typically on
small experimental units, it is clear that the impacts of grazing/browsing on grass-
land, savanna and woodland ecosystems is largely dependent on the number of
ungulates per unit of space and time (Walker et al. 1987; Briske et al. 2008). The key
message is that excessive ungulate densities can reduce grassland structural hetero-
geneity in landscapes, remove forage reserves, increase runoff and erosion during
rainfall events, and degrade overall primary productivity (Walker et al. 1987;
Augustine and McNaughton 1998; Ripple and Beschta 2004; Briske et al. 2008;
Irisarri et al. 2016; Fynn et al. 2017).

14.3 Applying Key Concepts for Management of Browsing
and Grazing Ungulates

Whether dealing with conservation strategies for wild ungulates, or the management
of domestic ungulates by pastoralists or commercial ranchers, several key concepts
stand out as important. Clearly incorporating inherent, and induced, heterogeneity at
landscape and regional scales, into conservation and livestock management strate-
gies, is needed if optimal conservation goals and livestock performance are to be
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realized. Conservation strategies globally, and in Africa in particular, have not been
successful in maintaining the historic large populations, densities and diversity of
various wild ungulates (Harris et al. 2009; Craigie et al. 2010; Fynn and Bonyongo
2011). One of the principal factors underlying declines in African wildlife is that
functional heterogeneity of resources required by ungulates, over the annual cycle, is
distributed on various ecological gradients, often at regional scales (see Sect. 14.2.1).
However, protected areas mostly do not encompass the full extent of these gradients
(Caro and Scholte 2007; Harris et al. 2009; Craigie et al. 2010; Fynn and Bonyongo
2011). With rapidly-growing human populations and settlements, agricultural
expansion, and the associated construction of water sources, fences and roads,
these ecological gradients are becoming fragmented and ungulate management is
becoming increasingly restricted to smaller regions of these gradients (e.g., Sayre
et al. 2013), thus offering less functional heterogeneity; i.e., heterogeneity declines
with increasing management intensity, and smaller management units (left-hand side
of the gradient in Fig. 14.1).

Those protected areas that do encompass sources of heterogeneity, at multiple
spatial scales (e.g., the Serengeti-Mara ecosystem in Africa, and the Greater Yellow-
stone ecosystem in North America), still support productive and stable ungulate
populations, and diverse ungulate communities (Fryxell et al. 2005; Frank et al.
1998). These examples, buttressed by ecological theory (e.g., Owen-Smith 2002,
2004; Fryxell et al. 2005; Hopcraft et al. 2010; Mueller et al. 2011), indicate that
maintaining large areas available for the movement of nomadic and migratory
populations should be a key management objective for conservation outcomes in
rangelands. For less mobile ungulates, that utilize resource heterogeneity across
smaller landscapes areas, such as moose (Mueller et al. 2011) or Greater kudu
(Tragelaphus strepsiceros) (Owen-Smith 2002), conservation of extensive
unfragmented landscapes is less critical (Mueller et al. 2011).

In the Serengeti-Mara system, the combination of the National Park, and various
surrounding wildlife management areas, collectively achieve sufficient land area
under protection to encompass the full rainfall gradient, the principal factor under-
lying functional resource heterogeneity (both inherent and induced) in the ecosystem
(McNaughton 1985; McNaughton and Banyikwa 1995). In most regions of the
globe, sufficiently large areas, for effective conservation of mobile ungulates, will
only be possible if local communities of people are involved in the management of
greater conservation regions using a multi-stakeholder approach. It is becoming
increasingly recognized that protected areas alone are insufficient to conserve
biodiversity and that implementation of conservation activities, across larger land-
scapes, including multiple land uses, within which protected areas are imbedded, is a
key strategy for conservation (e.g., Miller et al. 2012; Sayer et al. 2013; Fynn et al.
2016; Fuhlendorf et al. 2018).

In this regard, there are several flaws in the current reliance on wilderness-based
conservation strategy (or “fortress conservation”), such as (1) not accounting for the
major historic influence of humans in shaping ecosystems; (2) being conceptually
deficient in approaches to biodiversity conservation in landscapes now dominated
by humans; and (3) being responsible for fragmentation of larger, more functional
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landscapes and ecosystems, by focussing conservation activities on small parts of
these larger landscapes (Fynn et al. 2016; Fuhlendorf et al. 2018). Clearly, conser-
vationists need innovative new approaches for the conservation of mobile ungulates,
shifting emphasis from wilderness-based protected areas to approaches that promote
connectivity across larger, more functional, landscapes in which protected areas are
imbedded. Such an approach is possible with the understanding that conflict between
wildlife, people and livestock is largely caused by an unfavourable spatio-temporal
configuration of land use and livestock management, rather than primarily by human
population growth; for example, changes from mobile pastoralism to sedentary
ranching, can result in declining wildlife numbers, compared with pastoral areas,
despite similar human population densities (Western et al. 2009; also see Keesing
et al. 2018). Achieving productive populations of both wildlife and livestock, in
larger pastoral landscapes, is possible if livestock management is based on ecolog-
ical concepts aimed at promoting mobility and functional heterogeneity in the
ecosystem (Fynn et al. 2016).

The theoretical basis for coexistence of livestock and wildlife, namely manage-
ment approaches facilitating grassland structural heterogeneity, and a favourable
spatio-temporal configuration of land use and livestock management across large
landscapes (Western et al. 2009; Augustine et al. 2011; Fynn et al. 2016), is gaining
empirical support (see Western et al. 2009; Shamhart et al. 2012; Tyrrell et al. 2017;
Keesing et al. 2018). In a classic example of how ecological theory can be effectively
applied for conservation of ungulate populations in human-dominated landscapes,
grazing management committees, in a pastoral region of Kenya, set aside a core
ungrazed area, providing a taller dry season reserve of grass (for both wildlife and
livestock), surrounded by a heavily-grazed livestock area, that provides short higher-
quality grass for short grass specialist wildlife species (Tyrrell et al. 2017). Impala,
wildebeest and gazelles preferred foraging in the heavily-grazed livestock area
during the wet season (facilitation of higher-quality short grass by livestock—see
Gordon 1988; Fynn et al. 2016) but shifted their foraging to the ungrazed area during
the dry season and drought periods (Tyrrell et al. 2017). This management approach
creates structural heterogeneity similar to that observed on ecological gradients
(Owen-Smith 2004; Hopcraft et al. 2010) and demonstrates the value of the struc-
tural heterogeneity concept for facilitating the co-existence of livestock and wildlife
(also see Shamhart et al. 2012 for a North American example).

A key point from the Kenyan example is that local communities of people were
able to maintain their traditional livestock-based livelihoods while conserving wild
ungulate populations, which creates opportunities for additional income from tour-
ism (community-based natural resource management—CBNRM). The effectiveness
of biodiversity conservation in larger conservation landscapes will be determined by
how well local communities are integrated into the management of, and benefit flows
(ecosystem services and economic gains), from these larger landscapes; bottom up
decision-making, and management processes, must replace traditional, top-down,
command and control paradigms, where local people received few incentives to
support conservation objectives, thereby fragmenting landscapes (Miller et al. 2012;
Sayer et al. 2013; Fynn et al. 2016; Fuhlendorf et al. 2018).
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The functional heterogeneity concept also provides a framework for planning
water provision strategies, in protected areas, by ensuring that sufficient distance
exists between water points to promote heterogeneity in vegetation structure and
predation risk. Taking into account, for example, the maximum foraging range of
around 15 km for bull elephants from water (and probably beyond the limits of most
water-dependent ungulates) (O’Connor et al. 2007), artificial water points would
have to be at least 45–50 km apart to create zones of refuge from herbivory of
15–20 km across. Such a strategy will promote reserves of forage for the dry season
and droughts (Walker et al. 1987; Fynn et al. 2016), provide refuges from overuse
for favoured plant species (O’Connor et al. 2007; Russell et al. 2011; Sianga et al.
2017), and refuges from predation for predation-sensitive ungulates (Harrington
et al. 1999). Similarly, management of the scale and heterogeneity of clear felling
of forests, will affect woodland caribou and moose habitat, and their interactions
with wolves. In this system the coexistence of predators and their prey depends on a
heterogeneous mosaic of old growth, low-predation-risk forests (low wolf density)
favouring woodland caribou, and recently-felled forest with high browse availability
favouring moose and their predators (e.g., Bergerud and Elliot 1986; Rettie and
Messier 2000; Wittmer et al. 2005).

Clearly, management of natural ecosystems must consider the key processes
contributing to vegetation heterogeneity, at various scales. Management can influ-
ence many variables underlying heterogeneity, i.e., protected area design relative to
ecological gradients (Hopcraft et al. 2010; Fynn and Bonyongo 2011), the scale and
heterogeneity of clear felling of forests (Rettie and Messier 2000), and the mainte-
nance of large distance gradients from permanent water (Russell et al. 2011; Sianga
et al. 2017). Additionally, induced heterogeneity can be created by using patchy fires
regimes (Fuhlendorf et al. 2009), strategic grazing by livestock (Shamhart et al.
2012; Fynn et al. 2016; Tyrrell et al. 2017), and the creation of nutrient hotspots in
landscapes through corralling of livestock (Muchiru et al. 2008; Augustine et al.
2011; Porensky and Veblen 2015). Creating greater heterogeneity in plant compo-
sition and structure across landscapes, not only increases the opportunity for adap-
tive foraging options for ungulates, but also increases niche diversity for biodiversity
(Derner et al. 2009; Fuhlendorf et al. 2009, 2017; Fynn et al. 2016; Sianga et al.
2017).

Knowledge of the availability of various generic functional resource types
(Owen-Smith 2002), in relation to physical traits (body size, specialized mouth/
tongue anatomy) and feeding type (browser, mixed or grazer) of different ungulate
species, provides a mechanistic framework for conservation and management of
ungulates. For example, large-bodied tall grass grazers, such as buffalo, are unable to
obtain sufficient intake on heavily grazed lawns (a restricted intake resource for
buffalo—Prins 1996), whereas wildebeest and gazelles can (a high-quality/staple
resource for these short grass specialists), explaining the spatial separation of buffalo
vs. wildebeest and gazelles across grazing intensity gradients (Bhola et al. 2012).
Thus the generic functional resource concept provides a useful framework for
facilitating conservation management decisions; for example, whether an ungulate
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species could be successfully introduced to a particular region, or the effect that
introducing livestock grazing to an area might have on various ungulate species.

Many pastoralists understand the distribution and role of functional heterogeneity
across ecological gradients, and move their livestock seasonally and/or spatially, in
a similar manner to the movement patterns of wild ungulates (e.g., right side of
Fig. 14.1; Breman and de Wit 1983; Homewood 2008; Sayre et al. 2013; Fynn et al.
2015). Similar to the situation with wild ungulates, traditional movement patterns of
livestock, along ecological gradients and across landscapes, have been greatly
fragmented by human population growth, development, agriculture, privatization
and fencing of land, formation of protected areas and colonial boundaries (Niamir-
Fuller 1999; Homewood 2008; Western et al. 2009; Sayre et al. 2013). It is clear that
pastoralists had insight into important ecological principles and have developed
survival strategies for coping with variable and unpredictable rainfall (Breman and
de Wit 1983; Homewood 2008; Sayre et al. 2013; Fynn et al. 2015).

Regional-scale pastoral movement strategies are likely to help livestock keepers
cope with predicted increases in rainfall variability, and more frequent droughts
associated with climate change (Ogutu and Owen-Smith 2003); large-scale move-
ments allow access to drought (buffer) resources in high-rainfall regions, or in
wetlands, and the ability to spatially track patchy rainfall events (Breman and de
Wit 1983; Fryxell et al. 2005; Homewood 2008). With policy trends, in Africa, and
elsewhere, leading to privatisation of land that is compartmentalised into smaller
units (e.g., Western et al. 2009; Sayre et al. 2013), the ability of livestock keepers
to adapt to increased variability under climate change is reduced, because they can
no longer access the full range of functional resource types (generic functional
resources), often distributed on regional-scale ecological gradients (see Sect.
14.2.1). With there being increased emphasis globally on development of ‘climate-
smart agriculture’ (cf. Gordon et al. 2016), and resilient approaches to dealing with
climate change, the evidence and concepts presented in this Chapter clearly indicate
that policy actions need to be scaling up, rather than reducing the size of manage-
ment units (see also Fryxell et al. 2005; Hobbs et al. 2008; Western et al. 2009).

The concepts of spatial scale of movement and adaptive foraging, in relation to
functional heterogeneity, has implications for the management of livestock on
commercial ranches as well. Rangeland science has been dominated by a paradigm
advocating management that facilitates spatially uniform, and moderate, utilization
of forage, which often results in uniformity of vegetation composition and structure
at the landscape scale (Briske et al. 2008; Fuhlendorf et al. 2017; Sayre 2017).
In order to facilitate more uniform utilization of rangelands, the rangeland manage-
ment profession has promoted the use of an elaborate system of fencing and small
paddocks (Sayre 2017), with the establishment and maintenance costs of these
fences contributing to debt and capital depreciation, reducing profits (Knight et al.
2011). Another cost of the current paradigm is that, as described above, enclos-
ing livestock in small paddocks restricts their ability to make foraging decisions
in relation to functional heterogeneity on the property (including nutritional and
medicinal resources). With these factors in mind, fundamentally different
approaches to rangeland management are emerging, which aim to facilitate access
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to functional heterogeneity through use of fewer, much larger, paddocks and through
seasonal movements between short grazed, high-quality grassland during the grow-
ing period and taller, ungrazed reserves of forage for the dry season (Fynn et al.
2017). Thus this approach more accurately simulates the natural seasonal move-
ments of ungulates, and the ecological principles underlying their foraging ecology,
than complex multi-paddock systems with their regular forced movements of live-
stock. Prevention of grassland maturation, and associated loss of quality, through
sustained season-long grazing of priority paddocks increases animal production
(the grazing facilitation concept explicitly addressed; see Gordon 1988; Odadi
et al. 2011), while taller reserves of forage, in ungrazed paddocks (rested the entire
growing season), reduce weight loss and mortality during the dry season and
droughts (Walker et al. 1987). The purported advantages of managing for unifor-
mity, therefore, are questionable given that rangeland heterogeneity enhances adap-
tive foraging options for livestock and, consequently, their nutrition and production
(Owen-Smith 2002, 2004; Hobbs et al. 2008; Hopcraft et al. 2010).

Access to functional heterogeneity is related to the spatial area available for
movement (Hobbs et al. 2008), with the consequence that negative density-
dependent effects on animal performance (Sandland and Jones 1975) may be weaker
at larger spatial scales (Wang et al. 2006; Hobbs et al. 2008). This key ecological
principle is disregarded (with negative consequences for animal health and produc-
tion) by ranching systems favouring an elaborate system of fencing and regular
movement of livestock between small paddocks (see Fynn et al. 2017). Forage, and
habitat selection, are highly complex and not always based on maximizing energy
and protein intake. Ungulates also need to balance protein, energy and fibre intake
(e.g., Prins 1996), counter toxins in forage (e.g., Provenza et al. 2003), deal with
parasites or any other medicinal requirements (Lange et al. 2006; Shaik et al. 2006;
Moreno et al. 2012; Mengistu et al. 2017) and other reasons (e.g., avoiding cold
winds, heat, insects, etc.). Giving livestock greater freedom to forage in large
paddocks facilitates adaptive foraging choices and habitat use decisions, with obvi-
ous benefits for livestock production and health (Provenza et al. 2003; Fynn et al.
2017), provided that stocking rates are set appropriately (Briske et al. 2008).
Patchworks of fire-modified vegetation can provide a valuable alternative to the
use of paddocks on ranches (Limb et al. 2011). In more arid regions, surface water
management provides a useful alternative to fencing for controlling the distribution
of livestock.

14.4 Conclusion

The concept of functional heterogeneity is applicable to the management of both
wild and domestic browsing and grazing ungulates at the full range of scales, from
landscapes to regions, and from intensive small stock systems in Europe (Meuret and
Dumont 1999; Agreil et al. 2006) to extensive transhumance and wildlife systems in
Africa (Breman and de Wit 1983; Homewood 2008; Fynn et al. 2015), Asia (Omer
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et al. 2006), North America (Festa-Bianchet 1988; Rettie and Messier 2000;
Fuhlendorf et al. 2009) and Fennoscandia (Albon and Langvatn 1992; Marell et al.
2006). Facilitating access to, and maintaining, functional heterogeneity, therefore,
should underlie the management and conservation of browsing and grazing ungu-
lates, whatever the location, scale of management and animal type. It should be
recognized, however, that the positive influence of functional heterogeneity is not
independent of other key management factors. For example, negative density-
dependent effects, due to excessive animal population size, can override the positive
effects of, or even degrade, functional heterogeneity. Nevertheless, it is also true that
the strength of the density-dependence effect increases with the decreasing area
available for movement (decreasing management unit size; e.g., Wang et al. 2006;
Hobbs et al. 2008). Consequently, appropriate management of browsing and grazing
ungulates must explicitly consider their population size/stocking rate (increasingly
relevant with decreasing management unit area), while facilitating access to func-
tional heterogeneity, both spatially and temporally.
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Chapter 15
The Ecology of Browsing and Grazing
in Other Vertebrate Taxa

Iain J. Gordon, Herbert H. T. Prins, Jordan Mallon, Laura D. Puk,
Everton B. P. Miranda, Carolina Starling-Manne, René van der Wal,
Ben Moore, William Foley, Lucy Lush, Renan Maestri, Ikki Matsuda,
and Marcus Clauss

Since the publication of the “The Ecology of Browsing and Grazing” (Gordon and
Prins 2008), a number of researchers have taken the approach outlined in the book to
assess the impacts of differences in food and nutrient supply on the ecology of other
vertebrate taxa. The approach may not work in all vertebrate taxa but understanding
the similarities and differences between herbivorous vertebrate taxa provides ecol-
ogists with a broader canvas upon which to develop and test hypotheses about
herbivore/plant interactions. In line with the slightly altered emphasis of the current
book (The Ecology of Browsing and Grazing II), we also asked the authors of the
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Sections in this Chapter to provide insights into the impacts that these different
vertebrate taxa have on the ecosystems in which they exist. In this Chapter, the
authors describe the findings from this research. As you will see, the depth of
research on the ecology and impacts of the different herbivorous vertebrate taxa
varies considerably and demonstrates the importance of further research endeavours,
on herbivore/plant interactions, across the board. The taxa covered are:

• Dinosaurs (Jordan Mallon)
• Fish (Laura D. Puk)
• Reptiles (Everton B. P. Miranda and Carolina Starling-Manne)
• Birds (René van der Wal)
• Marsupials (Ben Moore and William Foley)
• Lagomorphs (Lucy Lush)
• Rodents (Renan Maestri)
• Primates (Ikki Matsuda and Marcus Clauss)

15.1 Dinosaurs

Jordan Mallon

The browser-grazer continuum is not one that readily applies to the non-avian
dinosaurs (hereafter, simply ‘dinosaurs’). Although grasses (Poaceae) had evolved
by the Cretaceous (Prasad et al. 2005), they were not abundant and did not form
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widespread grasslands until the Miocene (Potts and Behrensmeyer 1992). It, there-
fore, makes little sense to speak of dinosaurian ‘grazers’ sensu stricto (but see ‘True
Dinosaurian Grazers?’ below). Rather, lycopods, ferns, sphenopsids, cycadophytes,
ginkgos, conifers, and (non-poaecean) angiosperms made up the bulk of the plant
material available for dinosaurian consumption (Gee 2011; Tiffney 2012). Ferns, in
particular, likely filled the role of low growing, herbaceous colonizers for most of the
Mesozoic (Wing et al. 1993; Collinson 1996). For this reason, it makes more sense to
speak of herbivorous dinosaurs in terms of concentrate, intermediate, and bulk
feeders (sensu Hofmann and Stewart 1972, Mallon and Anderson 2014a).

15.1.1 Size and Shape

Whether particular herbivorous dinosaurs were concentrate, intermediate, or bulk
feeders would have been primarily influenced by their respective body sizes (Peters
1983). Dinosaur body mass spanned seven orders of magnitude (Benson et al. 2014),
so these animals undoubtedly adopted a variety of feeding strategies. Small
(10–100 kg) herbivores—including heterodontosaurids, small ornithopods, early
thyreophorans, most pachycephalosaurs, and basal ceratopsians, among others—
almost certainly concentrated on nutritious shoots, fruits, and seeds to fuel a relatively
high metabolism (Weishampel 1984). These dinosaurs were obligatory bipeds, and
possessed narrow, pointed beaks with which to selectively crop their food (Coe et al.
1987). Their teeth, and associated jaw mechanics, varied from the simple to the
complex, indicative of corresponding variability in dietary fibre intake (Norman and
Weishampel 1985; Nabavizadeh 2016) (Fig. 15.1a). Some derived clades developed
rudimentary tooth batteries having a single, continuous occlusal surface (e.g., Norman
et al. 2011). The jaw joint was depressed below the plane of occlusion, increasing the
lever arm of the external mandibular adductor musculature, enabling a more powerful
bite. This system was functionally equal, but mechanically opposite, to that of
ungulates, where the jaw joint is positioned above the occlusal plane to increase the
lever arm of the masseter musculature (Greaves 1995). One lineage, the Ornithopoda,
is traditionally thought to have developed a ‘pleurokinetic’ skull having multiple,
mobile intracranial joints, allowing the upper jaw to flex laterally during tooth
occlusion, to accommodate the lower cheek teeth. Given the isognathous nature of
the jaws (where the teeth occlude on both sides when the jaws are closed), this would
have resulted in a transverse power stroke, functionally analogous to that of ungulates
(Norman and Weishampel 1985). This hypothesis has recently received some push-
back—Rybczynski et al. (2008) and Cuthbertson et al. (2012) showed that the
secondary intracranial movements imposed by the pleurokinetic model could not be
accommodated by the corresponding joints. Rather, minimal rotation of the lower jaw
rami, about their long axes, would have produced a similar power stroke, and is
mechanically more feasible (Nabavizadeh and Weishampel 2016).

At the opposite end of the size spectrum, megaherbivorous dinosaurs (� 1 �
103 kg; sensu Owen-Smith 1988) included most sauropodomorphs, stegosaurs,
ceratopsids, ankylosaurs, and iguanodontians. These forms were highly variable in
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Fig. 15.1 Herbivorous dinosaur ecomorphology. A, Herbivorous dinosaur craniodental adapta-
tions, with beaks and teeth in dark grey (clockwise from upper left): heterodontosaurid, ankylosaur,
stegosaur, sauropod, ceratopsian, hadrosaur (skulls not to scale). B, Herbivorous dinosaur feeding
heights through time. Sauropodiform feeding heights (assuming vertical necks) were calculated
following Upchurch and Barrett (2000). The methodology of Mallon et al. (2013) was used for
calculating bipedal feeding heights for basal sauropodomorphs, basal ornithischians,
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morphology, and shared few ecomorphological features in common beyond large
body size and minimally facultative quadrupedality. Stegosaurs and ankylosaurs
retained primitively small, phylliform teeth, although the beaks of the latter were
wider, and presumably predisposed to bulk feeding (Mallon and Anderson 2014a;
Ősi et al. 2017). The exceptionally wide bellies of the ankylosaurs attest to lengthy
gut-retention times and a preference for fibrous roughage (Bakker 1986).

Iguanodontians and ceratopsids both possessed complex dental batteries, but
these functioned in quite different ways. Iguanodontian dental batteries, best exem-
plified by the hadrosaurids, consisted of hundreds of highly complex, tightly-spaced
teeth, multiple rows of which contributed to the occlusal surface (Erickson et al.
2012; LeBlanc et al. 2016). This inclined surface was capable of both crushing and
shearing functions. Tooth wear evidence further suggests some capacity for fore-aft
grinding (Williams et al. 2009; Mallon and Anderson 2014b). This suite of functions
would have allowed the hadrosaurids to rend all manner of plant types, substantiat-
ing their inferred role as herbivore generalists. By contrast, the tooth batteries of the
ceratopsids were simpler, and the continuous occlusal surface of the teeth was
limited to the vertical plane. Thus, ceratopsids were evidently more restricted in
their diets, which is consistent with their narrow, selective beaks (Mallon and
Anderson 2014a). In this sense, ceratopsids might be likened to the narrow-lipped
black rhinoceros, Diceros bicornis, which selects for low-growing woody scrub
(Owen-Smith 1988).

Largest of all were the sauropodomorphs, with some forms possibly approaching
90 tonnes (Benson et al. 2014). These were characterized by exceedingly long necks
ending in proportionally tiny heads. The jaws were simple in construction, and the
teeth were primitively small and leaf-shaped. Some derived forms (e.g., diplodocids)

⁄�

Fig. 15.1 (continued) heterodontosaurids, pachycephalosaurs, basal ceratopsians, and ornithopods,
and quadrupedal feeding heights for stegosaurs, ankylosaurs, and derived ceratopsians
(ceratopsids). Dashed lines indicate missing data. Herbivorous theropod groups (e.g.,
Ornithomimosauria, Therizinosauria) are not shown due to space restrictions. Taxonomic abbrevi-
ations: AL, Alamosaurus; AC, Acrotholus; AG, Agilisaurus; AN, Ankylosaurus; AU,
Auroraceratops; BA, Bactrosaurus; BR, Brachiosaurus; CA, Camptosaurus; CE, Cetiosaurus;
CH, Chaoyangsaurus; CN, Centrosaurus; ED, Edmontonia; EO, Eocursor; ER, Europelta; ET,
Eotrachodon; EU, Euhelopus; FR, Fruitadens; FU, Futalongkosaurus; GA, Gargoyleosaurus; GB,
Gobisaurus; GO, Gongxianosaurus; GR, Graciliceratops; GS, Gastonia; HA, Haya; HE,
Heterodontosaurus; HN, Hungarosaurus; HU, Huayangosaurus; HY, Hypselospinus; IG, Iguan-
odon; IS, Isaberrysaura; JE, Jeholosaurus; JI, Jinzhousaurus; KO, Kotasaurus; LE,
Leaellynasaura; LO, Loricatosaurus; LU, Lufengosaurus; MA, Mamenchisaurus; MC,
Macrogryphosaurus; ME, Melanorosaurus; MG, Magnapaulia; MI, Miragaia; MN, Manidens;
MO, Mosaiceratops; MY, Mymooropelta; NE, Neuquensaurus; OM, Omeiosaurus; OR,
Orodromeus; OT, Othnielosaurus; OU, Ouranosaurus; PA, Panphagia; PC, Pachycephalosaurus;
PK, Parksosaurus; PL, Plateosaurus; PR, Prenocephale; PS, Psittacosaurus; PT, Patagotitan; SA,
Sauropelta; SC, Scutellosaurus; SE, Stenopelix; SH, Shantungosaurus; SP, Spinophorosaurus; ST,
Stormbergia; TA, Talarurus; TI, Tianyulong; TL, Talenkauen; TR, Triceratops; WU,
Wuerhosaurus; YI, Yinlong; YU, Yunnanosaurus; ZU, Zuniceratops. Other abbreviations: Ma,
Mega-annum. Silhouette credits: R. Amos, A. Farke, S. Hartman, N. Tamura, M. Taylor,
E. Willoughby
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had simple, peg-like teeth restricted to the front of the jaws; these would have been
mechanically ideal for stripping branches of twigs and leaves (Young et al. 2012).
Other contemporaneous sauropods (i.e., camarasaurids) had mouths full of robust,
chisel-like teeth capable of delivering higher, sustained bite forces, probably for
ingestion of harder foodstuffs (Button et al. 2014). Nigersaurus taquietti is distinc-
tive in having an unusually broad, flat muzzle lined with a battery of pencil-like teeth
(Sereno et al. 2007). This configuration was almost certainly an adaptation for bulk
feeding, low to the ground.

Unfortunately, the ecology of most other sauropods is not so easily discernible.
Most problematic has been the use of their long necks, and debate has waged over
whether they were held horizontally or more nearly vertically. Proponents of the first
view maintain that the cervical articulations prevented the neck from being elevated
very much (Stevens and Parrish 2005a, b), that the blood pressure necessary to
perfuse the brain, with the neck held in a vertical position, would have been
dangerously high (Seymour 2009), or that the neck was mechanically more efficient
while in a horizontal posture (Woodruff 2017). Proponents of the second view retort
that the cervical vertebrae alone are not good indicators of neck posture in modern
taxa (Taylor et al. 2009), that stresses distributed through an upright neck would not
have been prohibitive (Christian 2010), and that partitioning of the forest strata
would have made ecological sense in sauropod-dominated communities (Bakker
1978) (Fig. 15.1b), as it does among ruminants today (du Toit 1990). The debate is,
as yet, unsettled, and the arguments grow increasingly nuanced.

15.1.2 Energetics

Dinosaur energetics are among the most difficult aspects of their biology to glean
from the fossil record, but palaeontologists are anything but faint of heart. Although
a range of educated assumptions must invariably be made, these serve to constrain
interpretations within the realm of possibility. Dinosaur energetics are typically
considered from the perspectives of supply and demand. On the supply side,
Hummel et al. (2008) investigated the suitability of various Mesozoic
(non-angiosperm) plants as sauropod fodder by subjecting samples of related living
tissue to in vitro fermentation experiments, using gas production as a measure of
metabolizable energy, while also quantifying other nutrients. Horsetails, Equisetum
spp., proved to be the most nutritious, having high levels of both metabolizable
energy and crude protein (the high silica content was likely of little concern to those
dinosaurs that relied on gut processing). Araucaria spp., Ginkgo spp. and
Angiopteris spp. were also likely dietary staples, whereas cycads, tree ferns, and
podocarps proved to be poor sources of energy.

On the demand side, the work of Farlow (1976) and colleagues (Farlow et al.
2010) is instructive. It is possible to bracket the possible energy requirements of
dinosaurs via consideration of how those requirements scale with body size in both
reptilian ectotherms and mammalian endotherms (birds, although descended from
dinosaurs, are likely poor models for dinosaur energetics because their physiology is
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fine-tuned to the aerial realm). Thus, a single adult Brontosaurus excelsus, weighing
3� 104 kg, might have needed anywhere from 2� 104 to 50� 104 kJ of energy per
day, depending on the animal’s physiology (Farlow et al. 2010). By combining both
supply and demand sides of the model, it is possible to further estimate the popu-
lation density of B. excelsus on a Jurassic landscape, which varies from a few large
adults.km�2 (endotherm model) to a few tens of large adults.km�2 (ectotherm
model). Given that the most diverse sauropod communities of the Jurassic were
situated in semi-arid climates at mid-latitudes (Noto and Grossman 2010; Mannion
et al. 2011), primary productivity is unlikely to have been very high, and sauropods
may have needed to seasonally migrate to find appropriate sustenance. Evidence for
such migration, between lowland and upland environments, is preserved as oxygen
isotope excursions in tooth enamel (Fricke et al. 2011).

15.1.3 True Dinosaurian Grazers?

In spite of the foregoing discussion, there do exist rare examples of grass-eating in
the dinosaur fossil record. The first concerns a report of grass phytoliths found inside
coprolites (fossil dung) attributed to Late Cretaceous titanosaurian sauropods from
India (Prasad et al. 2005), based on their common association with diagnostic
skeletal material. The variety of phytolith morphologies is suggestive of the presence
of up to five different grass species, including relatives of modern rices, bamboos,
and cool-season grasses. Other phytoliths, found within the same coprolites, are
attributable to dicotyledons, conifers, and palms. Variation in phytolith preservation
implies that some were purposefully ingested as forage, whereas others (particularly
from the rarely preserved palms) were consumed incidentally.

A more recent example (Wu et al. 2017) concerns the discovery of grass
phytoliths and silicified epidermis within the purported dental calculus (plaque) of
the Early Cretaceous basal hadrosauroid Equijubus normani from China. These
structures are assigned to Poaceae, based on the short-long cellular patterning and
short-cell pairing of the epidermis, and on the equidimensional unlobed and slightly
lobed morphologies of the phytoliths.

The presence of grass phytoliths in Cretaceous deposits is somewhat unexpected,
as it was long held that these defensive structures evolved in response to later
mammal grazing during the Miocene (Strömberg 2004). Could grass phytoliths
have evolved in response to dinosaur herbivory instead? It seems unlikely;
phytoliths are primarily thought to work by exacerbating tooth wear (Strömberg
et al. 2016), which is hardly a concern for reptiles with unlimited tooth replacements,
including dinosaurs. In the case of sauropods, these animals are unlikely to have
done much oral processing, opting instead for hindgut fermentation (Hummel and
Clauss 2011). The dental battery of Equijubus normani, and other iguanodontians,
may have been well-suited for rending grass, but chance finds of gut and fecal
contents in these animals indicates a quite varied diet, including conifer and angio-
sperm twigs and stems, bark, seeds, leaves, and even crustaceans (Currie et al. 1995;
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Tweet et al. 2008; Chin et al. 2017). There is, as yet, no solid evidence that dinosaurs
co-evolved with any group of angiosperms (Barrett and Willis 2001; Butler et al.
2009). Rather, grass phytoliths may have evolved in response to predation from the
hypsodont gondwanatherian mammals or insects (Prasad et al. 2005).

15.2 Fishes

Laura D. Puk

Herbivorous fishes are found in both marine and freshwater ecosystems but are much
more abundant in the marine environment. While in terrestrial ecosystems ‘grazing’
and ‘browsing’ refer to the feeding on monocotyl and dicotyl plants, in marine
ecosystems, ‘grazing’ and ‘browsing’ refer to the removal of different kinds of algae
(Green and Bellwood 2009). Marine grazing fishes remove small filamentous turf
algae and marine browsing fishes remove larger macroalgae (Green and Bellwood
2009). In contrast to terrestrial ecosystems, ‘real’ grazing on angiosperms is rare and
restricted to only one plant group: seagrasses (Beer 1989). In freshwater ecosystems
the terminology is different yet again. The term ‘grazer’ is used for both plant—
(‘macrophytes’; Fowler and Robson 1978) and algal—(‘periphyton’, Power 1983)
removing fishes, whereas the term ‘browser’ is not used at all.

Where a distinction between grazing and browsing fishes is made, they are faced
with different challenges in terms of intake and digestion of their respective food
source. Grazers feeding on turf algae ingest a low energy but relatively easily
digestible and abundant resource. Browsers feeding on macroalgae on the other
hand are faced with a resource that provides more energy, but exhibits chemical and
structural defences, is difficult to digest, and patchily distributed. Both groups
exhibit adaptations to their respective resources, including differing home range
sizes (Nash et al. 2013; Welsh and Bellwood 2014), bite rates (Randall 1967;
Burkepile and Hay 2010), and digestive mechanisms (Clements et al. 2009).
Browsers are often larger in body size than grazers, potentially enabling them to
take bigger, stronger bites (Bonaldo and Bellwood 2008; Lokrantz et al. 2008). They
also have larger home ranges (Nash et al. 2013), which helps them locate their food
and they take less frequent bites (Cardoso et al. 2009; Burkepile and Hay 2010),
because their resource is more energy-dense. After ingestion, browsing fishes utilise
fermentation to break down the macroalgal cell walls to access the nutrients (Clem-
ents et al. 2009); a mechanism not required by grazers.

While the importance of herbivorous fishes in marine ecosystems has been
recognized for a long time, research in freshwater systems mainly focused on insects
(Lodge et al. 1998) but is now recognizing the impact of herbivorous fishes on
macrophytes (Lodge 1991; Lodge et al. 1998). Herbivorous fishes hold crucial
functions in both freshwater and in marine systems, albeit of a different nature. In
freshwater systems, they contribute significantly to seed dispersal in seasonally
flooded forest ecosystems (Anderson et al. 2011; Horn et al. 2011), exhibiting
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some of the longest dispersal distances discovered in animals, including African
hornbills and Asian elephants (Anderson et al. 2011). However, due to their removal
of macrophytes, they can increase phytoplankton biomass and shift lakes towards a
turbid state if certain conditions are met (Van Donk and Otte 1996). Grazing and
browsing fishes exhibit their highest diversity in marine ecosystems, especially on
coral reefs (Gaines and Lubchenco 1982), which has led to a research focus on these
ecosystems. Here, herbivorous fishes are considered to provide a key ecosystem
function because they control algae, which compete with the primary reef builder—
corals.

On coral reefs, herbivorous fishes can consume up to 90% of the primary
production (Carpenter 1986; Polunin and Klumpp 1992) and, therefore, play a
major role in controlling the reef state. Grazers are more abundant than browsers
(Choat et al. 2004), and coupled with their higher feeding rates (Burkepile and Hay
2010), they are responsible for consuming most of the primary production
(Burkepile and Hay 2010). Coral reefs dominated by corals are considered ‘healthy’,
but if grazing pressure is reduced, they often become dominated by algae (Hughes
et al. 2007; Webster et al. 2015). Grazing pressure can be reduced due to overfishing,
which is simulated experimentally by excluding fishes with cages (Bellwood et al.
2006; Webster et al. 2015), or due to coral bleaching events which kill vast amounts
of corals, freeing up space for algal settlement (Hoegh-Guldberg 1999). Sudden
increased availability of space reduces the grazing pressure per unit area on a reef
(Williams et al. 2001; Mumby et al. 2007; Mumby 2009), because the existing fish
community now has to distribute its feeding activity over the additional free sub-
strate. Once a reef is dominated by algae a return to a coral-dominated state is
difficult as macroalgae inhibit coral recruitment (Kuffner et al. 2006; Webster et al.
2015) and survival (Box and Mumby 2007; Webster et al. 2015). Algal-dominated
reefs provide less ecosystem services to people compared to their healthy coral-
dominated counterparts (Moberg and Folke 1999).

Shifts to algal-dominated coral reefs are projected to increase in the future due to
climate change (Hoegh-Guldberg 1999). Higher temperatures cause a higher fre-
quency of coral bleaching events and subsequent mass coral mortality (Hoegh-
Guldberg 1999; Hughes et al. 2018). Additionally, algae experience a net positive
physiological effect with rising temperatures, whereas corals experience a net
negative physiological effect (Elfwing and Tedengren 2000). This could shift the
competitive interaction further in favour of algae. However, grazing intensity is
greater at higher temperatures (Smith 2008) and may counteract the increased
primary production (O’Connor 2009). Higher production and herbivory can
strengthen the producer-consumer interaction (O’Connor 2009) which may become
a feature of future ecosystems. A strengthening of this interaction could increase the
importance of herbivorous fish for the health of consumer-dominated ecosystems
such as coral reefs even further.

While the state of coral reefs is heavily controlled by herbivorous consumers,
other ecosystems are less dependent on consumers and instead producer-dominated
(Connell et al. 2011). One example are kelp forests, common temperate marine
ecosystems, where native herbivores (mostly invertebrates such as sea urchins)
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exhibit only minor control over the ecosystem state (Connell et al. 2011). However,
rising temperatures cause a range expansion of tropical herbivorous fishes, which
could have detrimental effects on kelp forests (Vergés et al. 2014). After a kelp
die-off in Western Australia, tropical browsing fish (kyphosids) that had moved into
higher latitudes consumed kelp and created a new barren ecosystem state dominated
by turf algae (Bennett et al. 2015). Herbivorous fishes may, therefore, shift the
production-dominated temperate marine systems towards consumption-dominated
alternative states (Bennett et al. 2015). The strengthening of the producer-consumer
interaction (O’Connor 2009), and the switch from production-dominated to
consumer-dominated temperate systems (Bennett et al. 2015), suggest a stronger
influence of grazers and browsers on future marine ecosystems. Only time will tell.

Similarly strong changes may occur in freshwater ecosystems. Increased grazing,
for example through higher metabolic rates associated with increased temperatures,
could destabilize the clear-water macrophyte-rich state of lakes and shift them to a
phytoplankton-dominated turbid state (Van Donk and Otte 1996). Additionally,
increased frequencies of droughts may decrease the number or intensity of floods
in forest ecosystems that experience substantial seed dispersal by fishes (Horn et al.
2011). This could decrease the dispersal of plants, especially upstream (Horn et al.
2011). Overfishing can further intensify the problem as bigger fish are often targeted
first but they are also the most effective long-distance dispersers (Anderson et al.
2011). Whether the role of fish as a disperser is important enough to make their
disappearance noticeable in the forest community structure is currently unknown.

The potentially significant future ecosystem changes connected to herbivorous
fishes highlight the importance of understanding their ecosystem function in detail.
The study of the role of browsing and grazing fishes is still in its infancy and there is
a lot to be learnt from studies on terrestrial ecosystems. However, fish herbivory is
likely to differ from terrestrial herbivory because producers and consumers are
structurally and functionally distinct from their terrestrial counterparts. Research
should focus on understanding the drivers of food choice in herbivorous fishes, how
climate change and habitat degradation influence interactions between herbivores
and their ecosystems, and identify potential feedbacks.

15.3 Reptiles

Everton B. P. Miranda and Carolina Starling-Manne

Among reptiles, lizards and chelonians are the only modern groups that strictly, or
mostly, feed on plant-matter (King 1996). Snakes are obligate carnivores, and
crocodiles have evolved herbivory habits a few times in their evolutionary history
(Kley et al. 2010; Fiorelli et al. 2016), but there is no modern herbivorous crocodile
species. However, a large diversity of chelonian and lizard species is adapted to feed
on plants, with several insular radiations that represent most of this diversity.
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Given the physiological demands of digesting cellulose and high-fibre plant
material, reptile species specialized for grazing and browsing are typically large-
sized tropical or sub-tropical species (Pough 1973; Cooper and Vitt 2002; but see
Espinoza et al. 2004). The latitude constraint is caused by temperature-dependent
limitations to fermentation rates by bacteria in the gut, which require high temper-
atures to perform their activities (Cooper and Vitt 2002). Being ectotherms, reptiles
do not maintain their body temperature stable, and would likely lose their microbial
symbionts over cold winters, so full herbivore reptiles are usually restricted to
tropical and subtropical climates. In terms of size, large ectotherms become two to
three times smaller per each 10 �C of decrease in ambient temperature (Makarieva
et al. 2005), due to metabolic constraints. There is also the need of having enough
space to allow the fermentation of large amounts of fibre and cellulose (Pough
1973), so herbivory in ectotherms usually requires a large body size.

Consequently, many of the largest continental species of reptiles, and the mega-
fauna in islands, are herbivorous lizards and chelonians (Hansen and Galetti 2009).
Martin (1984) defined megafauna as animals above 44 kg, but throughout this
section we will be using an operational concept of megafauna, which is ani-
mals whose evolution is constrained by the size of the land area each species inhabits
(Burness et al. 2001; Hansen and Galetti 2009). Also, it is worth noting that reptiles
are the vertebrates that achieve some of the highest densities and biomasses in
terrestrial ecosystems, reaching up to around 600 kg.ha�1 (Arce-Nazario and Carlo
2012; Lovich et al. 2018; Fig. 15.2). Since the grazing and browsing pressure of an
herbivore is magnified by its density and biomass, in some ecosystems the ecological
role of reptiles is also magnified.

15.3.1 Diversity

15.3.1.1 Insular

Some of themost conspicuous kinds of grazing and browsing reptiles are giant insular
tortoises and iguanas (Gerlach 2014; Hastings et al. 2014). The colonization restric-
tions of islands normally results in a “reptile-only” megafauna (Hansen and Galetti
2009). In these ecosystems, tortoises have evolved, on multiple occasions, domed
shells when grazing over grasslands and craning necks and saddleback shells when
browsing over trees, shrubs, cacti, and palms. In the past, giant tortoises inhabited
climates ranging from mediterranean to tropical climates, including archipelagos in
the Mediterranean sea, and the Caribbean, Indic and Pacific oceans (Turtle Extinc-
tions Working Group 2015). Today, there are extant island giant tortoise populations
of only two species complexes, in the Galápagos Islands (Chelonoidis niger spp.) and
in the Seychelles Islands (Aldabracheys gigantea; Hansen et al. 2010).

Another group of browsing and grazing reptiles are iguanas (Cooper and Vitt
2002). They represent a diverse group (Uetz et al. 2016), with three insular radiative
adaptations in the Caribbean (nine species in the Cyclura genus), the islands of Fiji
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and Tonga (six species in the Brachylophus and Lapitiguana genus, from which the
two largest species are extinct), and the Galápagos archipelago (three terrestrial
species from the Conolophus genus). As is the case with their continental counter-
parts, insular iguanas are mainly browsers, also being important for seed dispersal
(Laurel et al. 2000; Meehan et al. 2002; Traveset et al. 2016). To complete the list,
two other insular browsers are the monkey tailed lizard, Corucia zebrata, from the
Solomon Islands, and the lacertid lizards, Galotia spp., from Mediterranean islands
(Espinoza et al. 2004).

15.3.1.2 Continental

Continental browsing by lizards is restricted to iguanids in the Neotropics, such as
the widespread green iguana, Iguana iguana, and by other species that are not so
specialized on leaf or grass material, such as Ctenosaurus, Sauromalus, and
Dipsosaurus (Vitt and Caldwell 2013). The only significant species outside the
Neotropics are the mostly-grazing desert-specialists in the genus Uromastyx
(Wilms et al. 2010), and the partial-browsers of the genus Hydrosaurus.

Large continental grazing chelonians (heavier than 44 kg) used to be found on all
continents apart from Antarctica. As with most of the megafauna, they are now
extinct in most of their historical range, except for the African continent (Martin
1984; Turtle Extinctions Working Group 2015). For herbivorous reptiles, the extinc-
tions were caused mainly by direct and indirect effects of human action, including

Fig. 15.2 Densely packed green iguana (Iguana iguana) populations occur across a wide area of
Neotropical forests. In this photo, several adult males display during the breeding season. http://
www.thinkstockphotos.ca/image/stock-photo-iguanas-in-a-tree-in-mexico/464974882
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over-exploitation, and pressures exerted by invasive species (Turtle Extinctions
Working Group 2015; Slavenko et al. 2016). Large continental grazing tortoises
can only be found today in Africa (Turtle Extinctions Working Group 2015), likely
due to their history of co-existence with hominids (Klein 1984). There are two
widely known species of tortoises that fit this role, the leopard tortoise, Stygmochelis
pardalis, and the spurred tortoise, Centrochelys sulcata. While the former may
weigh up to 48 kg, and feeds almost exclusively on grasses (Branch et al. 1990),
spurred tortoises are truly specialized grazers, that weight up to 96 kg (Lambert
1993), and are the last representatives of giant grazing tortoises on continental
ecosystems. A few other smaller grazing tortoise species still inhabit continents,
such as the Bolson tortoise, Gopherus flavomarginatus, from Mexico, the yellow-
footed tortoise, Chelonoidis denticulatus, from South America and the Asian forest
tortoise, Manouria emys, from Southeast Asia. Among the extinct giant species of
continental tortoises are the Chelonoidis lutzae in South America, Hesperotestudo
spp. in North America, Meiolanids (horned turtles) in Australia and the
Megalochelys spp. in Asia (estimated weight: 1000 kg; Badam 1981)—being the
latter the largest tortoises to have ever lived (Turtle Extinctions Working Group
2015).

15.3.1.3 Marine

Green sea turtles, Chelonia mydas, play a conspicuous role as a marine grazer,
paralleling grazing ungulates in many aspects of their ecology (Christianen et al.
2014). They have some degree of endothermy which allows them to graze on water
temperatures around 20 �C (Heath and Mcginnis 1980). Furthermore, two species of
herbivorous reptiles are known as being associated with marine habitats. First, there
is the marine iguana from the Galápagos Islands, which is a grazer, feeding on the
rocky subtidal and intertidal zones of the archipelago (Shepherd and Hawkes 2005).
Marine iguanas have tight schedules of basking and foraging—the second being
usually restricted to only 1 h a day—which allows them to graze on the cold
Galapagos waters. A second species, closely associated to marine ecosystems, is
Ctenosaura bakeri (Köhler 2004), a browsing iguana, endemic to the mangroves of
the Utila Island, in Honduras, in the Caribbean.

15.3.2 Effects on Vegetation Composition and Dynamics

Giant tortoises are highly influential on both insular and continental ecosystems,
being best known as important seed dispersers (Falcon et al. 2018). They also play
the, perhaps less appreciated, role of grazers and browsers on vegetation, affecting
vegetation community composition and structure (Lovich et al. 2018).

Grazing herds of giant tortoises reportedly create and maintain a grassland
ecosystem called tortoise turf on islands in the Indian Ocean (Gibson and Hamilton
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1983; Cheke and Hume 2010). Composed of grasses, sedges and herbs, tortoise turf
occurs in areas of high-tortoise concentration and, therefore, heavy grazing. Many of
its characteristic plant species are dwarfs with highly specialized growth strategies
(e.g., flowers and fruits produced at the base of the plants; Merton et al. 1976). This
is a dominant ecosystem in the Seychelles and used to be widespread at the
Mascarene Islands (Cheke and Hume 2010; Griffiths et al. 2010). Tortoise
terraforming is, in its turn, important to other insular species of plants and animals
(Griffiths et al. 2010, 2011, 2013). Many plants in the Mascarene archipelago have
two kinds of foliage, from which their low-hanging leaves have adaptations to lower
or no levels of herbivory by tortoises (Eskildsen et al. 2004). This phenomenon
illustrates the high grazing pressure that can be exerted by large herds of tortoises.
Tortoise-exclusion experiments are in operation on Aldabra, and are likely to show
the importance of these keystone herbivores on the archipelago’s vegetation dynam-
ics in the near future. On the other hand, on some islands, where native giant
tortoises have been extirpated, similar-species tortoise introductions are being
conducted, as ecological replacements to restore important lost ecosystem functions.
For example, that approach is rebuilding trophic interactions (e.g., herbivory and
seed dispersal networks) on some islands of the Mascarene archipelago (Griffiths
et al. 2010, 2013).

On the Galápagos Islands, giant tortoises are known to maintain plant communi-
ties with an upper strata, formed by arborescent cacti (Gibbs et al. 2010). If tortoises
have been extirpated, these plant communities become encroached by woody veg-
etation (Hunter and Gibbs 2014). The Anthropocene extinctions, translocations and
population fluctuations of tortoises in the Galapagos archipelago provided many
ecological quasi-experiments to test the effects of these ecosystem engineers (Gibbs
et al. 2008; Froyd et al. 2014). Tortoise reintroductions, after decades of absence,
cause a marked rebuilding of cactus population, reducing clustering and increasing
juvenile cactus recruitment (Gibbs et al. 2010). Intense grazing, soil disturbance,
browsing, seed dispersal, pool forming and direct vegetation damage are some of the
means by which giant tortoises restore degraded ecosystems in the Galápagos
(Hamann 1993; Blake et al. 2012, 2013; Froyd et al. 2014).

The effects of grazing and browsing on vegetation composition and dynamics,
by continental tortoise species, are still largely uninvestigated (Falcon et al. 2018).
The last representative of giant tortoises in continental ecosystems, the spurred
tortoise, is threatened by extinction in the wild, mainly due to collection for the
pet trade and the bush meat industry (Garrigues and Cadi 2011; Petrozzi et al.
2018). The ecological effects of the removal of a potential ecosystem engineer are
poorly understood. The same problem of lack of vegetation impact studies occurs
with other large-sized tortoise species, such as the yellow-footed tortoise (up to
54 kg), the leopard tortoise (up to 48 kg) and the Asian forest tortoise (up to
37 kg). Hopefully, the reintroductions planned for some of those species will
mirror the ecological quasi-experiments in Galápagos and in the Mascarenes.
Thereby, we would gain invaluable insight into the ecological roles of the last
representatives of large tortoises on continental vegetation dynamics, other than as
seed dispersers.
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Whereas there are many excellent studies on the foraging behavior of iguanids,
studies of their role on vegetation dynamics have mainly focused on seed dispersal
(Valido and Olesen 2007). As with tortoises, many iguanas play an important role
increasing the germination rate and decreasing the germination time of several
angiosperm species, some of the plants also threatened (Traveset 1990; Laurel
et al. 2000; Moura et al. 2015; Traveset et al. 2016). The smaller size of iguanas,
and their low metabolism (averaging just ~70 kcal.day�1.kg�1 for Iguana iguana;
Lichtenbelt 1992), suggest they may influence vegetation dynamics through brows-
ing and grazing to a lesser degree than do tortoises. However, by attaining extremely
high densities, in both continental and insular ecosystems (up to 364 ind.ha�1 in
continental Iguana iguana; Rodda 1992), and by browsing or grazing over a small
home range (Moura et al. 2015), they may be able to affect vegetation composition
by: i.) reducing the leaf area of browsed species; ii.) increasing the amount of
sunlight that reaches the undergrowth; and, iii.) affecting edaphic mosaics in the
soil, by the repeated deposition of feces in latrines. It is hoped that these research
gaps will be addressed in the future.

Marine, grazing reptiles, such as marine iguanas and green turtles, feed mostly on
algae. Marine iguanas forage non-selectively on subtidal and intertidal zones,
choosing abundant red and green algae species and avoiding brown algae (Shepherd
and Hawkes 2005). While each adult consumes a fresh mass of just 35 g of algae per
day, they can reach high densities, so populations of marine iguanas can crop a
sizeable amount of fresh algal material (27–29 tons yearly for a single population in
a 3 km2 peninsula on the Galápagos Islands; Nagy and Shoemaker 1984). Together
with decreased water temperature, during El Niño years, population numbers of
marine iguanas are often limited by bottom-up effects on the algae cover of rocky
substrata (Wikelski and Thom 2000). Green turtles, the only other herbivorous
marine reptile, also feed almost exclusively on algae and sea grass. They prefer
low-fibre and high nitrogen species, mainly Thalassia spp. (turtle grasses), although
all algae grazed by green turtles are low-quality forage (Bjorndal 1980). Sea turtles
graze on algae and sea grasses, keeping them fertilized with their dung (Moran and
Bjorndal 2005; Hearne et al. 2018). Sea turtles further parallel the terrestrial ungu-
lates by having complex space use relationships with their predators. The food
resource of turtles could be at risk under conditions that their natural predators,
namely sharks, are rare or absent due to overfishing (Heithaus et al. 2014).

15.3.3 Direct Impact of Domestic Herbivores

Habitat destruction resulting from introduced ungulates is a classical threat to
grazing and browsing reptiles (Fig. 15.3). The transformation of forest ecosystems
into grasslands, or the poor management of ungulates in natural grasslands, continue
to negatively affect grazing and browsing reptiles all over the world. Uromastyx
lizards—important ecosystem engineers (Williams et al. 1999)—are negatively
impacted by heavy grazing pressure imposed by livestock (Cunningham 2000).
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Other grazing species, such as the tortoises of the genus Gopherus and the spurred
tortoise, are also negatively affected by competition for forage resources with cattle,
Bos taurus, (Grandmaison et al. 2010; Ureña-Aranda et al. 2015; Becerra-López
et al. 2017; Petrozzi et al. 2018). Also, habitat loss in the form of forest fires, set by
cattle-ranchers in tropical ecosystems, are frequent all over the world (Gibbons
1984; Wiewandt and García 2000; García and Gerber 2016; Tershy et al. 2016).
Direct ecosystem conversion for beef and dairy cattle production is bound to
continue (Fearnside 2018), whereas the harvest of native species (including reptiles),
for food, remains largely unmanaged, unsustainable and irresponsible in most
tropical countries (Fa et al. 2002; Fernandez et al. 2012; Terborgh and Peres 2017).

15.4 Concluding Remarks and Further Developments

Rather than biological oddities, large-sized herbivorous reptiles are fundamental
components of some vertebrate communities of tropical and subtropical environ-
ments, all over the world (Miranda 2017). The low metabolic rate of reptiles allows
them to exist at extremely high biomasses, as testified by early naturalists (Von
Humboldt 1877; Leguat 2017), or in ecosystems that have not yet been destroyed by
humans (Bourn et al. 1999; Mourão et al. 2000). Many of these important species

Fig. 15.3 A grassland grazed by introduced cattle on Santa Cruz Island, in Galápagos. In this
photo, a cow and a giant tortoise, Chelonoidis porteri, share a field. https://www.alamy.com/stock-
photo-wild-galapagos-giant-tortoise-geochelone-elephantopus-with-cow-on-164775731.html
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have disappeared, with a higher rate of extinction for giant lizards and tortoises
(Turtle Extinctions Working Group 2015; Slavenko et al. 2016). Ecological net-
works have been impoverished by the loss of these large herbivores, likely resulting
in simpler, shorter and less resilient trophic networks (Malhia et al. 2016). For the
remaining herbivorous reptilian species, their direct impacts on vegetation dynamics
are still being discovered. Results coming from natural and planned ecological
quasi-experiments on islands show the importance of large herbivorous reptiles for
ecosystem composition, structure and function (Gibbs et al. 2010; Griffiths et al.
2013). Another interesting research avenue, yet to be explored, is investigating the
role reptilian aquatic herbivores play for the ecosystems in which they exist. Some
freshwater turtles, such as the Amazon giant river turtle, Podocnemis expansa (up to
65 kg), and the Central American river turtle, Dermatemys mawii (up to 22 kg), feed
mostly on leaves. These species are seasonal or year-round browsers, and hold the
potential to exert pressure on the submerged arboreal vegetation, and act as links
between terrestrial and aquatic ecosystems.

Finally, the last decade has seen a multitude of translocation programs targeting
threatened tortoises, turtles, and herbivorous lizards (Jones 2002; Attum et al. 2010;
Nussear et al. 2012; Gibbs et al. 2014; Grant and Hudson 2015; Falcón and Hansen
2018). These conservation initiatives have been restoring not only threatened species
populations, but also lost or diminished ecological interactions. Knowledge about
the effects of those translocations on the vegetation dynamics of continental floras
will provide information on rebuilding reptile-driven ecological interactions (sensu
Genes et al. 2017) such as trampling, seed dispersal, grazing and browsing. While
considered by many as “primitive” and dull, reptiles are significant players in the
ecosystems they inhabit, and perform important functions as predators, pollinators,
burrowers and frugivores. Acquiring knowledge on their role as grazers and
browsers is a promising ecological research venture.
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15.5 Birds

René van der Wal

15.5.1 Grazing and Browsing Birds

Foraging on plants is very widespread among birds. The most common form this
takes is the selection of high energy and nutrient forage item such as seeds and fruits.
Quite a number of species have specialised in this foraging strategy (see Whelan
et al. 2015 for impacts of granivorous and frugivorous birds on ecosystems), but
many more take these items as part of a much broader—often omnivorous—diet. Far
fewer have adopted grazing or browsing as their main mode of foraging (see Lopes
et al. 2016 for a classification of avian diet types), estimated to be the case for
101 species (80 grazers and 21 browsers—Table 15.1), and thus less than 1% of the
Worlds’ extant bird species (9993—Jetz et al. 2012). The distribution of herbivorous
birds is strongly skewed towards a single phylogenetic order and family therein,
namely the Anatidae or ducks, geese and swans (Table 15.1). All swans and geese

Table 15.1 Orders and families with bird species for which grazing or browsing is the main mode
of foraging. The number of species per family that is primary grazing or browsing was estimated
using https://en.wikipedia.org/wiki/aves and https://globalspecies.org/ntaxa/114863 as starting
points, and consulting additional secondary sources (e.g., various Cornell Lab or Ornithology
resources, Handbook of the Birds of the World https://www.hbw.com) or primary sources for
further information or triangulation where information was insufficient. Phylogeny is after Jarvis
et al. (2014)

Order Family Species (groups)
Primarily
grazer

Primarily
browser

Struthioniformes Struthionidae Ostriches 2

Rheiformes Rheidae Rheas 2

Cassuariiformes Dromaiidae Emu 1

Anseriformes Anseranatidae Magpie goose 1

Anatidae Ducks, geese and
swans

51

Anhimidae Screamers 3

Galliformes Phasianidae Grouse 17

Opisthocomiformes Opisthomidae Hoatzin 1

Gruiformes Gruidae Cranes 6

Rallidae Coots, moorhens 12

Columbiformes Columbidae Pigeons and doves 1

Psittaciformes Strigopidae Kakapo 1

Passeriformes Cotingidae Plantcutters 3

Total number of species 80 21
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are obligate herbivores, although occasionally consuming other food items too
(e.g., insects, bones or even soil—Abrahams 2013). The extent to which plant-
eating ducks consume plant material (other than seeds) varies considerably among
species and the time of the year (Olsen 2015). About 20 ducks (e.g., whistling ducks,
some diving ducks including pochards, and several dabbling ducks including
wigeons, gadwall, Anas strepera, and Australian wood duck, Chenonetta jubata,
can be considered primarily herbivorous, for at least part of the year (Table 15.1), but
all will shift towards a more omnivorous diet during spring and summer to meet
protein requirements for breeding and growth (Sedinger 1997).

Whilst many of the above Anatidae also consume seeds when present (and
thus are in part, and to a various extent, also granivorous), grazing of grasses, sedges
and forbs is the predominant mode of foraging. Grazing typically concerns the
consumption of aboveground tissue of non-woody plants (notably leaves but also
stems and seed heads, the latter particularly in the case of agricultural crops), but this
regularly spills over in the extraction of belowground plant organs such as tubers and
rhizomes (Fox and Abraham 2017). For some species groups, shorter or longer
periods of the year are dedicated to such foraging for energy-rich storage organs—
captured by the term ‘grubbing’ (Anderson et al. 2012)—which requires consider-
able strength, and hence is typically conducted by larger species (e.g., ostrich,
cranes, larger-bodied geese, swans; Zhiheng and Clarke 2016). Several other aquatic
families, or members thereof, such as screamers, coots and some moorhens, are
primarily grazers—or consumers of belowground plant parts—too, as are several
flightless members of the phylogenetically oldest clade (Palaeognathae) of extant
birds (emu, Dromaius novaehollandiae, rheas), the common wood pigeon, Columba
palumbus, and the large, flightless, and critically-endangered kakapo, Strigops
habroptilus, whose diet (e.g., clubmosses, ferns and bark, and thus leaning towards
being a browser—Best 1984) is as unusual as its appearance. Many more bird
species consume fresh green shoots, flowers and buds (e.g., pheasants, turkeys,
rails, turacos), or extract rhizomes, roots and bulbs (e.g., bustards, sandgrouse,
tinamous), but only in limited amounts, and at certain times of the year, and are
thus not genuine grazers.

Grouse is the family of birds with most genuine browsers (all 17 species—
Table 15.1), often almost exclusively living from shrubs, or tree leaves and needles,
outside the breeding season. Many also consume seeds, with the exception of the two
sage-grouse, which lack a muscular gizzard and, therefore, consume only soft-tissue
foods (mainly leaves of sagebrush). Within the breeding season, grouse diets are
generally enriched with invertebrates (Sedinger 1997). Other bird species that forage
primarily on buds, leaves and twigs are the three plantcutter—the only folivorous
passerines (Bucher et al. 2003)—and the Amazonian-dwelling hoatzin,
Ophisthocomus hoazin. The latter has even developed a crop and oesophagus with
fermentation functionality akin to rumen-digestion (Grajal et al. 1989; Godoy-
Vitorino et al. 2011).

With the exception of the Rattites (large flightless birds including ostriches, rheas
and emu) and the (poorly flying) hoatzin—both of which can digest cellulose (Swart
et al. 1993; Grajal et al. 1989)—the requirement to fly has prevented birds from
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developing relatively heavy but efficient digestive systems to deal with e.g., plant
material (Caviedes-Vidal et al. 2007; but see Hunt et al. 2019 for limited evidence
between flying ability and caecal length—greatest for grazers—within birds). This
has two important consequences: firstly, a limited ability to digest cellulose and other
highly recalcitrant plant parts (Prop and Vulink 1992; Durant 2003), meaning that
large amounts of plant material need to be consumed; secondly, there is an even
greater premium on plant quality than is the case for most other herbivores, as
selection of the most nutritious and/or energy rich (depending on requirements and
time of the year) food items—in itself a time-consuming process—is the only way to
maximise daily nutrient and/or energy gains. Combined, many herbivorous birds
have to forage for most of the day (Prop and Vulink 1992). For grazers, having to use
a bill as feeding device brings the additional constraint of reduced bite size as
compared to mammalian grazers. This may, in part, be compensated for by
employing a greater bite frequency in order to achieve comparable instantaneous
food intake rates (Steuer et al. 2015), or require further adaptation, in the form of yet
longer daily foraging times (Van Gils et al. 2007). This puts in sharp focus the trade-
off between plant quantity and quality, and with it a set of key behavioural adaptions
(see below) to try and achieve the highest possible intake rates of high quality food
items. Whilst none of these adaptations is unique to birds, and indeed trade-offs
between quantity and quality rule foraging decisions of all herbivores (and beyond),
birds’ limited digestive ability of plant material tends to make conditions more
extreme.

15.5.2 Ecosystem Impacts of Grazing and Browsing Birds

Many of the ecosystem impacts of birds observed today could be understood in the
context of digestive constraints on herbivorous birds, whereby the ability to i)
aggregate into groups to optimise foraging time and food finding (Stahl et al.
2001; Gyimes et al. 2010; Kułakowska et al. 2014); ii) undergo carefully scheduled
movement and migration, to and from a limited number of sites, and thus requiring
individuals, in a number of herbivorous bird species, to make decisions at larger
spatial and temporal scales (Arzel et al. 2006; Van der Graaf et al. 2006;
Shariatinajafabadi et al. 2014); and, iii) seek out, and subsequently utilise, new
‘high quality’ foraging opportunities (Van Eerden et al. 2005; Si et al. 2015; Fox
and Madsen 2017; Buij et al. 2017), are key behavioural adaptations to those
constraints.

For grazing or browsing birds, to exert large-scale impact on the vegetation,
species need to be abundant and use a location for a reasonable length of time. As a
consequence, herbivorous birds that are gregarious tend to have greatest impact on
the ecosystems they inhabit (Wood et al. 2012; Kollars et al. 2017), though excep-
tions occur (e.g., ptarmigan controlling shrub architecture—Tape et al. 2010). Large
aggregations concern mostly—but not exclusively (e.g., coots, cranes, wood
pigeons)—“waterfowl”, a loosely defined label that typically concerns ducks,
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geese and swans, and sometimes also rails. As the label suggests, waterfowl use both
terrestrial and aquatic ecosystem components, and impacts on land are often inex-
tricable connected to those occurring in nearby freshwater, or marine, ecosystems
and vice versa (Hessen et al. 2017; Kollars et al. 2017).

15.5.3 Bird Density and Existence of Plant Refuge Determine
Marine Ecosystem Impact

Impacts on marine ecosystems are restricted to the intertidal or shallow subtidal, and
those zones are typically used seasonally, coinciding with spring or autumn migra-
tions. For example, beds of seagrass, Zostera spp., are in high demand by brent
geese, Branta bernicla, black swan, Cygnus atratus, mute swan, Cygnus olor, and
American wigeon, Anas americana, but Zostera also occurs frequent in the diet of a
further 20 waterfowl species (Kollars et al. 2017). Consumption of both above- and
belowground components may severely reduce seagrass abundance, though accu-
mulation of seeds in feeding pits, in autumn, can facilitate seedling recruitment in
spring, thereby contributing to the persistence of seagrass beds (Zipperle et al. 2010).
In some areas waterfowl may control the abundance and distribution of seagrasses
(Kollars et al. 2017), in other areas (e.g., Gulf of Mexico where redhead duck,
Aythya americana, forages extensive on seagrass beds that represent economically
important fish nursing habitat—Kennedy et al. 2018), impacts appear to be limited.
Critical to the extent of bird herbivory impact, in shallow marine, as well as
comparable freshwater, systems (e.g., swans foraging on pondweeds, Potamogeton
spp—Klaasen and Nolet 2007), is not only the density of birds, and duration of
resource use, but also the existence of spatial refuges for plants (e.g., belowground
plant parts that are out of reach—Santamaria and Rodríguez-Gironés 2008), and safe
sites for seedling establishment to ensure plant regrowth and recruitment. Although
recovery of previously endangered waterfowl, due to successful conservation
efforts, combined with ongoing expansion of already highly successful species,
may exert further impact on seagrass beds (Kollars et al. 2017), the attraction of
most Zostera-consuming species to agricultural land for foraging (Fox and Madsen
2017) is likely to mitigate against greater bird grazing impacts on marine
ecosystems.

15.5.4 Expanding Waterfowl Populations Contribute
to Top-Down Control of Freshwater Ecosystems

The impacts of ducks, geese, swans and rails on freshwater ecosystems are manifold,
but key are the accumulation of nutrients, bio-turbidity and the consumption of
macrophytes (Wood et al. 2012; Bakker et al. 2018). A further significant, although
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less directly observable, impact, is the contribution by waterfowl to wetland biodi-
versity around the world, through the transport of a wide variety of aquatic plants
and animals between wetlands and water bodies (Van Leeuwen et al. 2012) Exten-
sive consumption of water plants, in lakes, by birds, does occur, but in most cases
this is limited to very shallow, and often heavily vegetated, systems (e.g., swamps),
although ponds may also be subject to intense waterfowl herbivory (and indeed kept
apparently free of vegetation—Van Onsem and Triest (2018)). Within deeper lakes,
there may be brief episodes of heavy grazing, for example when large numbers of
waterfowl gather to moult during which they are flightless, and hence prone to
predation (e.g., moult migration by greylag geese, Anser anser—Zijlstra et al. 1991).
Whereas 3 decades ago, recognition of waterfowl shaping freshwater ecosystems,
beyond single sites, was limited, the rapid increase in waterfowl abundance in recent
years has changed this. In a review, Bakker et al. (2018) concluded that, currently,
herbivorous birds remove 40–48% of plant biomass in aquatic ecosystems, well in
excess of exploitation levels found in most terrestrial ecosystems. Impacts are
manifold with, for example, the dramatic expansions of greylag geese being held
responsible for the decline in reed, Phragmites europaeus, beds across Europe
(Bakker et al. 2018), with knock-on effects on numerous species of insects and
breeding birds. Moreover, the accumulation of nutrients, deposited in the water as
uric acid and faeces, in no small part originating from food plant consumed in the
terrestrial realm, is now viewed as default, and increasingly the main eutrophicating
agent in lakes and ponds (Chaichana et al. 2010; Hessen et al. 2017). Whilst there is
strong evidence for birds causing eutrophication, bioturbation and the reduction of
aquatic plant abundance, and for bird density to be related to the extent of plant
biomass suppression, this is also the case for other species groups (e.g., mammals,
crustaceans, molluscs, fish, echinoderms—Wood et al. 2016 and elsewhere in this
Chapter and Book). Hence, the current, and likely further, increasing impacts of
herbivorous birds on freshwater ecosystems may best be viewed as contributing to a
wider top-down control of primary productivity. It is likely that only part of the
complexity of herbivorous bird impact on freshwater ecosystems has been revealed
because of the large number of species interactions and mechanisms involved
(e.g., influence of carp on habitat choice of water birds—Haas et al. 2007). Whilst
the impact of birds on macrophytes, in water bodies, is thus beyond doubt, its impact
on rivers is still deemed limited, and mostly local (Franklin et al. 2008).

15.5.5 Agriculture Drives Grazing Bird Abundance
and Terrestrial Ecosystem Impacts

Numerous studies have revealed the intricate nature of impacts exerted by grazing
and browsing birds on terrestrial ecosystems. Key to large-scale herbivore impacts
are changes in wider land use, government policy and climate which, collectively,
have allowed, notably waterfowl, to greatly increase in abundance (e.g., Jefferies
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et al. 2004; Van Eerden et al. 2005). Long-term changes in the quality of the
vegetation on offer in grasslands and arable lands have, together with reductions
in hunting practice and the formation of nature reserves, driven down over-winter
mortality of waterfowl (Fox and Madsen 2017). Particularly dramatic population
expansions have occurred in arctic-breeding geese, raising the status of e.g., the
lesser snow goose, Chen caerulescens, to one of the world’s most abundant grazing
birds. The impact of this species on their breeding grounds has been evidenced
particularly well in and around La Pérouse Bay, Hudson Bay area, subarctic Canada.
Here, the relationship between snow geese and the subarctic tundra vegetation
changed from one characterised by finely tuned herbivore-plant-soil feedbacks,
which allowed geese to optimise food intake (Hik and Jefferies 1990), to a situation
in which extensive loss in vegetation cover occurred, due to grubbing. The dramatic
increase in the number of breeding and spring-staging lesser snow geese, together
with a comparably low number of Ross’s geese, Chen rossii, set in motion a positive
feedback loop, wherein grubbing for belowground plant parts caused vegetation
cover decline and soil exposure, which led to the development of hypersaline topsoil,
in turn killing off extant vegetation (Srivastava and Jefferies 1996), and reducing
plant recovery potential (Handa et al. 2002). This resulted in—for avian herbivory—
exceptionally large-scale denudation of, notably, saltmarsh habitat, and to a lesser
extent also freshwater habitat, in and around snow goose colonies, all along the
2000 km-long Hudson Bay coastline (Jano et al. 1998; Jefferies et al. 2006). Because
recovery is slow (freshwater marsh) or absent (saltmarsh; Peterson et al. 2013), lack
of vegetation causes geese to move away and establish colonies elsewhere, resulting
in further goose impacts across the region.

Similarly long-lasting, and large-scale, disruptions of the vegetation can now be
observed across the Canadian Arctic. For example, between 1988 and 2011, well
north of the Hudson Bay in Nunavut, a five-fold increase in area of exposed peat
habitat, from 269 to 1373 km2 in a 36,370 km2 large study area, and a 48% loss of
wet sedge meadow, were observed (Conkin and Alisauskas 2017). Although goose
impacts in large parts of the Canadian Arctic remain limited, goose numbers are very
high, colonies numerous, and local grazing impacts strong and replicated over large
areas. Hence, region-wide ecosystem impacts are likely, including population
declines of other bird species e.g., shorebirds and passerines (Flemming et al.
2016). Other Nearctic goose populations are less large, but otherwise following
suit (e.g., Canada goose Branta canadensis, greater snow goose), and impact staging
and breeding grounds elsewhere. Hunting pressure has been increased significantly
in an attempt to curtail goose populations (e.g., Lefebvre et al. 2017), and reduce the
pressure on arctic ecosystems as well as on agricultural land further south used by
geese outside the breeding season, and which fuel the population expansions.
Hunting has stabilised the population of greater snow geese (to around one million
birds—Lefebvre et al. 2017), but the, more than an order of magnitude, more
abundant population of lesser snow geese continues to grow despite huge hunting
efforts (Alisauskas et al. 2011).

Whilst Palearctic goose populations expanded almost as spectacularly, impacts
on their Arctic breeding grounds are far less pronounced. Pink-footed goose impacts,
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which like snow geese are sufficiently powerful to dig for belowground plant parts
(i.e., grubbing) early on in the breeding season (Anderson et al. 2016), do now occur
throughout the productive parts of Svalbard, but with the initial disruption of the
vegetation overlying organic soils recovering swiftly (Speed et al. 2010). Colony-
breeding geese that do not have the physical ability to grub extensively, such as the
barnacle goose, can locally also be influential—suppressing e.g., vascular plant and
moss biomass and the carbon sequestration ability of tundra—but again recovery,
when grazing pressure reduces, is rapid (Sjögersten et al. 2008, 2011), and hence is
best not labelled “habitat degradation” (Van der Wal 2006). A fundamental differ-
ence with the coastal zone of NE Canada, subject to isostatic uplift (Jefferies et al.
2006), is the absence of saline subsoil; when exposed through grubbing, soils in the
Hudson Bay turn hypersaline which kills the vegetation, and puts vegetation suc-
cession on long-term hold. Thus, waterfowl impacts on terrestrial ecosystems may
be strong and long-lasting, but particularly so when amplified by specific abiotic
conditions.

Extensive use of agricultural land—often superior in foraging quality to semi-
natural habitats (e.g., Fox and Madsen 2017; Dokter et al. 2018)—by a growing
number of grazing birds (Van Eerden et al. 2005), has attracted widespread disap-
proval among, notably, the farming community, leading to loci of conflict around
specific species. Evidence for such grazing impacts is mixed (see Fox et al. 2017 for
a review), but the conflicts remain real. Whilst overwintering species (of notably
geese) were initially seen as most problematic by some, there is a shift towards a
broader discontent about extremely rapidly growing populations of year-round bird
species. Within Europe this concerns is expressed most prominently towards greylag
geese (a species which has increased particularly rapidly—Fox and Madsen 2017),
but also towards other expanding species originating, at least in part, from collec-
tions (e.g., Canada goose, Egyptian goose, Alopochen aegyptiaca, mute swan,
barnacle goose, white-fronted goose, Anser albifrons). Increasingly, questions are
being asked about how such summer herbivory may impact various ecosystem
functions, including food stocks of migratory bird species arriving in autumn
(e.g., Gyimesi et al. 2011). In many countries, resident waterfowl species have
also penetrated into urban environments, and established sizeable populations.
Their omnipresence, and diversity of impacts on society, ranging from fouling of
lawns and pavements to aggressive encounters, air traffic accidents, and concerns
about zoonotic diseases (Buij et al. 2017), has rendered several species subject to
sometimes dramatic population control. The rapid expansion of, notably, geese, but
also ducks, cranes, coots, wood pigeons and other species benefitting from almost
unlimited feeding opportunities provided by farmland landscapes, and the resulting
diversification of impacts, is leading to significant shifts in the dynamics of different
interest groups’ views on the future of herbivorous birds (Cusack et al. 2018). This is
an area of growing academic, political and conservation interest, and is likely to spill
over into other areas of society, across large areas of the northern hemisphere
(Milton 2000; Fox and Madsen 2017).
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15.6 Marsupials

Ben Moore and William Foley

Amongst marsupials, browsers and grazers are found almost exclusively among the
Australasian order Diprotodontia (Hume 1999), with significant herbivory not
reported, and certainly unstudied, in South American marsupial lineages. This
assemblage evolved in the absence of eutherian browsers and grazers, to occupy a
diversity of ecological niches, throughout the Australian continent (Tyndale-Biscoe
2005). However, the diversity, size range and impact of marsupial browsers and
grazers is much reduced from that prior to the Pleistocene extinction of megafaunal
browsers including the short-faced kangaroos, Simosthenurus spp., the chenopod
specialist, Procoptodon goliah, the “marsupial tapir”, Palorchestes spp., and
the diprotodontines, Euryzygoma spp., Diprotodon spp. and Zygomaturus spp.,
(Johnson 2006; Prideaux et al. 2009). The only native Australian non-marsupial
mammalian browsers and grazers are rodents, including the highly-specialised, vole-
like grass-eating broad-toothed rat, Mastacomys fuscus, the swamp rat Rattus
lutreolus and the arid-zone sticknest rats, Leporillus spp., (Breed and Ford 2007;
Aplin and Ford 2014). Other omnivorous and primarily seed- and fruit-eating
rodents (e.g., Melmoys cervinipes), also include grass and leaves in their diets, to
varying extents (Breed and Ford 2007). In consequence, marsupial browsers and
grazers account for most Australian native vertebrate herbivory. The direct impacts
of marsupial herbivory are rarely quantified, except where economic impacts occur,
or are perceived, and where species are judged to be overabundant, and detrimentally
affecting vegetation condition or biodiversity values (e.g., Barnes and Hill 1992;
Coulson 2007; Di Stefano et al. 2007).

15.6.1 Marsupial Grazing

Grazing, as the main dietary habit amongst marsupials, is restricted to some species
in the family Macropodidae (kangaroos and wallabies), and to all members of the
family Vombatidae (wombats). Arman and Prideaux (2015) classified the diets of
37 extant macropods, and identified only 3 browsers (diet comprising >70% dicot
foliage; these were two arboreal tree kangaroos and the small terrestrial quokka) and
9 grazers (>70% grass; large kangaroos and wallabies), while the greatest number
(19) were mixed feeders. Previous classifications, with a greater emphasis on dental
morphology, had identified many of these mixed feeders as browsers (e.g., Sanson
1989).

Because of their perceived economic impact, the impacts of large and abundant
grazing marsupials have attracted the most attention from ecologists. Several species
of large kangaroos, in particular red kangaroos (Osphranter rufus, formerly
Macropus rufus—here we adopt the taxonomy of Jackson (2015)) together with
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the euro/wallaroo, Osphranter robustus, and eastern grey, Macropus giganteus, and
western grey, M. fuliginosus, kangaroos, often graze the same pastures as domestic
livestock, and macropods including grey kangaroos can aggregate in crops, causing
cereal production losses (Coulson 2007). Agile wallabies, Notamacropus agilis, and
black-striped wallabies, Notamacropus dorsalis, are sometimes, locally, identified as
pests of pasture and/or crops in northern Australia and Central Queensland, respec-
tively (Baxter et al. 2001; Bedoya-Pérez et al. 2017).

There has been a long-standing debate about the extent to which these macropods
and livestock, particularly sheep, compete for the same pasture resources. Demon-
strating intraspecific competition is difficult, and the evidence, for competion
between livestock and macropods, can only be considered insufficient to weak
(e.g., dietary overlap with a lack of evidence that resources are limiting; Spear and
Chown 2009, Prins 2016). In arid New South Wales, Dawson and Ellis (1996) found
little dietary overlap occurred between sympatric euros and sheep, but a large
manipulative experiment, in the same region, showed that the diets of red kangaroos
and sheep overlapped considerably. This was true whether they grazed together or
separately, but the degree of overlap varied with rainfall and available pasture
biomass (Dawson and Ellis 1994; Edwards et al. 1995, 1996). Although sheep
diets were affected, during dry times, by the presence of kangaroos (they consumed
more chenopod shrubs), kangaroo diet was unaffected by the presence of sheep. It
appears possible then that competition may occur when red kangaroos deprive
sympatric sheep of pasture when pasture biomass is low, but moderate or strong
support for either competition or facilitation between macropods and livestock, such
as evidence of detrimental effects on individuals or populations of putatively
competing species, is lacking (Edwards et al. 1995; Dawson 2012).

Australian rangelands are characterized by non-equilibrium dynamics, and at
times both kangaroos and sheep can reduce pasture to an ungrazeable level (Short
1985), at which times food must become, at least transiently, limiting. Whilst
primary producers can re- or destock, to rapidly alter grazing pressure as circum-
stances demand, the numerical response of kangaroo species, although high (Bayliss
and Choquenot 2002), is sometimes insufficient to take advantage of the transient
availability of good pasture. Red kangaroos, and perhaps, euros are exceptions in
that they can travel long distances to take advantage of local rainfall events (Croft
1991; Clancy and Croft 1992).

Only weak evidence can be found for competition or facilitation between
macropods and cattle. Consistent with competition, black-striped wallabies,
Notamacropus dorsalis, show very strong dietary overlap with cattle in Central
Queensland and consume economically very significant quantities of pasture (Baxter
et al. 2001). In the Simpson Desert, removal of cattle resulted in a progressive
increase in kangaroo numbers over a period of approximately 2 years compared to
areas where cattle remained (Frank et al. 2016), but over the short duration of that
study, kangaroo feed intake (estimated from dung deposition) remained a tiny
fraction of that of cattle. More consistent with facilitation, time-series data, from
across a large area of the South Australian pastoral zone, revealed that the presence
of sheep and cattle had a positive effect on the population growth rate of red
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kangaroos, although this result was interpreted by Jonzen et al. (2005) as indicating
that livestock are a surrogate for resource availability beyond rainfall. At a smaller
scale, Payne and Jarman (1999) observed immediate disturbance impacts of cattle on
grazing kangaroos in eastern Australia and found these to be minimal, with kangaroo
groups distributed more closely to cattle groups than expected by chance.

A second aspect of the debate about the impact of kangaroo grazing on domestic
livestock focusses on the amount of food consumed by kangaroos relative to sheep.
The safe stocking rate of rangelands for sheep is usually expressed in terms of “dry
sheep equivalents” (DSE) which is the amount of food required to support a
“typical” 2-year-old ~ 45 kg non-lactating Merino sheep (Turner and Alcock
2000). This unit is then used to compare different livestock management options.
Dawson and Munn (2007) note that kangaroos are regarded, by some, as eating twice
as much food as sheep (i.e., 2 DSE) but values of around 0.7 are typically assumed
by Departments of Agriculture, because the basal metabolic rate of marsupials is
generally about 70% of that of eutherian mammals (Munn and Dawson 2003).
Dawson and Munn (2007) bring together data from many sources, including from
heart-rate telemetry (Munn et al. 2009), and observations of bite rates (McLeod
1996) to estimate feeding rates of free-living kangaroos. They conclude that, on
rangelands, kangaroos can be considered to be equivalent to 0.4 DSE in the event
that competition is occurring.

Although much research has been directed towards the implications for domestic
stock of grazing by kangaroos, attention is turning to the effects of grazing on
ecosystems and biodiversity, particularly by high-density kangaroo populations.
Grazing marsupials can engineer environments by maintaining lawns—bare-nosed
wombats, Vombatus ursinus, can exclude woody plant establishment, and maintain
lawns, in Tasmanian wetlands (Roberts et al. 2011), and both bare-nosed and hairy-
nosed wombats, Lasiorhinus latifrons, can maintain lawns, in well-drained areas,
elsewhere, by closely and repeatedly cropping their preferred tough native perennial
grasses (Hume 1999; Tyndale-Biscoe 2005; Kirkpatrick 2016). Observations have
been reported of up to 80 wombats grazing by day in some Tasmanian locations
(Temby 1998). Red kangaroos can also maintain grazing lawns in Central Australia
(and depend upon them during drought), but initial establishment of these lawns is
facilitated by removal of senescent biomass by cattle (Newsome 1997).

Experimental studies have shown that high densities of kangaroos, at multiple
locations in south-eastern Australia, have significant negative effects on ground
layer plants (Sluiter et al. 1997; McIntyre et al. 2010, 2015), tree seedlings and
saplings (Noble 2001; Meers and Adams 2003; Allcock and Hik 2004; Stapleton
et al. 2017), beetles (Barton et al. 2011), grassland-dependent reptiles (earless
dragons, Tympanocryptis pinguicolla, Howland et al. 2014, and striped legless
lizards, Delma impar, Howland et al. 2016a), and reintroduced eastern barred
bandicoots, Perameles gunnii, (Winnard and Coulson 2008). Browsing damage by
kangaroos can be particularly significant during droughts, when grass biomass is
depleted (Couslon and Norbury 1988). For several other groups, including
web-spinning spiders (Foster et al. 2015) and birds (Howland et al. 2016b), the
results were more complex with some species of birds being affected and others not.
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In semi-arid, low-productivity Australian rangelands and woodlands, where kanga-
roos exist at more moderate densities, the intensity of their grazing is substantially
less than that of livestock or rabbits, Oryctolagus cuniculus, (Vandandorj et al.
2017). Structural equation and multiple linear regression models that have been
designed to identify the relative impacts of different types of herbivory and abiotic
factors, suggest that the impacts of kangaroos on plant species composition (Travers
et al. 2018), plant species diversity (Eldridge et al. 2018), shrub and tree short-term
recruitment and long-term regeneration (Tiver and Andrew 1997), soil health
(Eldridge et al. 2017) and regulating and provisioning ecosystem services
(Vandandorj et al. 2017), are correspondingly benign, again in contrast to past and
present impacts of exotic herbivores, particularly sheep. Indeed, under low produc-
tivity, kangaroo grazing can increase native plant species richness (Eldridge et al.
2018). In contrast, Rees et al. (2017) experimentally excluded kangaroos from plots
in the Strzelecki Desert, demonstrating that in the absence of dingoes (Canis dingo),
which otherwise suppress their numbers, kangaroos can suppress pasture biomass
and grass seed production. This in turn likely contributes to the decline of small
graminivorous birds.

Solutions to the impacts of high kangaroo densities are varied and can involve
restoring coarse woody debris into habitats to protect saplings and create micro-
habitats for ground flora (Stapleton et al. 2017), direct reduction of kangaroo
numbers through shooting (from densities of ~2–4 ha�1 to as low as 0.4 ha�1),
and the possible re-introduction of apex predators such as the dingo (Letnic et al.
2009). Long-term studies indicate that grassland recovery, from heavy grazing
pressure by kangaroos, can be a slow process, particularly if the grazing pressure
from kangaroos is replaced by that of other herbivores, such as rabbits. Although
direct reduction of kangaroo numbers is a simple long-term strategy, in some places
there can be significant community and professional opposition to the process, and
accompanying actions (Ben-Ami et al. 2014; McKinnon et al. 2018). Nonetheless,
the four large kangaroo species are the focus of Kangaroo Management Plans, and
permits for culling are assessed each year (Department of Parks and Wildlife,
Western Australia 2013; Department of Environment, Water and Natural Resources,
South Australia 2017; Department of Environment, Land, Water and Planning,
Victoria 2017; Department of Environment and Heritage Protection, Queensland
2018). Southern hairy-nosed wombats and bare-nosed wombats are also occasion-
ally culled under license, in response to perceived impacts on cereal crops and
pasture (Marks 1998), although the impact of their digging and damage to fences
is generally more problematic (Triggs 2009).

The potential also exists for competition between marsupial browsers and grazers
and non-livestock herbivores species, most particularly rabbits. Strong, to very
strong, experimental evidence has been presented to show that competition from
rabbits negatively affects bare-nosed wombats (Cooke 1998) and red kangaroos
(Cooke and Mutze 2018). Grazing by rabbits favours (often exotic) annual grasses
and forbs over native perennial grasses, and these altered grasslands are less able to
support the more protracted reproduction of marsupials (Tyndale-Biscoe 2005).
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Both in Australia, and in its introduced range in New Zealand, the browsing
common brushtail possum, Trichosurus vulpecula, sometimes feeds on pasture,
particularly on clover, which can account for up to 30% of its diet (Harvie 1973).
Possums have sometimes been considered to compete for pasture with livestock,
with estimates of grazing equivalence as high as 0.072 stock units (SU; the
New Zealand SU is for a 55 kg lactating ewe, so exceeds the Australian DSE) but
a more convincing estimate is 0.01 SU (Cowan 2007). More strikingly, in Tasmania,
the combined effects of possum and wallaby grazing have been suggested to reduce
dry matter yields by up to 94% and 48% for improved and native pasture, respec-
tively (Statham and Rayner 1995).

15.6.2 Marsupial Browsing

Marsupial browsing impacts can be attributed to browsing and mixed-feeding
macropods, and a number of arboreal folivores. The arboreal folivores include
several widespread and locally abundant species that specialize, to varying extents,
on the foliage of eucalypts, and of these koalas, Phascolarctos cinereus, and
common ringtail, Pseudochirus peregrinus, and common brushtail possums have
all been linked to defoliation and mortality of trees, when they occur in high
densities, although the impact of common brushtail possums has been most thor-
oughly investigated in its introduced range in New Zealand (Cowan andWaddington
1990; Pekelharing et al. 1998; Duncan et al. 2011).

In the absence of predation, or significant impacts of disease, koala populations
can exhibit rapid population growth, resulting in population densities as high as
20 ha�1, reported from Cape Otway, Victoria (Whisson et al. 2016). At high koala
population densities, browsing is unsustainable, and results in widespread tree and
koala mortality (Fig. 15.4) (either directly from starvation or from euthanasia of
malnourished captured koalas by management agencies; Martin 1985a, b, Depart-
ment of Environment, Land, Water and Planning, Victoria 2016) and loss of koala
habitat, as well as posing a threat to certain vegetation classes and their associated
biodiversity (Department of Sustainability and Environment, Victoria 2004).
Localised events, like these, have been recorded repeatedly since the early twentieth
century and occur most commonly in isolated patches of habitat on islands or
surrounded by cleared land (Kershaw 1934; Menkhorst 2008). Koala overabundance
is usually associated with Eucalyptus viminalis across a variety of soil types in
coastal regions of Victoria and South Australia, although it can also develop in
E. ovata and other species (Martin 1985a), and has been reported in association with
E. tereticornis from northern coastal NSW (Frith 1978).

The population dynamics of koalas, in E. viminalis forest, have been well studied,
and modelled (Todd et al. 2008; Whisson et al. 2016). Ramsey et al. (2016)
estimated that the koala carrying capacity of the manna gum forest at Cape Otway
is 5.3–8.3.ha�1, but cautioned that this estimate has low precision, and may be too
high to allow recovery of previously overbrowsed trees; an appropriate management
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target for a “safe” population density is probably lower than this estimate. Most
koalas show strong fidelity to their small home ranges (0.4–1.2 ha at Cape Otway;
Whisson et al. 2016), even in the face of declining food resources, and despite
adequate habitat connectivity making dispersal possible. A model of koala-manna
gum dynamics, at Mt. Eccles in western Victoria, predicted the koala population
increasing to peak abundance in 10–18 years before crashing—with the impact on
tree mortality dependent upon the eventual maximum rate of decline of the koala
population (Todd et al. 2008). Eucalypts have a remarkable capacity to replace
foliage after defoliation or fire, but energy (starch) reserves can be depleted if
repeated defoliation occurs over an extended period (Bamber and Humphreys
1965). A management strategy, suggested by Todd et al. (2008) on the basis of
their modelling, requires the sterilization of a variable number of female koalas each
year in order to maintain a fixed number of non-sterilised females. Chemical (and
formerly, surgical) sterilization (Hynes et al. 2010) is a widely-implemented koala
management strategy in South Australia and Victoria, as is translocation of koalas
from overabundant populations.

Increasingly, koalas are now reaching high densities, in commercial plantations
of E. globulus established in the 1990s in Victoria and South Australia (Natural
Resources Kangaroo Island 2017, Department of Environment, Land, Water and
Planning, Victoria 2018; Department of Environment, Water, and Natural
Resources, Government of South Australia 2017). Although significant impacts on

Fig. 15.4 Dense populations of arboreal browsing marsupials can cause severe overbrowsing of
the forest canopy. In this forest at Cape Otway, Victoria, koalas have overbrowsed and killed all
mature manna gum, Eucalyptus viminalis, trees, while the less preferred messmate stringybarks,
E. obliqua, have survived. Photo Credit: Ben Moore
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plantation productivity have not been claimed (nor measured), costs to the plantation
industry are considerable, because harvesting operations must be modified, and
significant reputational cost is incurred by forestry companies when koalas are killed
or injured (e.g., ABC News 2013; HVP Plantations 2018). Marsupial browsing of
eucalypt seedlings in Tasmanian hardwood plantations, is more obviously detrimen-
tal to productivity, because it reduces seedling growth and survival and affects tree
form (Bulinski and McArthur 1999; Scott et al. 2002). Consequently, Tasmania has
implemented intensive browser control measures and encouraged research into the
problem (e.g., Miller et al. 2009; Close et al. 2010; Miller et al. 2011). While
brushtail possums, pademelons and wallabies have all been implicated, Bulinski
and McArthur (2003) suggested that the relative contribution of brushtail possums
had previously been underestimated.

The second specialist folivore of eucalypts (in addition to the koala) is the greater
glider, Petauroides volans, which does not appear to reach population densities that
measurably affect tree canopy biomass. However, the two generalist browser spe-
cies, that can feed to significant extents on eucalypt foliage, i.e., the common
brushtail and ringtail possums, can both occur in very high densities, and can
cause local canopy loss and eucalypt mortality (Loyn and Middleton 1980; Low
2002; Yugovic 2015).

Dramatic impacts of common brushtail possums, on native vegetation, have been
reported when they have been introduced to islands, such as the Keppel Islands in
Australia, and most famously, to New Zealand (Low 2002). Possums selectively
browse on, and cause crown dieback of, numerous native forest trees and mistletoes
in New Zealand (Sweetapple 2008; Sweetapple et al. 2016), and enormous efforts
are expended to reduce and control possum populations. Holland et al. (2013) have
produced a model to describe the impact of browsing by common brushtail possums
on woody vegetation, and have parametrized, and run, this model for several NZ tree
species (Holland et al. 2016). These models focus on tree mortality as an endpoint,
and key input parameters are plant foliage cover, and an index of browse damage.
These models are constructed such that the relationship of possum density to tree
mortality is strongly non-linear, and high possum densities are required before
browsing impacts become apparent. A strength of these models is the recognition,
by the modellers, that browsing is selective at the level of browse species and
individual plant (Windley et al. 2016). While many other modellers (e.g., Feng
et al. 2009) average herbivore offtake evenly across plants in the landscape, the
models of Holland and coworkers incorporate the recognition that herbivory is often
concentrated on individual, preferred trees. Selective browsing, including that driven
by strong differences in secondary chemistry among conspecific individual plants
(e.g., Moore et al. 2010), explains why browsing impacts can become apparent even
when overall herbivore densities appear to be too low to have an impact on foliar
production at the ecosystem level. These models have not yet been applied to
Australian eucalypts, although these trees might differ from the New Zealand
examples used by Holland et al. (2016), in terms of leaf lifespan, carbohydrate
storage and bud reserves to facilitate regrowth, and may show greater-between tree
variability in herbivore preferences attributable to plant secondary metabolites.
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As with grazing, browsing by marsupials can affect biodiversity, especially by
limiting regeneration of tree species after disturbance (Allcock and Hik 2004).
Overabundance of the mixed-feeding swamp wallaby, Wallabia bicolor, at
Booderee National Park, in coastal NSW, suppresses regeneration of Eucalyptus
pilularis seedlings, as well as other native and weedy trees, vines and shrubs,
favouring the growth of bracken, Pteridium esculentum, (Dexter et al. 2013). Stutz
et al. (2016) demonstrated the remarkable ability of these wallabies to locate and
target small seedlings by olfaction, even when they are obscured by thick
understorey. Exclosures were also used at Wilsons Promontory, Victoria, to dem-
onstrate that secondary succession (from shrubland to forest) could only proceed in
the absence of swamp wallabies, which were capable of pulling down and browsing
saplings as tall as 2 m (Ashton and Chappill 1989). In different Victorian forests,
swamp wallaby effects on forest regeneration, after harvesting, can range from
minimal (Di Stefano et al. 2007) to substantial (Di Stefano 2005). Browsing can
also, sometimes, threaten individual plant species such as the Tasmanian trees
Eucalyptus gunnii (Calder and Kirkpatrick 2008) and the threatened Eucalyptus
morrisbyi, in which one of two remaining populations is less able to resist brushtail
possum herbivory, and suffers lower flowering as a consequence (Mann et al. 2012).

Both the burrowing, Bettongia lesueurii, and the rufous, Aepyprymnus rufescens,
bettongs differ from the other, principally mycophagous, rat-kangaroos in consum-
ing significant amounts of plant material. Although this is generally thought to
comprise mostly roots and tubers (Claridge et al. 2007), foliage and branches can
also be consumed, particularly in high-density populations (Bice and Moseby 2008;
Linley et al. 2017). Woylies, Bettongia penicillata ogilbyi, too, include substan-
tially higher amounts of plant food in their diet in a high-density, food-limited,
fenced population than they do otherwise (Zosky et al. 2018). Anecdotally, bettong
browsing has been suggested to have limited post-fire recruitment of eucalypt
seedlings (Noble et al. 2007), and the decline of rufous bettongs was linked, again
anecdotally, to increased recruitment of woody vegetation in western New South
Wales (Rolls 1981). Noble et al. (2007) modelled the impact of browsing by
burrowing bettongs, fire and rainfall on shrub population dynamics and suggested
a potential for fire and browsing, either individually or in combination, to maintain
low shrub densities.

As with grazing marsupials, the impacts of browsing marsupials may only
become apparent in the absence of mechanisms that would otherwise suppress
populations, or alter their foraging behavior (Pickett et al. 2005). This could include
the cessation of hunting by humans, and a lack of predation by native owls
(e.g., Kavanagh 1988), raptors and dingoes, due to human persecution, local extinc-
tion or exclusion from fenced reserves. The isolation of habitat patches, due to land
clearing and the introduction of marsupial herbivores to islands, can also make
dispersal impossible, thereby increasing population growth rates. For example,
burrowing bettongs previously declined to extinction on mainland Australia, but
now thrive in predator-exclusion reserves such as Arid Recovery in South Australia,
where their densities are sufficient to reduce perennial plant species richness and
reduce vegetation condition (Linley et al. 2017). These effects were not seen at lower
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bettong densities in the same habitat (Munro et al. 2009). Similarly, browsing by
quokkas, Settonix brachyurus, acts, together with fire, to prevent tree seedling
recruitment on Rottnest Island, Western Australia (Main 1992).

15.6.3 Conclusion

Australian mammalian herbivore communities have changed dramatically since the
arrival of humans, which was followed by the loss of browsing and grazing mega-
fauna. Not only the causes of these extinctions, but also their consequences continue
to be debated, as researchers struggle to attribute evidence of changed vegetation to
herbivory, fire and climate (Johnson 2006). Given the former diversity of large
mammalian herbivores, one can imagine an impact on par with that of African
herbivores today. A second wave of ecosystem change commenced with the inva-
sion of Australia by Europeans 230 years ago. Since then, woody vegetation
clearance, changes to fire regimes, provisioning of water, pasture improvement,
and the introduction of exotic weedy and pasture species, have altered the environ-
ment in which marsupials forage. Australia’s apex predator, the dingo, has been
rendered functionally extinct in large parts of the country, while exotic
mesopredators such as the fox have had devasting impacts on many smaller mam-
malian herbivores. Grazing herbivores now coexist alongside, and possibly compete,
with exotic sheep and cattle, rabbits, camels, goats and pigs, which themselves alter
the foraging environment encountered by native marsupial herbivores (e.g., Cooke
1998; Tyndale-Biscoe 2005). As they have disappeared from across the landscape,
or as the ecosystems around them have been altered, the prospect of understanding
the former ecological role of many marsupial herbivores has slipped from our grasp,
but much also remains to be learnt about their contemporary impacts.

15.7 Lagomorphs

Lucy Lush

Lagomorphs are small- to medium-sized mammals that inhabit a wide variety of
habitats worldwide, both as native or introduced species (Hutchings and Harris
1996; Trout 2003). The lagomorph Order includes hares, Lepus spp., rabbits,
Leporidae spp., and pikas, Ochotonidae spp., many of which are classed as endan-
gered in their native ranges, with introduced species often becoming pests (Cowan
and Hartley 2008; Jennings 2008). Despite their small size, lagomorphs can dramat-
ically shape vegetation structure and composition, both positively and negatively
(Boag et al. 1990; Crawley 1990; Van der Wal et al. 2000a, b; Stahl et al. 2006). The
way land is managed can equally affect the distribution and behaviour of lagomorphs
(Petrovan et al. 2013; Lush et al. 2014). Understanding the determinants of
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lagomorph distribution and behaviour, and interactions between these species and
the ecosystems they inhabit (Sinclair et al. 2000), could provide management
solutions for both conservation and biosecurity.

15.7.1 Feeding Ecology of Lagomorphs

Lagomorphs are selective feeders and can be both grazers and browsers, depending
on the habitat, season and food availability (Chapuis 1990; Schai-Braun et al. 2015).
In general, lagomorphs graze on grasses and herbs but may browse on saplings and
woody plants, particularly when forage resources are limited during winter
(Homolka 1982; Rao et al. 2003). Some species of hares, such as the Mountain
hare, Lepus timidus, are specialist browsers, preferentially feeding on deciduous tree
species (Hjältén et al. 2004).

Lagomorphs are hind gut fermenters and, unusually, they perform coprophagy
(re-ingesting the soft faeces initially produced after a feeding bout) that enables them
to more effectively digest lower quality forage (in comparison to other mammalian
herbivore species their size) (Kuijper et al. 2004). This allows their diet to be
incredibly varied and provides the flexibility to adapt to changes in plant availability,
management of agricultural land or competition from other herbivores.

Rabbits and pikas are central placed foragers, which results in grazing gradients,
with reduced grazing intensity and increased dietary selectivity in grasslands further
away from their burrows or talus (Huntly 1987; McIntire and Hik 2005; Bakker et al.
2005). This can lead to higher standing biomass, vegetation height and decreased
plant nutrient concentration at greater distances from burrows (Bakker et al. 2005).
Unlike rabbits, pikas also carry out haying (caching plants) during periods of high
vegetation biomass, enabling them to survive through periods when vegetation is
dormant (Huntly et al. 1986). In contrast, hares often select fields with taller
vegetation that provides cover from predation, and less intensively managed agri-
cultural land, with higher levels of fat in plant material, whereas rabbits select for
more intensively livestock grazed pastures with nitrogen rich shorter grass (Bakker
et al. 2005; Lush et al. 2014, 2017).

15.7.2 Impacts of Lagomorph Grazing and Browsing

The flexible feeding ecology of lagomorphs can affect, both positively and nega-
tively, the localised impact of their grazing behaviour on the landscape. For example,
rabbits and pikas usually graze close to their burrows, which creates high intensity
grazing areas (Huntly et al. 1986; Cowan et al. 1989). Hares can also affect
vegetation structure through selectively browsing on plant species (Rose and Platt
1992), reducing woody biomass (Pease et al. 1979) and removing seedlings (Wong
and Hickling 1999). This can benefit other species, for example, hare browsing
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restricted the growth of shrubs such as, Artemisia maritima and Atriplex
portulacoides, on salt-marshes that created preferential foraging habitat for Brent
geese (Van der Wal et al. 2000b). High population densities of lagomorphs can,
therefore, lead to fundamental alterations to grassland structure and composition
(Boag et al. 1990; Crawley 1990), and can cause damage to native grasses and forbs,
resulting in reduced species richness, reduction in the area of grassland swards and
increased weeds (Mutze et al. 2016). Studies, using exclusion experiments, revealed
that preferential grazing of certain plants by lagomorphs reduced plant diversity and
vegetation growth (Gibbens et al. 1993; McIntire and Hik 2005). However, these
effects can be confounded by grazing by other types of herbivores, weather condi-
tions and long-term effects of grazing pressure.

European rabbits, Oryctolagus cuniculus, have become a significant pest species
in many countries (Cowan 1987). In the UK, damage to crops have been estimated at
£115 million annually (Smith et al. 2007), and, in Australia are attributed to the loss
of A$206 million in agriculture (Gong et al. 2009). However, rabbits can provide
commercial revenue for example, A$36 million in Australia from the sale of
products as a result of shooting (Gong et al. 2009).

Rabbit grazing can also benefit the environment, providing an important mech-
anism for maintaining certain habitats such as, calcareous grasslands, heathland and
sand dune grasslands (Lees and Bell 2008; Trout 2003). When rabbits were removed
from these habitats, plant biodiversity reduced and indirectly affected numbers of
important invertebrate species (Barham and Stewart 2005). Similarly, the burrowing
and grazing activity of pikas, Ochotona pallasi, has improved soil nutrients in arid
habitats, and subsequently increased grass productivity, creating higher species
diversity and vegetation abundance (Wesche et al. 2007; Yu et al. 2017). Although,
in contrast, other studies found they had little impact on grassland plant species
richness, and pikas were negatively affected by high intensity livestock grazing
(Komonen et al. 2003).

Being prey species, lagomorphs can, to some extent, be naturally controlled by
predators, such as the red fox, Vulpes vulpes, and lynx, Lynx lynx. There has been a
10 year cyclic relationship between snowshoe hare populations, Lepus americanus,
and lynx, in North America, through a combination of predation and forage quantity
and quality (Krebs et al. 2001). Similarly, rabbits, in their native ranges, are
declining due to changes in land use, habitat loss and introduced viruses, resulting
in declines in lynx populations (Virgós et al. 2003; Lees and Bell 2008). The changes
in population density of lagomorphs can, in turn, affect grazing pressure, plant
growth and composition.

15.7.3 Effect of Management on Lagomorphs

Agricultural intensification, and changes in management practices, have altered the
habitat and food availability for lagomorphs. The winter planting of agricultural
crops has provided an important food source for hares and rabbits, when other

15 The Ecology of Browsing and Grazing in Other Vertebrate Taxa 373



natural forage resources are limited; inadvertently resulting in an increase in rabbit
populations (Tapper and Barnes 1986). Removal of hedgerows, woodlands and the
planting of larger, monocultural fields, reduced habitat diversity and structure, which
has negatively impacted some lagomorphs, such as the brown hare, Lepus
europaeus, that require a diverse variety of plants and habitat structure (Tapper
and Barnes 1986). Increased livestock grazing reduces the available forage and
cover for lagomorphs, and has been shown to have a major impact on lagomorphs’
foraging distribution (jackrabbits, cottontails and brown hares), with higher numbers
found on areas with moderate livestock grazing, as opposed to those areas that were
heavily or lightly grazed (Milchunas et al. 1998; Karmiris and Nastis 2007). This
could also create potential competition for resources between livestock and lago-
morphs (Hulbert and Andersen 2001). Livestock grazing regimes, the application of
fertiliser and planting different grass or crop species affects plant nutritional quality
and, consequently, lagomorph diet (Bakker et al. 1983; Pavlů et al. 2006; Lush et al.
2017). In particular, the amount of nitrogen, crude fat and fibre available in plants
have differing effects on lagomorph foraging distribution and body condition
(Hackländer et al. 2002; Bakker et al. 2005; Lush et al. 2014).

15.7.4 Managing Lagomorph Grazing and Browsing

Biocontrol agents, such as, myxomatosis and rabbit haemorrhagic disease virus,
were introduced in several countries to reduce the extremely high rabbit populations.
Following the introduction of these agents, rabbit numbers in the UK reduced by
99.9% (Boag 1987), resulting in dramatic changes to the landscape, with increased
grassland growth and regeneration of woodlands. The reduction in rabbit
populations in the UK reduced plant diversity resulting in the extinction of some
invertebrates, such as, the large blue butterfly, Maculinea arion, (Sumption and
Flowerdew 1985). It also resulted in the decline of many predators that fed largely on
rabbits such as, the stoat, Mustela ermineu, and buzzard, Buteo buteo, (Sumption
and Flowerdew 1985); with knock on positive and negative effects on the environ-
ment and economy. Eradication, and control, of introduced rabbit populations,
particularly on islands, has resulted in increased plant species richness and cover,
although exotic plants often populate areas faster than native plants, highlighting the
benefits of rabbit grazing in some situations (Schweizer et al. 2016). In Australia, the
reduction of rabbits benefitted Australian agriculture by A$70 billion dollars (Cooke
et al. 2013). Although, recently, increasing resistance to the virus, and different
strains, have reduced the effectiveness of this control measure (Ross and Sanders
1984).

Less dramatic methods to control lagomorph populations and foraging behaviour
can be mediated through changes in the structure and composition of available
habitats (Boag 1987). Reduction of vegetation cover, removal of field boundaries
and the use of set asides (removing areas of land from crop production creating strips
of grassland at field edges), have reduced some crop losses from lagomorph grazing;

374 I. J. Gordon et al.



however, at high lagomorph densities these become ineffective (Trout 2003). Stud-
ies found that planting of older, larger tree saplings reduced lagomorph browsing in
plantations (McArthur and Appleton 2004); similarly, reducing tree planting density,
and planting seedlings in tall vegetation to reduce their visibility, lowered browsing
pressure by hares (Rao et al. 2003). Less intensive farming practices, such as
reducing livestock grazing and other inputs to pastures e.g., fertilisers that alter the
nutritional value of vegetation, could benefit some lagomorph species (Lush et al.
2014). However, each lagomorph species has differing nutritional requirements and
therefore, changes could be positive or negative. Further research, and regular
monitoring, is required to assess the impact of different management practices on
lagomorph species and measure the effectiveness of management interventions at a
landscape scale.

15.8 Rodents

Renan Maestri

Rodents outnumber all other orders of mammals, in term of number of species
(Wilson and Reeder 2005); approximately 42% of mammals are rodents, which
corresponds to around 2400 species. Rodent radiations have occurred repeatedly
across the globe, and they occupy all continents with the exception of Antarctica
(Lacher et al. 2016), showing a parallelism in morphological and ecological features
in each radiation (Wood 1947; Aplin and Ford 2014). The success of rodents in
colonizing different environments is directly related to rodent’s ability to exploit
diverse food items, such as grasses, roots, leaves, fruits, seeds and insects. However,
most rodents are herbivorous, or include some plant material in their diet, and have
many adaptations for herbivory (Samuels 2009). This is apparent from the smallest
rodents such as the pygmy jerboa, Salpingotulus michaelis (~4 g), that feed on
desert-adapted leaves, to the largest living rodent, Hydrochoerus hydrochaeris
(~60 kg), that feed on grasses, and even the largest extinct rodent, Josephoartigasia
monesi (~1000 kg), is thought to have fed on soft vegetation and fruits
(Rinderknecht and Blanco 2008).

A classification of rodents into browsing vs. grazing categories is uncommon
compared to more traditional categories that divide rodents into chewing vs.
gnawing for feeding habits, and into folivory (leaf eaters) vs. gramnivory (grass
eaters), among others, for food preferences. A comparative assessment of adapta-
tions for herbivory, considering these categories, reveals many morphological and
physiological differences among living rodents, which are reflected in their impact
on the ecosystems through feeding activities, reviewed below.

The herbivorous habit of rodents is related to their characteristic skull shape, with
enlarged and ever-growing incisors that are adapted for biting (also gnawing)
(Lacher et al. 2016). The check teeth, which are found behind the incisors and the
diastema, are effective at chewing and grinding of plant material. Gnawing with the
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incisors and grinding with the check teeth are the main activities performed by
rodents whilst feeding. Both functions take place in alternation: when the incisors are
engaging, the jaw is positioned forward in a position that means that the check teeth
do not meet each other; when the check teeth are positioned for grinding and
chewing, the incisors are not positioned to allow gnawing (Vaughan et al. 2015).
This difference in position relates to a trade-off between specialization for gnawing
or chewing, and rodents can be roughly classified depending on their jaw muscula-
ture and skull adaptations for increased gnawing over chewing or vice versa (Cox
et al. 2012).

Morphological adaptations for feeding, mainly related to the position and form of
masseter muscles, can be used to segregate rodents in three non-monophyletic
groups: sciuromorph, hystricomorph and myomorph (Simpson 1945). In the
sciuromorph rodents the masseter lateralis and temporalis muscles are relatively
large and the masseter lateralis extends onto the rostrum (Korth 1994). This leads to
changes in feeding processes that, together, increase the gnawing abilities of these
rodents. Greater gnawing abilities are associated with feeding on large seeds, nuts
and roots. Examples of sciuromorph rodents are squirrels, beavers and pocket
gophers. In the hystricomorph rodents it is the masseter medialis that is greatly
developed and extended, passing through an enlarged infraorbital foramen before
attaching to the rostrum (Wood 1965; Korth 1994). Rodents with this adaptation
have an increased ability to perform varied movements with the jaw, resulting in an
improved capacity for chewing and grinding at the same time (Cox et al. 2012).
These adaptations allow increased processing efficiency when feeding on plant
material, and most strictly grazing rodents have this morphotype. Examples of
hystricomorph rodents are jerboas plus some Old-World rodents, the South Amer-
ican porcupines and many other caviomorph species; the largest rodent in the world,
the South American capybara, Hydrochoerus hydrochaeris, is a grazing rodent with
these features (Herrera 2013). The myomorph rodents have a combination of
features from both the sciuromorph and the hystricomorph morphotypes, where
the masseter lateralis extends onto the rostrum, as in sciuromorphs, and the masseter
medialis passes inside the infraorbital foramen, as in hystricomorphs (Korth 1994).
This combination of features produces a phenotype capable of performing both
gnawing and chewing functions that leads to effective feeding on seeds, fruits,
grains and plant material in general (Cox et al. 2012; Maestri et al. 2016).

Dietary shifts also trigger corresponding changes in the shape of the jawbone
(e.g., Hautier et al. 2012; Maestri et al. 2016). A narrow angular process of the
mandible is usually associated with the hystricomorph rodents, while a more robust
angular process characterizes sciuromorphy. Even among hystricomorphs, those
families feeding exclusively on grasses have a narrower and thinner angular process
than those feeding on fruits and seeds (Hautier et al. 2011). Furthermore, a shorter,
and curved, diastema, and a deeper ramus, characterize families that feed on fruits
and seeds, as opposed to those that feed on grasses (Hautier et al. 2011). Other
general differences in skull morphology occur according to whether a species feeds
on grasses versus fruits and seeds (see Hautier et al. 2012), and still another set of
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morphological characteristics are found among rodents that feed on meat (e.g.,
Woollard et al. 1978; Rowe et al. 2016).

Herbivory in rodents can also be augmented by adaptations of the teeth (e.g.,
Willians and Kay 2001; Ma et al. 2016). Hypsodonty, one of the hallmarks of
herbivory for mammals in general (Saarinen Chap. 2), is also a feature of herbiv-
orous rodents. High crowned check teeth can increase the capacity for processing
plant material consumed during grazing, and these type of teeth are found, for
instance, among caviomorphs and several species of small rats and mice. A few
studies of South American sigmodontines rodents have shown that the proportion of
high-crowned teeth is greatest in species found in cold and dry and semiarid climates,
while few high-crowned species are present in wet and hot climates (see Madden
2015). In addition, high teeth crowns, and larger check teeth, are positively correlated
with the more seasonal and open environments (Madden 2015; Maestri et al. 2017).

Another related adaptation is the development of ever-growing check teeth in
some caviomorph rodents such as the caviids and chinchillids. Nevertheless, relating
hypsodonty to diet in rodents is limited by the scarcity of work on dietary compo-
sition for rodents in general (Madden 2015; Arregoitia 2016). Analyses of stomach
contents using, for example, metabarcoding (Lopes et al. 2015), have revealed a
great overlap in plant families consumed by rodent species. Intestinal physiology
studies can contribute by comparing the concentration of types of bacteria between
rodents and grazing ungulates, revealing, for example, a similarity in intestinal
physiology between the capybara and bovids (Borges et al. 1996, see Herrera
2013 for a distinction between foregut and hindgut fermenters). Enamel microwear
investigations are also a useful tool that helped to classify grazing and browsing
mammals (Townsend and Croft 2008), and are applicable to distinguish food
preferences (e.g., omnivore, frugivore, gramnivore) among rodents (Caporale and
Ungar 2016). Multiple approaches are urgently needed to analyse rodent diet
composition, so as to move away from the broad description of rodents as “oppor-
tunistic” and “omnivorous”.

Given the diversity and wide geographical distribution of rodent species, and
the propensity of its members to feed on many types of plant material, it is important
to understand how the foraging behavior of rodents impacts ecosystems through
grazing and browsing activities. A few studies have investigated the impacts of
rodents on ecosystems through grazing (e.g., Howe et al. 2002; Bilodeau et al. 2014)
and browsing (Ravolainen et al. 2014), yet most of the literature has focused on large
mammals or rabbits (previous sectionKatona and Coetsee Chap. 12). Nevertheless,
the impact of grazing rodents could be, at least, as great as that of rabbits at some
regions, as in South America: Madden (2015) suggests that the invasion of South
America by herbivorous caviomorph rodents (see also Saarinen Chap. 2) could
have generated increased soil erosion resulting from their grazing activities. For
example, there is evidence that the feeding behavior and burrowing activities of
tuco-tucos (genus Ctenomys) reduces forage and leads to vegetation changes and
habitat degradation (Jackson 1988). When these rodents cover large areas, they can
alter the soil dynamics and the vegetation growth (Massoia 1970; Galiano et al.
2014). Similarly, the feeding behavior of vizcacha (genus Lagostomus), another
caviomorph, can lead to reductions in vegetation cover and abundance and they even
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compete with livestock for food; they are considered a pest in some areas of
Argentina (Jackson 1988).

The effects of grazing and browsing of small rats and mice might also impact
ecosystems, but may go unnoticed due to the difficulty of measuring their impacts.
Limited direct evidence exists on the role of small cricetid rodents in damaging
pastures and being pests of cultivated plants (Jackson 1988). Nevertheless, damage
of human cultivated crops, such as rice and cereal grains, by small rodents, has been
estimated to cause a billions of dollars per year of damage worldwide (Lacher et al.
2016). Using experimental plots in England, Hulme (1994, 1996) compared the
impact of small rodents and invertebrates on seedlings predation and the growth of
grasslands. He showed that rodents and molluscs had similar negative effects on
herbaceous seedlings, consuming about 30% within a given plot. Nevertheless,
rodents had their greatest effect on the growth of grassland plants, being responsible
for a 50% reduction in mean plant biomass, greater than the impact of molluscs or
arthropods. Hagenah et al. (2009) found a proportionally higher effect of murid
rodents on plant biomass in a South African savanna, after excluding large herbi-
vores from experimental plots; the exclusion of large herbivores had the effect of
increasing small rodent abundance (Hagenah et al. 2009; Luza et al. 2018). Howe
and Brown (1999) compared the effects of herbivory between small browsing
rodents and birds in a tallgrass praire, and found that the voles had negative effects
on grass biomass and altered plant community structure, especially in low-density
communities; while the effects of bird were more pronounced in high-density
plantings. Browsing voles, such asMicrotus pennsylvanicus, can even be considered
a plague in prairie grasslands in North America, because they can cause drops in
plant diversity (37% drop in Simpson’s diversity index), greatly altering community
composition (Howe et al. 2002).

Other studies have found contrasting results, showing that rodents have negligible
top-down control on plant assemblages, which were mostly regulated by bottom-up
processes, such as in native grasslands of North America (Báez et al. 2006).
Similarly, grazing by lemmings had very weak effects on plant biomass at the
Canadian arctic (Bilodeau et al. 2014). Therefore, while rodents have a pronounced
effect on growth of grasses in some cases, the literature on the effects of browsing
and grazing by rodents shows varying overall impacts on ecosystems. Furthermore
work is needed, not just focusing specifically on rodents but also comparing the
effects of rodents with those of large mammals, to reach a consensus about how great
are the ecosystem impacts of grazing and browsing by rodents.

15.9 Primates

Ikki Matsuda and Marcus Clauss

Non-human primates (hereafter referred to as ‘primates’) cover various trophic
niches, from nearly exclusive folivory to frugivory, gummivory, insectivory and
omnivory; although the majority of species are folivorous, frugivorous, or both
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(Campbell et al. 2011). One exceptional species, the gelada baboon, Theropithecus
gelada, was thought to be graminivorous (a ‘grazer’); however, a recent study
showed that geladas also consume a substantial amount of non-grass (non-monocot)
foods, implying that they are not strict grazers as previously thought (Fashing et al.
2014). Folivorous primates that exhibit hindgut and foregut fermentation such as
colobines (foregut fermenters: Asia and Africa), lemurs (hindgut fermenters: Africa)
and gorillas (hindgut fermenters: Africa) are widely distributed in the Old World,
and hindgut fermenting howlers are found in the New World (Mittermeier et al.
2013). Recent studies on the feeding ecology of some primates, technically classified
as folivorous, have reported high levels of fruit and/or seed consumption in response
to local habitat conditions (Campbell et al. 2011). Thus, classifying primates as
strictly folivorous is not a simple matter.

15.9.1 Anatomical Adaptations to Diet

In parallel to the dichotomy of hindgut and foregut fermenters seen in mammals,
primates generally have two contrasting digestive strategies: high intake with fast
throughput for low digestive efficiency or low intake with slow throughput for high
digestive efficiency (Clauss et al. 2008). Folivorous primates that exhibit foregut
fermentation are mostly limited to the high digestive efficiency strategy (Clauss et al.
2008). Another key digestive strategy in folivorous primates entails fine-tuning of
salivary protein composition. Howler monkeys, the most folivorous New World
primates, show continuous expression of tannin-binding salivary proline-rich pro-
teins; this allows them to consume a diet with variable tannin content (Espinosa
Gómez et al. 2015). Such salivary tannin defences have been demonstrated in a few
primate species, including omnivorous baboons and macaques (Espinosa-Gómez
et al. 2018). On the other hand, as do a great variety of other grazing mammals,
graminivorous geladas completely lack proline-rich proteins, and a capacity to bind
tannins, demonstrating their narrower dietary niche compared to that of other baboon
species (Mau et al. 2009). Given that colobines generally have large salivary glands,
they may use a similar strategy to howlers (Kay et al. 1976; Matsuda et al. 2017b);
however, this hypothesis awaits further testing.

The microbial community in the gastrointestinal tract is believed to play an
important role in facilitating the consumption of hard-to-digest foods, such as leaves
of trees and grasses. As a result of recent developments in sequencing technology,
gut microbiota analysis, based on large amplicon libraries of 16S ribosomal RNA
(rRNA) genes and mostly faecal DNA, has increasingly been conducted on
folivorous primates (Ley et al. 2008). In folivorous primates, the distal gut
microbiome varies even within a species according to diet and/or living conditions
(Amato et al. 2013; Clayton et al. 2017); gut microbial diversity in captive primates
is generally reduced compared with that in their wild counterparts. A recent study
suggested that gastrointestinal distress in folivorous primates, such as infestation
with or disease caused by parasites, may be associated with an imbalance between
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the types of organism present in their natural microflora, especially that of the gut
(Amato et al. 2016).

Nutritional studies have revealed that both hindgut and foregut fermenters gen-
erally prefer leaves rich in protein and lower in fibre (Ganzhorn et al. 2016).
However, there are some folivorous primates that do not display a strong preference,
indicating that a preference for protein depends on the overall protein availability in
the environment; the preference for protein is only clearly demonstrated in environ-
ments with a low average protein content (Ganzhorn et al. 2016). Other factors that
may affect dietary selection in folivorous primates are mechanical toughness and leaf
digestibility. However, little information is available regarding primates’ dietary
choices, and studies evaluating a variety of nutritional and mechanical factors with
diet digestibility are particularly lacking. One study providing new insights into
in vitro digestibility, toughness and nutrients of leaves shows that the preferred
leaves of foregut fermenting proboscis monkeys not only contain more protein and
less fibre but are also less tough and more digestible than the alternatives (Matsuda
et al. 2017b).

15.9.2 Behavioural Adaptations to Diet

The way a primate rests could be related to their digestive physiology. Among
folivorous primates, this is most evident in colobines, that have a characteristic long
resting period (over 70% of daylight hours) sitting with a vertical posture (Matsuda
et al. 2017a). This might be because the position of the digestive chamber, and the
need to frequently eructate digestive gases, force colobines to assume a posture that
reduces pressure on the thorax and respiratory organs. In contrast to ruminants that
are characterised by a sorting mechanism in their forestomach that operates based on
the density of different-sized food particles (Lechner-Doll et al. 1991), with smaller
particles generally having a higher density than larger ones (Clauss et al. 2009),
experiments with captive colobines have shown no evidence for a forestomach
sorting mechanism (Schwarm et al. 2009; Matsuda et al. 2015, 2019). Passage
studies in general suggest that, as a group, primates do not pass solutes faster than
particles, i.e., lack the physiological or mechanical ability to wash particulate digesta
with fluids in the digestive tract that has evolved in all other mammalian herbivore
clades (Müller et al. 2011). An interesting peculiarity is that a non-obligatory
rumination-like behaviour has been demonstrated in one colobine species, the
proboscis monkey (Matsuda et al. 2011; Matsuda et al. 2014).

As with most primates, folivorous primates live in groups varying in their
sex-composition and -disperal, e.g., one-male-multi-female or multi-female-multi-
male groups with both-sex-dispersal or female-philopatric/male-dispersal. As leaves
are generally abundant and evenly distributed in their habitats, socioecological
models indicate that food competition within folivorous primate groups can be
assumed to be weak/absent and that populations and groups are not constrained by
the availability of food (Wrangham 1980; Janson and Goldsmith 1995; Sterck et al.
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1997). Increasing day range with increasing group size has been used as a
behavioural indicator of food competition within primate groups, and this hypothesis
on weak/absent of food competition is supported by the fact that a flat relationship
exists between group size and day range across various folivorous primates (e.g.,
Yeager and Kirkpatrick 1998). However, many folivorous primates, despite this
assumed lack of feeding competition within their groups, often live in relatively
small groups, though larger groups are expected to have lower costs of predation due
to better detection of predators. This inconsistency is referred to as the ‘folivore
paradox’ (Steenbeek and van Schaik 2001). Indeed, the results contradict the
assumption of leaves as ubiquitous or non-patchy resources in some colobines,
e.g., red colobus, Procolobus rufomitratus, (Snaith and Chapman 2005) and gray
langurs, Semnopithecus entellus, (Sayers and Norconk 2008). Infanticide has been
suggested as a mechanism that could regulate group sizes in groups with a high
proportion of males, although this theory alone cannot explain the folivore paradox
in all cases (reviewed by Snaith and Chapman 2007).

15.9.3 Conservation of Primates

Nearly half of all primate species are threatened with extinction as a result of habitat
destruction and poaching, and folivorous primates are no exception (Estrada et al.
2017). A fundamental challenge facing primate conservation today is a lack of
knowledge regarding the status of endangered populations (Wich and Marshall
2016). Such information is essential in order to develop effective, long-term man-
agement plans for conservation. Therefore, understanding the determinants of abun-
dance in folivorous primates is of utmost importance (Chapman and Peres 2001). It
has been suggested that the biomass of folivorous primates, especially colobines, is
related to the protein-to-fibre ratio of the leaves in their habitats (Chapman et al.
2002). In line with this protein-to-fibre model, the effect of global change on
folivorous populations has been examined; a decline in colobine abundance may
be explained by the fact that the fibre concentration in their consumed leaves has
increased and protein content has decreased over the past 30 years (Rothman et al.
2015).

Contrary to the earlier reports that colobine monkeys are primarily seed-eaters
(e.g., Sun et al. 2007), an impact of colobines on their ecosytems as seed dispersers
has recently been reported in several taxa such as Nasalis, Presbytis, Rhinopithecus
and Trachypithecus (Tsuji et al. 2017; Chen et al. 2018; McConkey 2018; Thiry
et al. 2019). Even if they are not comparatively efficient endozoochorous and
epizoochorous seed dispersers in forest ecosystems, their high abundance and
biomass could make them quantitatively significant in seed dispersal (Matsuda
et al. 2013).

Available data showing the impact of climate change on food quality and
colobine abundance are very limited, and as colobines have been considered as
seed dispersers only very recently, the available data testing its impact on their
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living-ecosystem are also scarce. Thus, this remains a highly relevant topic that can
aid, not only in a basic understanding of colobine population and behavioural
ecology, but also in the development of conservation strategies for colobine species.
Further work on the importance of colobines in ecological processes (e.g., seed
dispersal, nutrient cycling) and their reduced populations on the dynamics of
ecosystems is clearly needed.
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Chapter 16
Browsers and Grazers Drive the Dynamics
of Ecosystems

Iain J. Gordon and Herbert H. T. Prins

16.1 Introduction

Ever since plants evolved on land, vertebrate herbivores have been exploiting them
for food. Plants in turn have evolved a range of adaptations to deter herbivores, both
vertebrate and invertebrate. These defences, in part, reduce the nutritional value of
plant material, through, for example, structural carbohydrates such as cellulose and
lignin, which vertebrate digestive enzymes are not able to digest, and toxins such as
tannins and glucosinolates. Vertebrate herbivores, across a range of taxa (see also
Gordon et al. Chap. 15) have developed symbiotic relationships with microbes
(housed in their gut) that are able to utilise these structural carbohydrates and
detoxify plant secondary compounds, increasing the nutritional values of plants.
This arms race between plants and vertebrate herbivores continues to this day.

More than any other vertebrate taxonomic Orders, the Ungulata (Perissodactyla
and Artiodactyla), have exploited the nutritional opportunities offered by plant
communities, mainly on land but even in the sea. Evolving from ancestral omniv-
orous taxa, ungulates have been part of the ecosystems of the globe for the past
54 M years before present (BP). It is not surprising, therefore, that they show
adaptation to the environment nor that they have both direct and indirect impacts
on the ecosystems in which they exist that are deep and broad ranging.

Compared with The Ecology of Browsing and Grazing (Gordon and Prins 2008),
in The Ecology of Browsing and Grazing II we have slightly changed the emphasis
to focus more heavily on the impact of browsing and grazing. However, our main
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aim is to draw together, and update, the leading research in understanding the
mechanisms and processes which underlie the behaviour, distribution, movement
and direct impacts on the vegetation of domestic and wild herbivores, and the
dynamics of nutrients, plant species and the vegetation composition and associated
fauna 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 crosscutting issues in
ecology. This research demonstrates how an understanding of the processes of
plant-herbivore interactions allows researchers to provide practical advice on the
management of large herbivores and integrate production and conservation manage-
ment objectives in terrestrial systems.

Let us start this concluding Chapter by stating that, 11 years on from our book on
The Ecology of Browsing and Grazing (Gordon and Prins 2008), the foregoing
Chapters demonstrate that the dichotomy between browse and grass dominated diets
in large mammalian herbivores is still an extremely important heuristic for under-
standing the evolution, anatomy, physiology, behaviour, life history, population and
community dynamics and composition of large mammalian herbivores. However,
we were not just wanting to reconfirm the value of a theoretical approach to
understanding the relationship between browsing and grazing large mammalian
herbivores and the ecosystems in which they exist; that is sloppy science—we are
after the nuggets of research that give new insights into the relationship. We will
collate some example of this below.

16.2 Theory of Large Herbivore Impacts on Ecosystems

One of the issues that confronted us when we were reviewing the Chapters in this
book is the fuzziness about the definitions as to what categorises small vs. medium
vs. large vs. mega-herbivores. For example Saarinen Chap. 2 states “large herbiv-
orous mammals, considered here as taxa �44 kg” (i.e., 100 pounds) and in Rowan
and Faith Chap. 3 determine that “In the literature on late Quaternary extinctions,
most scholars follow Martin (1967) in describing mammalian species �44 kg as
‘megafauna.’” Also in Gordon et al. Chap. 15, diverse authors, who deal with other
herbivores than ungulates (e.g., reptiles or fish), use a range of boundary classes for
these different categories of animal mass. However, in the ungulate ecological
literature the term ‘megaherbivore’ is currently generally used for animals
�1000 kg (Owen-Smith 1988). For the development of coherent ideas about how
the world’s vertebrate assemblages or biomes are organized, it is important that
scientists from different (sub-)disciplines easily comprehend each other’s insights
and interpretations, and we thus call for the development of a communally accept-
able set of boundary size classes (see Box 16.1).
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Box 16.1
Because the modern sciences have embraced the SI-system, these class
boundaries must be expressed in the metric system, but because these bound-
ary values are not intrinsically determined by, say, molecular or physiological
thresholds, they can be arbitrarily set at rounded-off values. Lastly, because
many ecological processes seem to scale on a logarithmic scale (Peters 1983),
we propose to use the following class boundaries: 0.01 kg, 0.1 kg, 1 kg, 10 kg,
100 kg and a 1000 kg. In other words, we propose:

• Megaherbivore is >1000 kg (log 3) (e.g., elephant, giraffe)
• Large herbivore is >100 kg but <1000 kg (between log 2 and log 3)

(e.g., zebra, buffalo)
• Medium sized herbivore is >10 kg but <100 kg (between log 1 and log 2)

(e.g., gazelle, roe deer)
• Small herbivore is>1 kg but<10 kg (between log 0 and log 1) (e.g., hares,

oribi)
• Very small herbivore is >100 g but <1000 g (between log �1 and log 0)

(e.g., pica, mole rats)
• Micro-herbivore is >10 g but <100 g (between log �2 and log �1)

(e.g., voles, lemmings)

But more fundamentally: do we need these contradistinctions and do we need
these categories? An important paper in this respect is that of Caughley and Krebs
(1983), with the intriguing title ‘Are big mammals simply little mammals writ large?’
in which they showed that the population processes of very small or even micro-
mammals are fundamentally different from those of medium-sized and large herbi-
vores, a conclusion echoed by the recent analysis of Hopcraft et al. (2012). However,
in our craving for finding general patterns (‘rules’), time-and-again we seek simple
contrasts like ‘large’ vs. ‘small’ (or ‘browser’ vs. ‘grazer’; ‘foregut-fermenter’
vs. ‘hindgut-fermenter’) and, in that respect, the work of Wolff (1997) is sobering:
most population regulation is extrinsic and ‘traits’ such as female territoriality, or
infanticide appear to be more important than density or body mass. And, of course,
recent work (e.g., Illius and O’Connor 1999; Sullivan and Rohde 2002; Yatat et al.
2018) shows that most systems, and populations, are governed by non-equilibrium
processes making distinctions based on body mass perhaps even less important at the
scale of populations. Yet, at this stage of the development of thinking on ungulate
ecology, we believe that ‘body mass’ is important for understanding of the impact of
browsing and grazing on the habitats occupied by ungulates.

One of the great things about science is the way in which individual disciplines
can bring insights that inform other related and unrelated disciplines (think ecology
and human health via the microbiome; Lloyd-Price et al. 2016). For example, the
inclusion of two Chapters (Saarinen Chap. 2; Rowan and Faith Chap. 3) in this
book, that use advanced methods to assess the diets of fossil ungulates, demonstrates
the importance of bringing this new information into our assessment of the ecology
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of extant ungulate species and populations. From these Chapters, it emerges that
much of the past reconstruction of the evolution of grazing during the Miocene
(23–5 My BP) and later, may prove to be less certain than is currently justified. This
highlights that much of the literature prior to 2008 (Gordon and Prins 2008), and our
understanding of the ecology of browsing and grazing, must be re-evaluated to test
the validity of our present knowledge. That means that more recent literature that
refers to that older literature also should also be re-evaluated—a massive task—as
much of our present thinking carries the weight of older, perhaps dated, thinking and
writing.

Fundamental to an understanding of the plant-herbivore relationships outlined in
this book is the concept of ‘niche’. This idea has been around for a long time in the
ecological literature (Hutchinson 1959). Stated simply, “The joint action of such
stressors determines an organism’s ecological niche, which should be defined as the
set of environmental conditions where population growth rate is greater than zero
(where population growth rate is equal to r¼ loge(Nt + 1/Nt))” (from Sibly and Hone
2002). Despite this formulation, many ecologists work on the assumption that a
species’ ecological niche is fixed (see Sexton et al. 2017 for review). However, a
number of the Chapters in this book (e.g., Codron et al. Chap. 4) demonstrate that
this assumption is incorrect, and that large mammalian herbivores have a continuous
niche whereby they continuously adapt to the foodscape and thermal landscape
(thermal ecology; Boone Chap. 8) in which they as an individual, population or
species find themselves. The specific anatomical and, less so, physiological and
behavioural “adaptations” that define a species will allow the individual or popula-
tion to best derive nutrients from plants in their “ecological niche” (Codron and
Clauss 2010; Damuth and Janis 2011), however, they can also feed on other
vegetation components of the ecosystem, albeit, with lower nutritional efficiency if
circumstances require. Indeed, in general, plant food is so marginal as compared to
the dietary requirements of ungulates that they have to assemble diets from different
plant species, different plant parts and different localities (cf. Van Langevelde and
Prins 2008). Movement is perhaps the most important ‘trait’ that animals have;
animals are not ‘cabbages on feet’. Much of the theory in ecology has been
formulated by plant ecologists (e.g., Clements 1936; Grime 1977), and some is of
outstanding quality, but it is questionable how much of that theory is ultimately of
use for analysing and predicting the ecology of the animals that eat those plants.

There is no doubt that ungulate species do have morphological, physiological and
behavioural adaptations to the diets that they eat. This is particularly evident from the
fossil record where the early browsing ungulates adapted to the increasing availabil-
ity of grasses and grasslands. For example, in Rowan and Faith Chap. 3 state that,
in the fossil record, “the skulls of 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.” However, simplification is
perhaps impossible when it comes to understanding grazing and browsing. There are
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manifold anatomical, physiological and behavioural adaptations that large mamma-
lian herbivores have to ingest, process, digest and extract nutrients. That is that the
acquisition of nutrients from plants starts with ingestion (locating and biting food),
there is then extensive processing in the mouth both before swallowing and after
regurgitation (in ruminants), and finally there is fermentation in various sites in the
digestive tract. In Codron et al. Chap. 4 analysed 155 variables across this set of
processes and found that the relevance of many of these characteristics “is not
always clear, and in fact dubious in many instances”. Furthermore, as long ago as
2008 Clauss et al. (2008), found that the concepts propounded to link these traits of
species to their diets, whilst useful, was often not supported by empirical/statistical
evidence. For more thoughts on this see Box 16.2.

Box 16.2
Suppose we take the trait discussion further. And suppose the traits are
independent and can take on different ‘values’. For instance, ‘jaw length’ is
the trait and ‘short’, ‘medium’, ‘long’ and ‘very long’ are to be taken as the
values (i.e., ‘levels’). Then we can construct the following set of ‘traits’ (to a
large extent based on Codron et al. Chap. 4). We put in as a trait also
‘thermal’ on basis of the content of Gordon et al. Chap. 15 (the reptiles,
fish vs. mammals and birds)), just like teeth (to cover the descendants of the
dinosaurs that we now call ‘birds’ which lost their dentition but forage (still?)
on foliage and grass):

1. Incisor arch width [short, medium, wide, very wide]
2. Dentition [no mastication, superficial mastication, fine mastication]
3. Jaw length [short, medium, long, very long]
4. Stomach type:

(a) Simple
(b) Ruminant
(c) Different (like pigs)
(d) Hindgut

4.b. If ruminant:

(i) rumen contents stratification (say: low, medium, high)
(ii) rumen fluid viscosity (say: low, medium, high)
(iii) the ratio of particle to fluid MRT (say: low, medium, high)
(iv) the cranial rumen pillar thickness (say: low, medium, high)
(v) the caudal rumen pillar thickness (say: low, medium, high)
(vi) the area of the intraruminal orifice (say: low, medium, high)
(vii) the area of the ruminoreticular orifice (say: low, medium, high)
(viii) the area of the reticuloomasal orifices (say: low, medium, high)
(ix) the height of the Papillae unguiculiformes (say: low, medium, high)
(x) the larger curvature of the abomasum (say: low, medium, high)

(continued)
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Box 16.2 (continued)
4.c. If ‘different’ (like, e.g., pigs):

(i) ‘pig-like’
(ii) ‘camel-like’
(iii) ‘hippo-like’
(iv) ‘hare-like’

4.d. If hindgut fermenter:

(i) Caecum small
(ii) Caecum medium
(iii) Caecum large

5. Throughput rate (slow, medium, fast)
6. Body size (small, medium, large, mega)
7. Palate (small, medium, large)
8. Liver mass (small, medium, large)
9. Diet ‘trait’:

(a) Browser
(b) Mixed-feeder
(c) Grazer

10. Thermal regulation:

(a) poikilothermic
(b) homoeothermic

The mathematical solution for the number of combinations is:
incisor�dentition�jaw�stomach�throughput�body�palate�liver�diet�thermal
¼ 4�3�4�(1+[310]+4+3)�3�4�3�3�3�2 ¼ 1,836,908,928 in other words, 1.8
billion solutions to this part of an animal’s Bauplan.

So the sum of all extant species and all extinct species is much lower than
everything that can be thought to be possible. By a long shot, not all possible
herbivore forms have evolved which may have been because of the ‘channel-
ling’ of associated forms through evolved branches linking a past set of
chronospecies to the next. The message is, do not look too closely for patterns
if one only would try to describe the world in simple contradistinctions like
‘hind-gut fermenters’ vs. ‘ruminants’. This is a humbling thought. If we would
have added a trait as ‘locomotion’ with three levels (i.e., ‘swimming’, ‘flying’
and ‘walking’) then the unique series of ‘life forms’ would become 5.5 billion.

If it were simply a series of traits, with several levels (like, small, medium,
large, mega), then the correct notation is xk is that x is the number of levels,
and k the number of traits. So, six traits with four levels is 46 ¼ 4096. If

(continued)
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Box 16.2 (continued)
a finer gradation is made, then, say, with ten levels for six traits yields
106 ¼ 1,000,000 combinations. In other words, the finer one looks, the more
one can revel in discerning uniqueness. Perhaps it would not be unreasonable
to state that an animal is described by quite a number of traits (let us say, fifty)
with quite some detail (say, six), then the total sum of possible combinations
is an unfathomable 650 ¼ ~ 8 � 1038. Thus, the closer one looks and the
more one understands, the more futile it becomes to have a few categories
(e.g., ‘browser’, ‘grazer’) only.

Body size has been seen as a major explanatory variable in studies across animal
taxa (Peters 1983; Prins and Olff 1998; Olff et al. 2002). Within the large herbivores,
many studies have shown significant scaling of anatomical, physiological and
behavioural variables with body size, and that species with different feeding styles
have characteristic adaptations to the broad dietary niche they occupy (e.g., Gordon
and Illius 1988; Illius and Gordon 1991; Gordon and Illius 1994). As Venter et al.
(Chap. 5) highlight, there are, however, always exceptions to these rules. For
example, red hartebeest (Alcelaphus buselaphus) and topi (Damaliscus lunatus),
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 and
Brown 1993). Both species are adapted to feed on tall grasslands, selecting green
shoots between less nutritious older leaves and stems, as compared to a short grass
specialist such as the blue wildebeest (Connochaetes taurinus), with its broad, flat
dentition and muzzles that can efficiently crop short swards with a high leaf content
(cf. Codron et al. Chap. 4).

Although the body size scaling with ungulate species’ life history and population
demography has received a lot of attention in the past, Kiffner and Lee (Chap. 6)
find only a very weak relationship between female body size and demographic traits,
and that the grazer/browser dichotomy does not appear to add much in the way of
explaining the significant variation in population densities across ungulate
populations. Globally, the highest population densities occur in relatively small-
bodied browsers (range: 20–233 kg; median: 45 kg), whereas the highest densities in
grazers occur across a wider body mass range, and typically in larger species (range:
17–325 kg; median: 137.5 kg). They also found significant variation in within-
species population densities—in grazers, within-species variability in density was
generally negatively correlated with body mass, and above a body mass of ~ 100 kg,
tends to be lower than for browsers. In browsers, the body mass–coefficient of
variation relationship was “hump shaped” with highest variability in densities
among browsing species of 200–600 kg body mass. They also found that among
grazers, there was particularly high variability in densities of fallow deer (Dama
dama), chital (Axis axis), southern reedbuck (Redunca arundinum), and African
buffalo (Syncerus caffer). Browsers with highly variable densities were red deer
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(Cervus elaphus), wild boar (Sus scrofa), bushbuck (Tragelaphus scriptus), and
eland (Taurotragus oryx).

Linking these findings to the fossil record, suggests that we would expect the
populations of large bodied species, and particularly grazers, to be at a higher
extinction risk (Johnson 2002; Cardillo et al. 2005). Whilst, studies show that this
is the case in the Cenozoic (e.g., Alroy 1999; Smith et al. 2018), it is not the case in
the extinctions that occurred in the late Quaternary, leading to an ongoing debate
over their underlying driver(s) (e.g., Koch and Barnosky 2006); one being the
controversial hypothesis of overhunting by humans as they migrated into regions
of the globe that housed large mammalian herbivores (Martin 1967; Sandom et al.
2014). However, recent analyses suggest that it was a combination of both climate
change and human hunting pressure that led to these late Quaternary extinctions, and
that the relativity of these drivers varied across the continents (Barnosky et al. 2004;
Koch and Barnosky 2006; Stuart 2015; Prado and Alberdi 2017). Boone (Chap. 8)
does not support the Pleistocene overkill hypothesis, and is of the opinion that
climate shifts, such as the Younger Dryas, caused extinctions in many mammals
such as Columbian Mammoth (Mammuthus columbi), and extinctions of mammals
from their continents of origin, such as Bactrian camel (Camelus bactrianus), lion
(Panthera leo), cheetah (Acinonyx jubatus) and perhaps Grevy zebra (Equus gevyii)
in North America (Dalquest 1978; Byers 1997; Eisenmann and Kuznetsova 2004),
which continued to co-exist with people in Eurasia and Africa. Indeed, climate has
influenced the distribution of vegetation complexes (plant species assemblages) and
those in turn influence the distribution and population dynamics of animal species
such as ungulates (see the concept of Mammoth Steppe: Prins 1998; Guthrie 2001;
Zimov et al. 2012). Across a number of places (e.g., in Florida or Patagonia) there is
a significant mismatch in the timing of when large mammals went extinct in relation
to the appearance of humans, in other places (e.g., Eurasia) many large mammals did
not go extinct at all (cf. Mishra et al. Chap. 7) and in Africa, where hominids
evolved, hardly any large mammal species went extinct. The debate continues, as
exemplified by Chap. 7 in which Mishra et al. present evidence that not only the
‘very large’ ungulates went extinct during the transition from the Pleistocene to the
Holocene, but also the very small bodied species. They speculate that this may have
been due to the extremely low CO2 levels during the hyper-arid Last Glacial
Maximum that caused the near-extinction of plants with the C3 photosynthetic
pathway.

One fact that has emerged in recent years is that these late Quaternary extinctions
had significant knock–on effects on the structure and function of ecosystems, that is
still rippling through terrestrial ecosystems across the globe today (Malhi et al. 2016;
Smith et al. 2016; Prado and Alberdi 2017 pp. 120 ff.; Mishra et al. Chap. 7). For
example, Schweiger and Svenning (2018) showed that over the last ~ 50,000 years,
the mean body size of fossil dung beetle assemblages gradually declined before
abruptly crashing after the Pleistocene-Holocene boundary, which corresponds with
the prehistoric mammal extinctions.
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16.3 Observations on Research Methods and Approaches

16.3.1 Research Methods

In the past 10 years our understanding of ungulate ecology has benefited from
significant improvements in methodological and analytical techniques. Of particular
note are the developments in analyses and interpretation that have allowed
researchers to gain a deeper understanding of the fossil record. Tooth wear (Walker
et al. 1978), and stable isotope (Lee-Thorp and van der Merwe 1987), analyses have
been available to palaeontologists for some time, but improvements in scanning
electron microscopy have allowed palaeontologists to make more precise predictions
about the dietary specialisations from fossil teeth (Saarinen Chap. 2; Rowan and
Faith Chap. 3) including the findings on “structural fortifications of the cusps” of
teeth. Alas, the application of the stable isotope technique is at this moment still
limited by the requirement for the herbivore in question to be consuming C4 grasses
(i.e., the tropical and sub-tropical parts of the globe) vs. plants with a C3 photosyn-
thetic pathway. C4 grasses did not become abundant until the Late Miocene
(i.e., 10My BP; Cerling et al. 1997, 2015). In other sites and other species, the
researcher will have to rely on the analysis of tooth wear (but have to make distinc-
tions between micro-wear and meso-wear, noting that it now appears as though the
last few meals that an animal took before it died better explains microwear than the
long-term average diet [Rivals et al. 2015]), phytolite occurrence and other proxies.
The earlier ‘rule’ that there was a simple one-on-one relation between brachydonty
vs. hypsodonty and a browsing vs. a grazing diet respectively, seems be overwhelmed
by the many exceptions that are now evident from modern research, also reported in
this book (e.g.,Codron et al.Chap. 4). This may necessitate a re-interpretation of the
evidence that had been collated before, underlining that our previous book on The
Ecology of Browsing and Grazing (Gordon and Prins 2008), did not represent the
‘end of research into herbivore ecology’ (cf. Fukuyama 2006).

A number of interesting developments are that giving a rich picture of paleonto-
logical ecosystems, firstly, the use of soil cores from paleolakes that tell the vege-
tation communities present in the neighbourhood (e.g., pollen analysis); secondly,
the abundance of coprophilous fungi, Sporormiella, which is increasingly used as a
measure of megaherbivore biomass on Quaternary landscapes (e.g., Gill et al. 2009,
2012); and finally, dung beetles (Order Coleoptera), which have evolved to consume
herbivore faeces, often specialising on particular components of the large mamma-
lian herbivore guild (Gunter et al. 2016). For example, the mean body size of fossil
dung beetle assemblages has been shown to be was correlated with declines in
megafaunal diversity over the last ~ 50,000 years (Schweiger and Svenning 2018),
suggesting that dung beetle assemblages provide a proxy for megafaunal biomass
and diversity paleo-landscapes.

Developments of analytical techniques in genetic and genomics is revolutionising
the understanding of the relationship between DNA and animal morphology and
physiology, the impact of evolutionary drivers at the levels of the individual,
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population and species, and the species composition of the microbiomes of herbivore
guts and soils. This is the new frontier of research for the ecology of large mamma-
lian herbivores and the ecosystems they inhabit. As Sitters and Andriuzzi (Chap. 9)
emphasise, new theoretical and mechanistic approaches are needed to understand the
stoichiometric impact of ungulates on soils and plants, and how this feeds back on
the ungulates themselves. Livestock nutritionists are using genetic/genomic tech-
niques to developing an increased understanding of the role that the microbiome
plays in the digestion and detoxification of ingested plant material (e.g., Loor et al.
2015; Thomson 2016). Researchers studying wild large mammalian herbivores need
to embrace these new techniques, or at least take cognisance of the recent develop-
ments, to both understand the species they are studying, but also help develop new
theoretical, evolutionary frameworks from the broad range of dietary specialisations
shown by these species, that can themselves inform livestock science and game
management.

16.3.2 Data

We cannot underestimate the importance of data in providing insights into the
ecology and impacts of browsing and grazing large mammalian herbivores. Of
particular note is the value of the increasing number of long-term datasets on the
dynamics of particular ungulate species, from across a range of populations, and also
the increasing availability of data (Kiffner and Lee Chap. 6;Mishra et al. Chap. 7).
The public availability of this data, as demonstrated in the provision of data from
Kiffner and Lee Chap. 6 and Mishra et al. Chap. 7, will be of value to future
researchers to develop and test theoretical frameworks arising from the patterns in
nature. More researchers need to make their data freely available for others to access
and analyse, rather than keep it under lock and key in their virtual filing cabinet.

One of the pitfalls into which many ecologists (including authors of Chapters in
this book) have fallen into is to cherry-pick from the diversity of ungulate ecologies
(individual, populations, species ([current day and historic]) to support their partic-
ular hypothesis. What is called for is a systematic review approach, such as that used
in the medical sciences (e.g., the Cochrane Review Procedure; Higgins and Green
2011), to reduce the risk of bias in the analysis. Systematic reviews and meta-
analyses can only be conducted when data repositories are filled and maintained.
In our field of science, the best example is GenBank (https://www.ncbi.nlm.nih.gov/
genbank/) which is well-curated and maintained. An other initiative that may change
the theory and analysis of animal movement is MoveBank (https://www.movebank.
org/). Search engines are now very advanced, and the first results are becoming
available in which Artificial Intelligence is used to ‘read’ and analyse scientific
texts. This will significantly increase the data upon which systematic reviews can be
based.
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16.3.3 Publications

If one goes through the list of references for this Chapter (seeReferences), the reader
may be struck by the fact that many papers we refer to were published in ‘high-
ranking journals’ (such as Proceedings of the National Academy of Sciences,
Science, Proceedings of the Royal Society, Nature). Perhaps that can be expected
because the ‘impact’ of these journals is measured by the number of citations: these
papers were influential. However, the reader may also notice that we also refer to
‘non-glamorous journals’ (Buzz Holling’s seminal work on the ‘disc-equation’, that
forms the basis for the functional response curves, was published in the Canadian
Entomologist; Dale Guthrie’s important review in the Quaternary Science Reviews;
Tucker’s formative work in the journal Remote Sensing of Environment; and John
Wiens’ important insights in Annales Zoologici Fennici). and to books from pub-
lishers not known to the general public (Peter Van Soest’s very influential book was
published by O&B Books; Reino Hofmann’s famous one by the East African
Literature Bureau; Francis Fukuyama’s very influential book, not by a scientific
publisher but by Simon & Schuster). The take home message here is that it is quite
irrelevant in which journal one publishes—the important thing is that research
should be published; modern electronic searching algorithms will find the work
under the condition it can be found by a ‘crawler’. This message cannot be repeated
enough, and the systematic reviews that modern-day science of ecology needs so
badly, to evaluate whether evidence supports our knowledge (¼ ‘justified true
belief’), or not, can only proceed if the conclusions and ‘theories’ are supported
by hard and repeatable evidence. Judith Meyers so aptly wrote on the supposed
understanding of population cycles “. . . I review several hypotheses that, although
fascinating, have been rejected numerous times and should now be laid to rest”
(Myers 2018). We came to the same conclusion when we analysed tens of studies in
which hypotheses from animal ecology had been tested and rejected (Prins and
Gordon 2014b): too often ecology does not demonstrate the principals of good
scientific practice, but our conclusions were negatively received by some leading
academics, who have vested interest in retaining the old ideas. Yet, we stick to our
guns and call for putting to rest hypotheses that have been soundly rejected.

16.3.4 Models

Many of the authors in this book use models, be they conceptual, physical or digital,
to help in understanding the ecosystem, and the part that herbivores play in its
dynamics. They also use them to try to find general rules that explain patterns across
varied landscapes and ecosystems. As our understanding of the relationships
between large mammalian herbivores and the biotic and abiotic environment
grows, the complexity of these models increases. For example, in Kiffner and
Lee Chap. 6, state that “Advanced models to adequately depict ungulate population
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dynamics, . . . , need to (1) include biotic interactions (which could be additive,
reciprocal, indirect, and interaction modifying) between resource availability, com-
petition and facilitation, 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 herbi-
vores of different body sizes; and (3) explicitly address possible feedback loops
between abiotic factors, biotic interactions, and ungulate populations.” With this
complexity comes decreased generality as these models will be become so advanced,
and, therefore, prone to contingency (see Prins and Gordon 2014b), that they are no
longer universal. They most likely will be good at postdicting but not at predicting
ecosystem dynamics. With the increase availability of data gathered from sensors,
perhaps we would encourage the development of models that utilise Artificial
Intelligence, neural networks and advanced diagnostics that will do the data mining
and pattern analysis that result in “models” (likely black boxes) that are better than
the human mind’s mechanistic approach to modelling the forms and functions of the
world around us. In much of science, we may have reached a time when ‘hypothesis
testing’ becomes an outdated method. The old paradigm, that theories are formulated
(either on the basis of deduction or on induction), and the validity of the theory is put
to the test through analysing new data against a hypothesis derived from the theory,
is losing creditability in a scientific landscape in which we increasingly become
aware that our desire to believe in ‘laws of nature’ is not justified at the level beyond
the physiology of the animals we study (Prins and Gordon 2014a, b). Indeed, oxygen
transfer across a membrane can be understood by physics and chemistry: at the
molecular level, that oxygen transfer is completely understandable, reproducible and
predictable. Yet, at the assemblage (‘community’) level where hundreds of species
and thousands of individuals interact in an often boundless part of the Earth, the
development of the numerical abundance of all participants (i.e., number of species,
number of individuals per population) over time is not blessed with that certainty.
The world of the poet John Keats (1795–1821) who in his Ode on a Grecian Urn
wrote

Beauty is truth, truth beauty,—that is all
Ye know on earth, and all ye need to know

(https://www.poetryfoundation.org/poems/44477/ode-on-a-grecian-urn) may per-
haps still be part of the mental landscape of mathematicians, quantum physicists
and law practitioners but is a paradise lost for ecologists who must predict the impact
of changing causal factors and the management implications of the outcomes of their
models.

Ecologists analyse patterns through space and time. A number of the Chapters in
the book demonstrate the importance of spatial variation in the interaction between
herbivores and their food supply. An interesting conceptual framework is the
imagining of large mammalian grazers interacting with their preferred food supply
in two dimensions (2D), whereas browsers interact in three dimensions (3D),
because browse plants have a vertical structure that is of a dimension relevant to
the scale of the herbivore (see also Gordon and Benvenutti 2006). Linking GPS
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technology with new sensing methods, such as Lidar, should allow researchers to
create a digital map of herbivore’s food supply and the ways that the animal interacts
with its foodscape. Among others, Van Langevelde et al. (Chap. 10) point to the
requirement for models of plant/herbivore/fire interactions to be spatially explicit,
and temporally dynamic, if they are to have any relevant to the real world. For
example, experimental work demonstrates the importance of flows of water through
the landscape for vegetation establishment and Rietkerk et al. (2002a, b). Stigter and
Van Langevelde (2004) and Van der Waal et al. (2009, 2011) shows unexpected
effects of nutrients on seedling establishment of woody species, their competitive
ability with grasses and the spatial patterns that develop as a consequence of these
interactions. Much of that work was on the experimental (and thus small) scale, or in
the elegant world of the simple mathematical equations (cf. Sinclair et al. 2006).
Indeed, mathematics has a seductive beauty of its own, but Sabo (Chap. 11) notes
that, even after decades of laboratory and field research into the impacts of ungulates
on plants, useful generalizations across taxa and ecosystems remain largely elusive.
The complexity of ungulate-vegetation dynamics demands continued, site-specific
attention. ‘Site-specific’ means, indeed, that generalities beyond the level of the
morphology and physiology of the multi-species assemblages of the ungulates that
we study may forever be out of our grasp. That, however, is not necessarily a
problem. Just as agricultural scientists understand much of the genetics, physiology,
production, ecology, etc., of their crops and livestock, and can make very advanced
forecasts about yields or disease effects, so ungulate ecologists can still study and
discover untapped knowledge about ‘their’ animals and their impact. A major
contrast between the agricultural scientists and ungulate ecologists, however, is
that for every crop species there may be 10,000 scientists, and hundreds of thousands
of farmers that put the ideas to the test, while for each of the 254 wild ungulate
species (Mishra et al. Chap. 7) there are perhaps 10 full-time researchers while the
number of ‘experimental nature reserves’ worldwide can perhaps counted on one
hand. Even well-conducted experimental investigations on systematic hunting, and
their numerical effects, are near-absent. A recent sobering experience, for example,
has been the limited scientific evidence of science from the built-up of the
populations of red deer (Cervus elaphus), roe deer (Capreolus capreolus), feral
cattle and feral horses in the Oostvaardersplassen (in the Netherlands), and the recent
culling of these animals. Decisions were taken by politicians and civil servants, and
large mammal ecologists of Dutch universities were denied research permits year
after year (but for the modelling studies on these animal populations see Groot-
Bruinderink et al. 1999; Kramer et al. 2003; Kramer et al. 2006; Kramer et al. 2017).

An important new insight that is becoming more mainstream, also with this book,
is the new knowledge that the three ‘classical’ functional response curves of Holling
(1959), that describe the relationship between an individual’s intake and the amount
of food on offer, have to be increased with a fourth. This fourth functional response
curve is hump-shaped and can be explained by the fact that plant forage quality
declines with forage biomass and density (see Venter et al. Chap. 5 and references
therein). The ‘discovery’ of the functional response curve Type IV sets herbivores
firmly outside the realm of carnivores or granivores (where food quality is
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independent of food density): many of the mathematical models that have been
developed thus for birds in the 1950s to 1990s may simply not be applicable to
grazers (and perhaps browsers too). The application of the functional response curve
Type IV to mathematical models, aimed to understand numerical abundance of
herbivores, or the interaction between fire and vegetation mass, or the development
of vegetation patterns (see Van Langevelde et al. Chap. 10 and references therein)
is, therefore, critical to the further development of this field of plant-herbivore
interactions.

The prediction of the future numerical abundance of a species, is perhaps The
Holy Grail of animal ecology. Indeed, farmers want to know how many sheep they
will be able to shear the wool off, or how many cattle can be sold off their ranch;
hunters want to know how many red deer the glens will hold or how many wild boar
(Sus scrofus) will there be in a country; conservationists want to know how the
population of a species, brought back from extinction, will develop if released in a
safe haven. However, the simplicity of the days of the Bureau for Animal
Population’s focus on understanding rodent cycles (see Elton 1962) are over, and
even though Elton (op. cit.) observed “we can see that the investigation of single
species populations, of predators and prey, the structure and interspersing of whole
communities, and of foreign invaders into them, are all connected parts of the animal
ecologist’s field of study”, Chitty’s (1996) analysis of his own life-long pursuit of the
understanding of animal cycles brings home the message that even he seems to have
failed. Clutton–Brock and Coulson (2002) observed that the demographic mecha-
nisms underlying observed population dynamics of ungulates are clearly complex,
and suggest that there are strong context dependencies (see Kiffner and Lee
Chap. 6; cf. Box 16.3). This dovetails with the conclusions that we reached some
years ago, after studying many cases from Australia (Prins and Gordon 2014b). A
recent review into the population cycles of vertebrates is sobering “Population cycles
are one of nature’s great mysteries. For almost a hundred years, innumerable studies
have probed the causes of cyclic dynamics in snowshoe hares, voles and lemmings,
forest Lepidoptera and grouse. . . . What determines variation in amplitude and
periodicity of population outbreaks remains a mystery” (Myers 2018). Any modern
ecologist should, we think, read Chitty’s (1996) autobiography to study the true
pitfalls of the science of ecology. General statements like “larger-sized species are
mainly limited by food supply whereas the effect of predation may be most influ-
ential in relatively small species and in less productive environments” (Kiffner and
Lee Chap. 6), therefore, must be treated with extreme caution, and the use of the
qualifiers ‘mainly’ and ‘most’must be understood as alarm bells. The recent research
into animal population dynamics does not yet really incorporate the issues of the
spatial dimensions of a (real) landscape, even though the first steps are being taken
(see the spatially explicit model ‘SAVANNA’ of Mike Coughenour—e.g., Hille
Ris-Lambers et al. 2001; Hilbers et al. 2015; or the spatially explicit model of
Kramer et al. 2006). As Kiffner and Lee (Chap. 6) correctly observe, “at the core,
theory of ungulate population dynamics needs to explicitly incorporate temporal and
spatial aspects of environmental variation (cf. Van Langevelde Chap. 10; Venter
et al. Chap. 5; Sitters and Andriuzzi Chap. 9; Sabo Chap. 11;Katona and Coetsee
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Chap. 12). Forage availability determines individual body condition and, therefore,
survival and reproduction in ungulates (Boone Chap. 8; Prins 1996; Parker et al.
2009), so resource availability (“bottom up regulation”) is the ultimate causal factor
determining population size and trajectory (Sinclair and Krebs 2002). Indeed, the
observed variation in population densities of herbivores is primarily driven by
primary production, which itself is mainly governed by soil fertility and precipita-
tion. Thus, primary productivity is the main determinant of maximum density for a
population”. We think this is a valid assessment, but from this quote from Kiffner
and Lee (Chap. 6) one must not deduce this is a linear relationship. It is not—the
reality is more complicated, especially because of the interaction between woody
species and grasses that leads to non-linearities (Van Langevelde et al. Chap. 10).
Also, the fact that grass occurrence (on which more herbivore mass is founded:
Mishra et al. Chap. 7) is generally observed at lower average annual precipitation
levels than at higher rainfall regimes (Sankaran et al. 2005), and the observation that
grass quality is higher at lower precipitation level (Prins and Olff 1998; Olff et al.
2002), make this apparent simple statement much richer in content than may be
thought at first sight.

Box 16.3
Interdisciplinarity.

Science tends to operate within its disciplinary silos, for example, ecolo-
gists study the foraging behaviour of browsing and grazing ungulates, without
including nutritional scientists who study how herbivores deal with toxins and
remove nutrients from the ingested forages. The link with social scientists and
economists, who study the cultural relationships of people with herbivores and
the landscapes in which they exist, is even less common (Specht et al. 2015).
In reality large mammalian herbivores live within complex socioecological
systems, which means that their relationship with abiotic, biotic and human
aspects of the systems is one where feedbacks occur, and so impacts rever-
berate through the system and come back to influence the herbivores them-
selves (Gordon 2019). As a consequence, the science that is needed to
understand large mammalian herbivores and their impacts upon the systems
in which they live requires interdisciplinarity. Interdisciplinarity, is not just
about the disciplinary scientists working together (that is multidisciplinarity),
it means “involving two or more different subjects or areas of knowledge”
(Cambridge Dictionary 2019) or more specifically, the disciplines working
together to develop theory and hypotheses about how the system works and
the impacts of large mammalian herbivores within that system. A good
example from this Book is the work of Rowan and Faith (Chap. 3) where a
deep insight into the dynamics of ancient herbivores, and the vegetation
communities in which they exist, can be drawn from modern large herbivore
communities and the dung beetles that feed on their excrement and the fungi

(continued)
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Box 16.3 (continued)
that live in their guts and which are excreted and then incorporated into the
soil. In future of large mammalian herbivore research has to take an interdis-
ciplinary approach as it is the intersection of disciplines that will forge new
understanding of the system and how it can be managed.

From this, two general conclusions can be drawn: firstly, as the study of plant-
herbivore interactions so critically hinges on understanding food quantity and its
determinants, it is of real importance that (animal) ecologists measure that and
appreciate keenly what their study animals really eat as well as the plants and their
abundances that the herbivores do not eat (cf. Gordon 1989; Drescher et al. 2006;
van Langevelde et al. 2008). It has been a tendency for many an ecologist to rely on
satellite products, such as those produced by LandSat, or more recently by Galileo,
but if one reads much of herbivore-plant interaction literature, even of the last
10–20 years, it appears that ecologists do not really take cognisance of the ever-
better products that are available (see, e.g., Lu 2006), and assume that the simple
Tucker-equation (NDVI, computed using the red and near infrared bands; see
Tucker 1978, 1979) is still useful even though it is well known that these indices
are of limited value since they saturate in dense vegetation (Mutanga and Skidmore
2004). Even then, the different algorithms used to interpret remotely sensed
data from different products can yield vastly different results (see e.g., Gross et al.
2013). Recently, researchers have adopted LIDAR as a new technique (e.g., Zolkos
et al. 2013); but at the basis of all these advanced techniques stays the laborious
measurement of grass and browse production in the field, and too often real data
are lacking. The same applies for the measurements of grass and browse quality:
NIR-measurements look wonderful if one is interested in the N-content of forage,
but they are not meant for specific samples (they work reasonable well for bulk
samples). Yet, to understand the food of wild or domestic ungulates, one must collect
the food the herbivore would eat (and not some random bulk sample), and carefully
measure the NDF, ADF, cellulose, protein, digestibility, etc., etc. (see, e.g.,
Demment and Van Soest 1985; Van Soest 1982, 2018). There are no short cuts
here, but, again, what we (the editors) observe is an ever-decreasing sets of studies in
which these parameters are measured. Partly this may be explained because
maintaining well-equipped laboratories is expensive, CITES-criteria stand squarely
in the way of good science, and the funding structure for MSc or PhD students means
that those that have field-based projects simply do not get enough time to do
fieldwork which was not the case in the 1970s and 1980s.

But even with all this knowledge, the best ecologists may still be baffled by the
fact that reintroductions of animals in their former range, where everything seems to
match their requirements and where one would predict a thriving population with a
maximum growth rate of the population when founders are reintroduced, still fail:
this was observed twice now in the case of Grevy zebra (Equus grevyi) (Rubenstein
et al. 2006). Also the failure of the Oribi (Ourebia ourebi) to re-establish itself in
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Kruger National Park is difficult to understand (Prins and Olff 1998). For the ever-
further decreasing ‘rare antelopes’ in the same ecosystem even Norman Owen-
Smith, who has perhaps more knowledge on African herbivores than any other
living ecologist, has been baffled as evidenced by a large number of papers and
conference talks in which he attempted in a true Chitty’ean fashion to give expla-
nation after explanation.

16.4 Adaption to Diet

Initially, in the Palaeocene and the early Eocene, the ungulate fauna comprised
species of browsers and frugivores, with relatively rudimentary adaptations to their
diets, possibly because at the time plant species had not yet adapted the complex
chemical and morphological defences of browse species today. The stomach con-
tents of the very early ancestors of the horse (Eurohippus), from the Middle Eocene
(47 My BP), discovered in the Messel-pit (Germany), mainly comprised of fruit and
browse (Koenigswald and Schaarschmidt 1983), and the same was true for an
Eocene species of horse that also consumed flowers (Hellmund and Wilde 2009;
Wilde and Hellmund 2010). These discoveries throw a little light on those ancient
diets. Early evolution of a foregut-digestion system (perhaps later to include rumi-
nation itself) is likely to have been an adaptation to deal with alkaloids in fruits,
which then became a preadaptation to tackle cellulose for which vertebrates have not
evolved enzymes to tackle the intricately branched and fused sugar molecules.
However, with the later increasing dominance of grasses (low in alkaloids but
high in cellulose), in the late Miocene (12 to 5 MBP ago), the artiodactyls
(e.g., cervids [deer] and bovids [antelopes incl. cattle and buffalo]) flourished.
With this change in potential forage came a set of adaptations to the processing of
plant material reflecting the significant differences in structural and chemical char-
acteristics between the forage types, from the relative simple brachydont teeth to the
more hypsodont teeth that characterise the teeth of many grazing species today. This
adaptation, be it directly due to siliceous material in the tissues of graminoid plants,
or due to soil adhering to the grasses at ground level, demonstrates the importance of
processing the newly available plant material prior to digestion. Also, the rapid
diversification of species of artiodactyls, with their adaptations of the gut (rumen,
etc.) for fermenting and reprocessing ingested material, at this time, is another sign
of the importance of grasses in the evolutionary story of large mammalian herbivory.

Large mammalian herbivores exist because of their symbiotic relationship with
the microbial species that inhabit their guts, breaking down the structural tissues of
plants and detoxifying the secondary compounds that plants have evolved to combat
herbivory. The question of whether the plant defences are against large mammalian
herbivores per se or to deal with herbivory by other taxa (e.g., insects or even fungi)
is a moot point. The defences still limit the ability of large mammalian herbivores
and other vertebrate herbivores (e.g., sections in Gordon et al. Chap. 15) to gain
access to the energy and other nutrients held in plant material. The microscopic
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organisms inhabiting the gut of large mammalian herbivores deal with the plant
material that mammalian digestive enzymes and detoxification pathways are not able
to deal with. The microbes themselves provide nourishment and the by-products of
their fermentation provide energy. One of the benefits for wild herbivore researchers
is that, because of the importance of nutrition for livestock production, a great deal is
known about the processes of digestion, and about the microbial communities
(bacterial, archaeal, fungal and protozoan microbiome) with advances in molecular
and genomics techniques. However, the diversity that occurs across the array of wild
large herbivore species, and the fact that the major livestock species are grazers or
are fed on grass rather than browse, we still have a lot to learn about how the
microbiome differs between browsers and grazers and what the adaptive advantages
are of these differences.

Across the adaptations that appear to be related to improvements in the ability to
harvest and process different diets one of the key attributes of large mammalian
herbivores appears to be the maintenance of dietary flexibility depending upon the
local (spatial and temporal variable) circumstances (Rivals et al. 2015; Rivals and
Lister 2016; Saarinen et al. 2016; Saarinen and Lister 2016; see Saarinen Chap. 2).
This means that we should not look at the morphological and physiological adapta-
tions as “straightjacketing” species into particular dietary niches but potentially
allowing large mammalian herbivores advantages in diets dominated by plant
material in general, be it grass or browse. Large mammalian herbivores are, there-
fore, forage specialists and retain the overall ability to gain nutritional value out of
any forage available in the situation in which the individual, population or species
finds itself. This exemplified in the quote fromKiffner and Lee (Chap. 6) “and even
archetype browsers such as giraffes (Giraffa camelopardalis) may occasionally feed
on grasses (Seeber et al. 2012)”.

So, where does that leave us in the broad classification of ungulates into 3 main
classes—i.e., ‘browsers’, ‘grazers’ and ‘mixed feeders’?. The reader will have seen
that many of the authors in the book use this classification in their analyses. It has
been, and remains, a valuable filter through which to view the diversity of diets and
adaptations of large mammalian herbivores across the globe (Gagnon and Chew
2000; Olff et al. 2002). However, a filter also obstructs what you are seeing and what
is evident from the Chapters is the ability of large mammalian herbivores to adapt
around their evolutionary Bauplan, demonstrating the importance of ecological
adaptation as compared to evolutionary adaptation. In Venter et al. Chap. 5,
provide a very interesting observation that grazers appear better able to handle
greater variability in their diet, as compared to browsers. This may mean that grazers
are more like mixed feeder (specialist) with consequent effects on their ability to
adapt to contextual variation in the vegetation on offer. But perhaps the worst that
can happen, is that we project the simple generalities of the trichotomy on a specific
species without deeper understanding of its unique adaptations, its Bauplan, and its
evolutionary history. Indeed, an African buffalo (Syncerus caffer) is a ruminant-
grazer and so is the tiny oribi, as are a topi, a hartebeest, a wildebeest (cf. Venter
et al. Chap. 5). But deep inside, these animals have many dissimilarities, especially
in their guts (see Hofmann 1973).
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In this book, we have willingly and knowingly used the simple trichotomy of
‘grazer—mix feeder—browser’, and we have, equally willingly and knowingly
embraced the simple dichotomy ‘ruminant—hind gut fermenter’. We think that
while using that limited scope of trichotomy on the richness of the extant ungulates
(some 240 species:Mishra et al. Chap. 7 plus the recently extinct 110-odd species),
we may have gained insight in some broad patterning as evidenced by numerous
Chapters in this book. Yet, it also became very evident that this trichotomy may
hinder the further understanding of the richness of the adaptations of the ungulates
(see Box 16.2). To consider the shear endless variation of plants, and their plurality
of chemical compounds, as simply ‘browse’ or ‘grass’ denies that these life forms
evolved in response to a myriad of past selection forces from the context in which
they found themselves and from extant animal species and extinct grazing and
browsing large herbivore species. As ungulate ecologists we feel trapped between
a Scylla and a Charybdis—we need the simplicity to discover general patterns but
we need autecology to understand the animals that we study (and love).

Much of our thinking has evolved around the startling insight that ruminants are
so very different from hind-gut fermenters (Duncan et al. 1990). This dichotomy of
approaches to fermenting plant material in the gut has yielded much understanding
about the adaptations of ungulates. But we wish to make two important observations
here—firstly, nearly all our knowledge about the physiology of ruminants is based
on the excellent work of livestock scientists studying (in decreasing order of
attention) cattle (Bos taurus), sheep (Ovis aries) and water buffalo (Bubalus
bubalis). Not too much is known about goats (Capra hircus) (but see, for instance,
the work of Mkhize et al. 2015). Of all those one hundred-odd wild ruminants, we
know next-to-nothing about their physiology and proper digestion experiments have
only been carried out on a handful of species by a handful of scientists
(e.g., wildebeest, hartebeest and topi, Murray 1993; red deer, Arnold et al. 2015;
white-tailed deer [Odocoileus virginianus], Bonin et al. 2016). For hind-gut fermen-
ters, even less research has been conducted: only the horse has received much
attention, but the donkey’s (Equus asinus) physiology and digestion has been
studied too (e.g., Izraely et al. 1989). Of the wild hindgut fermenters we may
know a bit about the digestive efficiency of zebra (see for example Joubert 1977),
but not much about that of rhinos, tapirs, elephant (Codron et al. Chap. 4). There is,
therefore, a tremendous dearth of proper experimental digestion studies, and yet this
is the cornerstone of our thinking about ungulate adaptations! Secondly, the pur-
ported dichotomy of ‘ruminant’ vs. ‘hind-gut fermenter’ ignores the fact that there
are many other digestive systems outside this contrast, but, alas, we know very little
about the digestive efficiency or digestion system of, say, hippos, Bactrian camels, or
dugongs, let alone about it of the enormous array of extinct forms such as the giant
klipdas-forms that had radiated in Africa before the advent of the modern
Artiodactyla and Perissodactyla. And, yes, we can look at the simple dichotomy of
hypsodont cheek teeth vs. brachydont dentition and deduce dietary adaptations from
that contrast; but, again, several Chapters in this book make clear that our insights
should take more recent research into consideration: palaeontologists have unearthed
many other tooth forms, and any field ecologist holding the jaw of a study species in
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her hands may wonder at the exact classification of the molars of a sheep (grazer),
roe deer(browser), goat (mixed feeder), fallow deer (Dama dama; grazer), red deer
(mixed feeder), sambar (Rusa unicolor; browser), or Himalayan thar (Hemitragus
jemlahicus; mixed feeder). And how to classify a horse (grazer) of which the winter
diet proves to be mainly the roots of Urtica nettles in the Netherlands (Kramer et al.
2006), Burchell’s zebra that feed to a large extent on browse in Welgevonden
Game Reserve (South Africa) during the dry season (B. Schroder, forthcoming),
cattle that take more browse than grass in long dry times of the year in Zambia (Rees
1974)?

Consequences of Environmental Variation for Browsers and Grazers
Paleontological and ecological research demonstrates that ungulate population size,
species distribution and community composition are broadly determined by the
resources available to them (Rowan and Faith Chap. 3; Kiffner and Lee
Chap. 6;Mishra et al. Chap. 7). In the fossil record, with the expansion of grassland,
there has been a flourishing of species of large mammalian herbivore adapted to this
forage type. This has resulted in a shift in the community composition of the
ungulates over time away from a dominance of frugivores and browsers from the
Palaeocene and early Eocene until the Miocene and a dominance of grazing species
from the Miocene until the present day. With the increase dominance of grass as
food, also fire became more widespread (Bond et al. 2004). In other words, food
availability and food quality started to be modulated by fire from the very first days
that large mammalian grazers became important on Earth, highlighting the signifi-
cance of work presented by Van Langevelde et al. (Chap. 10) and Smit and
Coetsee (Chap. 13).

The dynamics of extant species of browsers and grazers show a complex of direct
and indirect effects of contextual factors affecting population abundance and distri-
bution. Bottom-up effects of vegetation resource availability (through primary
productivity driven by soils and weather) are clearly evident across a range of
populations, taxa and circumstances, but top down-effects of predators, disease,
fire, water availability and land use change are also impacting population dynamics.
This shows the clear socioecological contextualisation of large mammalian herbi-
vores and their population dynamics and distribution should be seen through the
‘systems lens’ rather than in isolation. This is nowhere more evident than their
interaction with humans through direct and indirect effects including climate change
(Box 16.3; Gordon 2019 and this Chapter’s section Management of browsers and
grazers and the ecosystems they inhabit).

In Boone Chap. 8 takes us away from a focus on ungulate food to demonstrate the
importance of weather and climate in defining the selection pressures that determine
the taxonomic diversity, geographic ranges, physiology and behaviours of ungu-
lates. 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 (i.e., muskox, Ovibos moschatus
and caribou/reindeer, Rangifer tarandus). It is not surprising, therefore, that large
mammalian herbivores seek out ways to remain in their thermal comfort zone
through movement, or other behaviours, but, we would expect that, through their
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endothermic metabolism, coat and water conserving adaptations, large mammalian
herbivores would have a broad tolerance of thermal condition (see for instance
Shrestha et al. 2014). This we see from the human movement of species such as
red deer into areas well away from their native range (e.g., into Australia: Davis et al.
2016) where the thermal environment is substantially different. Again, as with diet,
we see the great ecological adaptation potential of ungulate species.

In ecological time there is spatial and temporal variation in the food available to
the large mammalian herbivore. Ungulates have adopted two main strategies to cope
with this spatiotemporal variability in food resources. Firstly, populations of red deer
and impala (Aepyceros melampus), remain spatially located across the seasons
adjusting their feeding strategies, with changes in forage availability (mainly feed
on grasses during the growing season and increase their intake of woody vegetation
during winter or dry seasons; Meissner et al. 1996; Verheyden-Tixier et al. 2008).
Secondly, other populations e.g., bison (Bison bison) and wildebeest, retain their
dietary specialisation and migrate to track areas of higher forage quantity and quality
(Venter et al. Chap. 5; Merkle et al. 2014). The increasing evidence from ungulate
population studies across the globe (Kiffner and Lee Chap. 6), demonstrates that no
specific demographic rate is central in governing all population dynamics, and that
environmental variation in resource availability and predation directly and indirectly
affect vital rates. In addition, there is increasing evidence that ungulates can flexibly
adjust reproductive tactics (influencing population growth) in response to environ-
mental variation, for example in droughts or high rainfall periods (Gamelon et al.
2017). Therefore, population ecologists are less inclined to seek out single factors to
explain population dynamics and are embracing more complex models, which
include resource availability, predation, droughts, fire, land use change, etc., which
interact in multiple complex ways (e.g., Van Langevelde et al. Chap. 10). Again,
this brings us back to the issue of the spatial and temporal variation in the
determinants of ungulate population dynamics (Boyce et al. 2006; Hempson et al.
2015), and the inclusion of space and time in concepts, experiments and models. We
risk continuing to be drawn to mathematical simplicity of the models of the likes of
May and Lotka-Volterra (Boyce 2000), when the world is complex (and on conti-
nents often nearly unbounded) and animals interact with it in complex ways. As we
observed before, mathematics has a seductive beauty of its own, and many of us are
drawn by the simplicity of the ethereal world of interacting formulas and the patterns
they generate. But we may be duped into believing that when we see a pattern
developing on our computer screen that, because it is an analogy with a pattern we
deduced from, say, census data of a population, that the factors that generated the
patterns on our screen are identical to the causal factors that determined the dynamics
of our study population. Yet, reasoning through analogy is perhaps the weakest of all
reasoning systems. In that respect, The Ecology of Browsing and Grazing II is a
celebration of “humility” because we still know so little but, at the same time, this
book should serve as a clarion call for the next generation of ungulate scientists.
Indeed, because we know so little, after nearly 100 years of dedicated ungulate
research, the world lies open for more knowledge to be unearthed. As a side remark
we observe that societies spend way more money to discover whether there is life on
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Mars or whether seeds may be able to germinate on the Moon, than to understand the
ecology of (wild) ungulates and the life support system that they share with us on
Earth.

This brings us to climate change, we hark back to Boone (Chap. 8) who reminds
us of the important of the thermal environment for the distribution and behaviour of
individuals, populations and species of ungulates. Individuals and populations can
be significantly affected by single events, for example harsh weather, sudden storms,
heat waves, etc., that are independent of density. Individuals that are in poor
condition are generally more affected by these events (Loison et al. 1999), but on
occasion, a large portion of the population can die (e.g., Mitchell et al. 2015). The
ability of ungulates to cope with these events will be determined, in part, by the
spatial distribution of the resources in the environment, their ability to exploit this
spatial variation (see also Management of browsers and grazers and the ecosys-
tems they inhabit) and the frequency of events. Boone (Chap. 8) concludes that
populations of ungulates, in semi-arid and arid areas, are most at risk, with primary
production linked to precipitation that can be highly variable. This in turn leads to
populations in these areas showing non-equilibrium population dynamics because
the frequency with which these events occur (mainly droughts) keeps populations
below their “carrying capacity” (Bowyer et al. 2014). For more on the effects of
‘climate change’ see also the section on The future for browsers and grazers and
the ecosystems they inhabit in this Chapter.

16.5 The Assemblage of Grazers and Browsers
and the Habitat they Use

Neither browsers nor grazers live in isolation. Individuals live in populations, and
species co-inhabit parts of the Earth in local assemblages. We refrain from using the
word ‘community’ as much as possible for two reasons. First is the connotation with
an ordered set of families living in a structured village: indeed, the word ‘commu-
nity’ was coined at a time when ecologists shared a worldview that was about
orderliness more than we believe today. At times, communities of plants and
animals were even viewed as superorganisms in which individual species had their
‘allotted roles’. This was taken to its most extreme in the so-called ‘French-Swiss
School’ of vegetation science. The second reason is that we have come to appreciate
the fact that the distributions of all species of ungulates, and their predators, and their
parasites are not totally spatially congruent. This means that in one place, say,
leopard (Panthera pardus), roe deer, red deer, wild boar, Usuri brown bear (Ursus
arctos lasiotis) and Asian black bear (Ursus thibetanus) co-occur, but in other places
tiger (Panthera tigris) may form a part of the set, and roe deer or black bear do not
occur and in yet others both species and the Usuri brown bear are replaced by Brown
bear (U. a. ursus). In addition, species go locally extinct: during the era of Blue Babe
(36,000 YBP) (Guthrie 2013) the steppe bison (Bison priscus), scimitar cat
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(Homotherium latidens), lion (Panthera leo), wolf (Canis lupus), red deer, Dall
sheep (Ovis dallii) and reindeer formed an assemblage, but since that time the lion
disappeared from Alaska and the steppe bison hybridized with the aurochs and
became the European bison (Bison bonasus) and the scimitar cat went extinct. So,
assemblages are formed and reshaped over time. Thus, Mishra et al. (Chap. 7) and
Kiffner and Lee (Chap. 6) show that species do not live in isolation. Ultimately,
these assemblages are limited by their regional species pools of extant species or
even the continental ones (seeMishra et al. Chap. 7; cf. Prins and Olff 1998). A big
issue in this respect is whether one can discover structuring forces (factors) in these
assemblages similar to those inspired by Santa Rosalia (Hutchinson 1959; Wiens
1982), or whether the edifice is merely constructed like the San Marco (Gould and
Lewontin 1979). The thinking of Mishra et al. (Chap. 7; but also Olff et al. 2002;
Ahrestani et al. 2016) firmly harks back to Hutchinson (Hutchinson and MacArthur
1959), but the issue is not yet resolved. This should be high on the research agenda of
plant-herbivore ecologists because certainty about this issue has important implica-
tions for restoration ecology (Prins and Olff 1998; Venter et al. 2014), and data
should be collected before wild ungulates go locally extinct and we, therefore,
cannot ascertain what the “intact assemblage” looked like. A random case in
point: did Murchison’s Falls National Park (Uganda) ‘originally’ contain Burchell’s
zebra or not? Presently, its grasslands are used by African elephant, African buffalo,
hartebeest, topi, Uganda kob (Kob kob) and oribi—but is that the ‘natural assem-
blage’? It looks strange without zebra. Perhaps it is not the time to put an altar to
Santa Rosalia in the San Marco.

16.6 Impact of Browsers and Grazers on Ecosystems

In The Ecology of Browsing and Grazing (Gordon and Prins 2008), we emphasised
the role that large mammalian herbivores play in shaping assemblages of plants, and
their associated fauna, through both the direct effects of browsing and grazing,
and indirect effects of e.g., trampling, nutrient redistribution. Significant evidence
continues to accumulate of the keystone role that species of large herbivores play in
ecosystem dynamics (Sitters and Andriuzzi Chap. 9; Sabo Chap. 11; Katona and
Coetsee Chap. 12; see also Prins and Van Oeveren 2014). The advent of new
techniques in soil microbiology (see also Research methods and approaches
above) has allowed for the better understanding of the community composition
and dynamics of the soil microbiome and role that these organisms play in nutrient
dynamics, which affect vegetation both below and above ground. However, it is
clear from a number of the Chapters (e.g., Sitters and Andriuzzi Chap. 9) that the
systems interactions between large mammalian herbivores and the ecosystems in
which they exist are complex, dynamics and context specific. For example, Sitters
and Andriuzzi (Chap. 9) highlight the two-way interactions between soils and large
mammalian herbivores—it has been known for some time that soil nutrients impact
herbivore population densities and community structure via their effects on
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vegetation community and plant productivity, nutrient composition and biomass. In
turn, mainly through their faeces and urine (the composition of which are, in part,
determined by the diets of the herbivores) large mammalian herbivores affect the
spatial distribution and nutrients available for plant growth and also below-ground
macro-invertebrates (e.g., earthworms, termites and dung beetles [see above];
Howison et al. 2017), which in turn could explain the observed hysteresis in the
system (Searle et al. 2009). Whilst, it is, therefore, expected that grazers and
browsers would have differing impact on below-ground processes, at this stage the
evidence is weak and contradictory (Sitters and Andriuzzi Chap. 9), as are the
general effect of large mammalian herbivores on e.g., nitrogen cycling (Sitters and
Andriuzzi Chap. 9). This suggests that the factors influencing below-ground micro-
bial, faunal communities and ecological processes are complex, likely to be inter-
active and most probably context specific. We also note the conclusion from du Toit
and Olff (2014) that plant traits determine nutrient cycling rates in savannas rather
than the community composition and density of large mammalian herbivores. This
may be true, but Sitters and Andriuzzi (Chap. 9) are justifiably less certain in their
conclusions and put many a question mark about general conclusions. They also
observe that recent studies have highlighted more complex interactions; in African
savannas, the formation of nutrient hotspots, preferred by ungulates—e.g., grazing
lawns (see for references their Chapter)—may be either facilitated or hindered by
soil fauna. Sitters and Andriuzzi (Chap. 9) do not look at plant traits (as one would
expect a plant ecologist or herbivore-plant specialist to do) but state that evidence
has been accruing that interactions of ungulates with other ecosystem engineers,
such as earthworms, termites, ants, and dung beetles, are a major contributor to the
patchiness of grazed ecosystems (cf. Howison et al. 2017). Finally, Sitters and
Andriuzzi (Chap. 9) point out that several alternative mechanisms have been
proposed to explain the accelerating or decelerating effects of mammalian ungulates
on nutrient cycling (synthesized in Table 9.1). When present, these mechanisms will,
together, determine the net effect ungulates have on nutrient cycling; but, as they
point out, empirical studies have found positive, negative, or mixed effects (refer-
ences in their Chapter). In other words, a ‘unifying theory’ seems to be still far over
the horizon and perhaps the real conclusion must be that there is no general rule, and
the context-dependency and contingency are overriding (cf. Prins and Gordon
2014b). In other words, it is a mess from a scientific point of view. We have no
doubt that the next 10 years will produce individual studies (hopefully experimental
rather than pattern analyses), reviews (ideally bases upon e.g., the Cochrane Review
procedure [see above]) and dynamic models of below-ground food webs and their
functional attributes. Hopefully, many more studies will be carried out on forbs too,
since they form an important part of the herb layer, and they are not woody species.
Indeed, many browsing species feed on forbs, and the dynamic interaction between
grasses and forbs (especially over a transition from a drought to a wet period) is to a
very large terra incognita. And, we also have to carry out future work, taking scale
effects much more seriously (e.g., Van der Waal et al. 2009, 2011).

For large plant-herbivore interactions, there may be value in the browser/grazer
dichotomy because the food plant categories vary in their response to damage, as a
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result of differences in their lifespan, size, and biomass allocation as well as
physiological integration between plant parts (Haukioja and Koricheva 2000).
Grasses, and grass-like plants, characteristically can regrow rapidly after grazing
events because the growing point (the meristem) is at the bottom of the leaf of the
plant; for browse plants (including forbs) the growing point (meristem) is nearly
always at the end of the shoot and so a browsing event can be catastrophic for the
plant. Again, spatially explicit and temporally dynamic models of herbivore-plant
interactions may help in understanding, interpreting and predicting the how changes
in e.g., herbivores’ ability to freely move about the landscape, affect plant
populations and vegetation communities. A word of caution though, the more deeply
we research into herbivore-plant interactions, the more complex our interpretation
and the generality described above has exceptions (Kirby 2001; Moser and Schütz
2006).

In The Ecology of Browsing and Grazing II the indirect role that large mammalian
play in fire dynamics is much more evident than in The Ecology of Browsing and
Grazing (Gordon and Prins 2008). There is a simple, systems elegance to the
empirical and modelling work showing the difference that browsing and grazing
have on grass and tree dynamics (Smit and Coetsee Chap. 13; Van Langevelde
et al. Chap. 10). Kiffner and Lee, in Chap. 6, observe that 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. Chap. 10; Smit and Coetsee Chap. 13). Without fire, closed forests could
double in extent (Bond et al. 2004; Bond and Scott 2010). In arid and semi-arid
regions, woody cover is limited by the interaction between precipitation, fire, and
herbivory. Competition with grasses also limits the recruitment of woody vegetation
(Van der Waal et al. 2011). In areas with average rainfall of greater than 650 mm per
annum, savannas may transform to forests (and vice versa) following perturbations
(Sankaran et al. 2005; Murphy and Bowman 2012; below 650 mm of rainfall they
are more ‘stable’). The presence or absence of ungulates can also affect vegetation
structure and quantity both directly and indirectly, but, as Van Langevelde et al.
(Chap. 10) point out, the interactive effects within an assemblage of grazers, or
between grazers and browsers, have not yet been explored in these models (cf.
Kiffner and Lee Chap. 6; Mishra et al. Chap. 7).

Fundamental to the models of Van Langevelde et al. (Chap. 10) is the so-called
‘two-layer hypothesis’, originally formulated by Brian Walker (for references see
Van Langevelde et al. Chap. 10). The idea behind it is elegant and easy to imagine:
grasses have access to shallow ground water and trees to deep ground water.
Assuming this makes it easy to comprehend how the two life-forms can co-exist,
and it led to elegant modelling (references in Van Langevelde et al. Chap. 10). The
outcome of the models make sense, and as so often, are then used to develop further
ideas. Models, however, do not provide evidence, even if the outcome results in
‘things’ that make sense (see section in this Chapter ‘On models’) and should not be
taken as proof. Van Langevelde et al. (Chap. 10) evaluate the validity of the ‘two
layer hypothesis’ and conclude that there is much evidence against its generality.
This proves that ideas can be very stimulating for the development of science but
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also that the ideas should not be mistaken for facts: ultimately, it is the evidence that
must result in knowledge which is justified by facts. An intriguing outcome of Van
Langevelde et al.’s modelling exercise is that the catastrophic behaviour of the
model (the ‘instability’ of the transition between grassland and woodland) seems to
disappear when the modellers change animal population dynamics from static to
dynamic (and, therefore, more realistic). In other words, models are very good tools
for investigating one’s assumptions, dangerous for making predictions and often
fallacious for providing a certain foundation to build the edifice of knowledge upon.

Also Smit and Coetsee Chap. 13 provides important pointers for how the science
of herbivore-plant interactions could proceed, and the issue of non-linearity between
causes and effects is also highlighted here. They observe that “historically, studies
on disturbances such as fire and herbivory have primarily focused on their effects
separately. Although many studies continue in this way, it is increasingly appreci-
ated that the interactive effects of these two processes are often different to the sum
of the separate main effects. These interactive effects can be so strong that it has been
argued that herbivory and fire should be viewed as a single disturbance in ecosys-
tems that evolved with both processes active. Furthermore, while the effects of these
disturbances were traditionally considered to be linear and unidirectional, current
understanding explicitly highlights non-linearity, time-lags, possibility of multiple
stable-states and several feedbacks”. With the increased knowledge of the interaction
between factors, and the realisation that there are many factors to consider in the
ecology of herbivore-plant interactions (cf. Box 16.2), the simple ‘truths’ of the
1980s may disappear altogether. Perhaps the once novel ‘stable limit cycles’ of a
genius such as Bob May were merely the result of too large time steps (imposed by
limitations in computing power) in the models of that era. Smit and Coetsee
(Chap. 13) even observe that there may be “evidence that herbivory (sometimes
interacting with climate and sometimes with anthropogenic management), contrib-
uted to, and interacted with, historic fire regimes, dynamically shaping vegetation
patterns over time”. If this is true, then predictability will fade away even though we
may be increasingly able to postdict what happened in the past: contingency
becomes overwhelming. But for ever-better postdicting, we may have more-and-
more need of inter- and transdisciplinarity (Specht et al. 2015; cf. Boxes 16.3 and
16.4) and new Artificial Intelligence tools to analyse the very rich and multi-layered
data sources. The simple classifications of ‘browser’ vs. ‘grazer’ may stand in the
way of the mining of information that we will need to tackle the issues at stake,
because not all herbivory effects are similar, and herbivore traits (e.g., body mass
and feeding guild: Kiffner and Lee Chap. 6; Mishra et al. Chap. 7) clearly
influence the resulting herbaceous dynamics. The conclusion of Smit and Coetsee
(Chap. 13) is, like those in other Chapters, that uncertainty about the outcomes is rife
“in mixed tree/grass and grazer/browser systems, increased grazing pressure can
reduce fire frequency and intensity directly through fuel removal and compositional
and structural changes to the herbaceous layer. Increased browsing may increase fire
indirectly through reducing woody recruitment and decreasing the competitive effect
of trees on grasses. However, there may also be other feedbacks working in opposing
directions, and it is sometimes hard to ascertain the net effect.”
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Box 16.4
Transdisciplinarity.

In contrast to multidisciplinarity and interdisciplinarity, transdisciplinarity
enables “inputs and scoping across scientific and non-scientific stakeholder
communities and facilitating a systemic way of addressing a challenge. This
includes initiatives that support the capacity building required for the success-
ful transdisciplinary formulation and implementation of research actions”
(Belmont Forum 2019). The evidence to date suggests that research is not
being brought into policy and management (Knight et al. 2008). If the science
of large herbivores and their impacts is to be translated into policy and
management then the people who will be developing and implementing policy
and management actions have to be involved in the research programmes from
the outset. This gives them “skin in the game” and means that the issues faced
by policy and managers in their professional lives are at the fore in the
development of the research programmes (Gordon et al. 2014).

The link with palaeontology (Rowan and Faith Chap. 3), shows that human
extirpation of wild ungulate species of browsers and grazers has had a profound
impact on fire dynamics, and the consequent composition of trees and grass in
ecosystems across the globe. The relevance of this for modern day ecosystems
cannot be underestimated (see Van Langevelde et al. Chap. 10; Smit and Coetsee
Chap. 13). The removal of both grazing and browsing, and its suppression of 2D and
3D vegetation biomass, have made many ecosystems more fire prone. This is
particularly the case close to human conurbations, in peri-urban landscapes, in the
developed world, which wild herbivores tend to avoid and where farming has been
abandoned. Here removal of both domestic and wild herbivores is linked to increases
in fire frequency and intensity (Barbero et al. 1990). Reinstating browsing and
grazing, to provide ecosystem services, through fire suppression is seem as a
possible mechanism to reduce insurance liabilities associated with these catastrophic
fires (Dallimer et al. in review).

Whilst evident today, it is clear from fossil record that humans (Hominids) have
had a significant impact on species of large mammalian herbivores for millennia.
Given the highly skewed size selectivity of the Late Quaternary extinctions (Mishra
et al. Chap. 7) and the timing of megafaunal disappearances across continents
tracking the chronology of human dispersals out of Africa, and across the globe,
during the Late Quaternary, it seems probable that humans have played a role in
these extinctions (Rowan and Faith Chap. 3), although this is likely to have
interacted with climate change (Rowan and Faith Chap. 3; Boone Chap. 8), with
the effect depending upon the continental context (Rowan and Faith Chap. 3;
Mishra et al. Chap. 7). What is becoming clear is that the Late Quaternary
extinctions, where a significant portion of the large mammalian herbivore fauna
was lost, fundamentally altered the structure and function of ecosystems and has
consequences for today’s vegetation and faunal communities and fire dynamics
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(Saarinen Chap. 2; Smit and Coetsee Chap. 13; Schweiger and Svenning 2018).
This portents the potential impact that the current mega-extinction event is likely to
have on the globes ecosystems for aeons to come (see also Gordon and Prins 2008).
This may become important for ecosystem restoration and rewilding (see elsewhere
in this chapter) but also for conservation itself (cf. Rubenstein et al. 2006). The
facilitation role of very large herbivores and mega-herbivores may have been lost
when in the Palaearctic mammoths, mastodons, woolly rhinos and steppe bison, or
when in South America gomphoteres and giant sloths went extinct (cf. Janzen and
Martin 1982). Indeed, with the imminent extinction of the yak (Bos grunniens) their
keystone role (Prins and Van Oeveren 2014) will be lost. Likewise, when
megaherbivore keystone species arrive after an absence of some centuries and
exert their original role again, conservationists who love hole-breeding birds or
picturesque trees rise to arms and call for the shooting of African elephant that are
elsewhere on the brink of extinction or went locally extinct already (for details, see
the debates on Kruger National Park). Similarly, the interaction between fire and
herbivores may change substantially if there are particular herbivores or not present
in an ecosystem (cf. Rowan and Faith Chap. 3 on fire coals and archaeology; Van
Langevelde et al. Chap. 7; Smit and Coetsee Chap. 13). Yet, most of understanding
of the impact by different sized browsers and grazers is so rudimentary, that
meaningfully modelling the impact of differential extinction in assemblages in real
habitats is, at this moment, beyond the ability of herbivore-plant scientists. It is a
clear challenge though for the coming 10 years. Indeed, it appears too easy to write
about ‘homogenization of communities’ or ‘cascading effects on trophic interac-
tions’ but it appears that the science of herbivore-plant interactions merely scratches
the surface. This means that we, the editors, are fully confident that much can be
done the coming years that is exciting and useful.

16.7 The Future for Browsers and Grazers
and the Ecosystems they Inhabit

Given the historic and present day evidence for humans creating global and local
(population) extinctions of large mammalian herbivores, and the accumulating
evidence for the role that these keystone species play in ecosystem dynamics it is
no wonder that large mammalian herbivores feature strongly in “rewilding” debates
and projects (e.g., Martin 2005; Navarro and Pereira 2015; Van Maanen and
Convery 2016) The research summarised in the Chapters of this book shows the
depth of understanding of large mammalian herbivore impacts on ecosystems and
provides the evidence base upon which rewilding management decisions can be
made. The Chapters also provide information from which managers can assess the
dietary characteristics that will meet their needs for broader ecosystem management.
One of the keys here, is the apparent flexibility in diets of individuals, and, more
broadly, those across populations within species; a similar flexibility seems to
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emerge from studies on ‘thermal niches’ of many ungulate species and of their
predators. This means that the current local context need not be a barrier to the
introduction or reintroduction of species of large mammalian herbivores in rewilding
projects. More controversially, however, the breadth of dietary adaptations in live-
stock species means that they also can play a role in ecosystem engineering when the
local circumstances mean that wild herbivores are not suitable (seeManagement of
browsers and grazers and the ecosystems they inhabit). Before we get carried
away by the tide of rewilding, however, it is clear from the Chapters in the book that
context is all important in determining the dynamics of complex ecosystems. Just
because something works in one place, does not mean that the same management
intervention (and we should not forget that rewilding is a management intervention)
will work elsewhere even though they may appear to be very similar in their biotic
and abiotic characteristics.

That said, some changes are happening due to changes in e.g., global CO2

concentrations, leading to changes in the competitive interactions between browse
and grass species, and their relationships with fire—in savannas browse plants are
generally more efficient users of CO2 for growth (when they are carbon limited) than
grasses, and browse plants are suppressed by frequent high intensity fires fuelled by
grass biomass (Van Langevelde et al. Chap. 10; Brown and Carter 1998; Van
Auken 2000; Groen et al. 2017). This may explain the world-wide trend to ever more
woody species as compared to grasses, i.e., bush encroachment (see Gordon and
Prins 2008). Whether these insights from savanna systems apply in other ecosystems
across the globe, for example the taiga in the Palearctic, is yet to be determined and
could have major implications for global circulatory models that are being used to
make climate change predictions. However, a very important observation was made
by Petty and Werner (2010), namely, “have your historical [animal census] data
correct before you make sweeping statements about the importance of potential
explanatory variables such as CO2” [we paraphrase]. Sabo in Chap. 11 draws
attention to an interesting phenomenon, namely, dense layers of understory vegeta-
tion that impede tree regeneration called recalcitrant layers. These layers appear to
develop after a period of high density of ungulates occupying a particular place. She
observed that these dense layers of rhizomatous ferns, ericaceous shrubs, or
graminoids block regeneration, or vegetation development to shrub and forest
communities. If this is a general phenomenon, then it would be a nice example of
a knock-on effect of ungulates on a habitat in which ungulate density (possibly with
a certain threshold) can cause habitats to develop along different trajectories and in
which hysteresis may be an important consideration (cf. Rietkerk et al. 1996). We
think that state-and-transition models deserve more attention in vegetation ecology:
for example, different densities of ungulates, during particular states, due to
chance effects (like disease or drought), may trigger different cascading trajectories
(and thus different sets of states—such as even-aged stands of forest [cf. Prins and
Van der Jeugd 1993]) of vegetation development. Indeed, this may cause, like fire
(Smit and Coetsee Chap. 13), patchiness and heterogeneity in the landscape (Fynn
et al. Chap. 14) which of quintessential importance for herbivores to survive in the
landscape allowing them to move and collect a diversity of food. Each ‘state’ or
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‘patch’ individually will not be able to meet the ungulate’s requirements but
collectively they can (Illius and O’Connor 1999; Prins and van Langevelde 2008).
An important feature of ecosystems having alternative stable states is the prediction
that they are vulnerable for abrupt discontinuous changes, so called ‘catastrophic
shifts’ (see Van Langevelde et al. Chap. 10 and references therein; Rietkerk et al.
1996). If this type of catastrophe-modelling (founded by René Thom and
popularised by Christopher Zeeman; see Zeeman 1976, 1977) is as useful as the
recent upsurge in models suggest (see e.g., the beautiful mathematics of Egbert
H. van Nes e.g., Van Nes and Scheffer 2007), then it would be good if this were to
become more integrated into modelling, and hopefully understanding of herbivore-
plant interactions. A word of caution here, though: catastrophe theory (sensu Thom
and Zeeman) does not deal with ‘catastrophe’ in the sense of ‘disaster’ or ‘calamity’
but in the sense of ‘revolutionary’ or ‘unforeseen’ and ‘sudden’. The changes of one
state to the other may be sudden but that does not mean that the outcomes are
disastrous: for instance, Mills (2004) did not find significant differences in bird
assemblages in burnt and unburnt areas of Kruger National Park, South Africa.

However, one should be acutely aware that the savanna tree to grass ratio is
determined by a range of factors, including rainfall, soil type, herbivory, fire
occurrence and fire intensity (Van Langevelde et al. Chap. 10 and references
therein). Savanna tree-grass dynamics are of particular interest in ecology, as sudden
shifts can occur between a low biomass system state (i.e., tree-grass co-dominance)
and a high biomass system state (i.e., tree dominance). Intriguingly, tree-savanna
dynamics has had much more attention in tropical, mainly African, savannas; Van
Langevelde et al. observe that as the two competing life forms trees and grasses
co-occur under many environmental conditions in savanna ecosystems, savannas
provide an ideal ecosystem to investigate several ecologically important processes
such as competition and facilitation (Van Langevelde et al. 2010). So even though
the outcome of the models (in for instance Van Langevelde et al. Chap. 10) is
already quite complicated and contains surprises, which leads the science of
herbivore-plant interactions away from the simplicity of the 1950s to 1990s (see
section On models in this Chapter), one must realise that the simplicity of the
dichotomy between ‘trees’ vs. ‘grass’ hides many unknown and poorly understood
interactions. The work on spinesence in trees of Tomlinson (e.g., Tomlinson et al.
2013, 2016, 2018) clearly shows that plant responses differ largely between species
(e.g., between evergreen and deciduous tree species), which has not been included in
modelling studies so far. These different responses imply that the model results may
only be valid for a select group of plant species.

We believe that much still has to be gained using modelling to explore vegetation
dynamics, not only of savannas, but of many other ecosystems. Indeed, savannas are
defined as stable associations of grasses and trees but much of the Palearctic is
covered in taiga, birch woodlands or open oak (Quercus) woodlands with grass
understory which basically is the same formation yet their dynamics are hardly
studied in depth that savannas have been studied.
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16.8 Management of Browsers and Grazers
and the Ecosystems they Inhabit

The human population of the globe currently sits at around 7.5 Billion and is likely to
increase to 9 to 11 Billion in the next 30 years (United Nations 2017). Much of this
increase has happened in the developing world, and Asia and Africa are likely to be
the major contributors to population growth by 2050 (United Nations 2017). The
growing population in the developing world is also getting richer, with Gross
Domestic Product increasing in lower- and middle-income countries by 180% in
the past 10 years (World Bank 2019). As well as moving people out of poverty, this
increase in wealth is associated with changing dietary habits, as people shift from a
predominately grain-based diet to one that includes increasing amounts of meat,
initially poultry but then pigs, and red meat from goats, sheep and cattle (Delgado
et al. 1999; Alexandratos and Bruinsma 2012).

Although grain is increasingly used to provide the feed required for these
livestock, land use change is also associated with increased livestock production.
For example, it is projected that the land area under permanent pasture in lower- and
middle-income countries (particularly in South America and sub-Saharan Africa)
will expand by ~ 320 Mha by 2030 (from 2010; Wirsenius et al. 2010), with
increases in livestock numbers of between 40% and 50% for buffalo and cattle and
30–45% for sheep and goats (Bruinsma 2003). In contrast, as compared to livestock
(including pets) that make up 66% of the total weight of land mammals today,
wildlife species (including elephants, whales, etc.) make up less than 3% (Bar-On
et al. 2018) i.e., per unit weight of wildlife, livestock are 14 times more abundant).
This has profound effects on the way in which the vegetation is shaped by the impact
of large mammalian herbivores.

Livestock production now occupies over a quarter of the land surface area of the
globe (Robinson et al. 2014). Obviously, conversion of land to support livestock
production occurs at the expense of land that is currently occupied by forests and
other native vegetation (Foley et al. 2005). This change in land use puts pressure on
wildlife populations, through either direct effects (e.g., persecution) or indirect
effects (e.g., land clearing, fencing). These effects (impacts) are likely to increase
as the demand, for particularly, red meat increases. The extent to which they herald
the decline in wildlife populations depends upon the nature of the interactions; as
discussed below.

The agricultural intensification that has been prevalent since the start of the
agricultural revolution in the 1800s has not passed by livestock production. The
approach has been to have greater control over the nutrition of livestock by reducing
the diversity of forage species that typifies extensive grazing systems to the ultimate
level of single species pastures or at best inclusion of a legume into the grass swards,
primarily to maintain fertility of the soil but also to add more protein to the diets.
This “man knows best” approach takes away choice and in rotational grazing
systems (as compared with continuous systems) livestock are also discouraged
from choosing the parts of the grass plants they eat (i.e., leaf, stem or pseudostems).
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Apart from buffalo, cattle and the equids (horses and donkeys), sheep, goats and the
camelids (camels, llamas and alpacas) are mixed feeders, adapted to a diverse diet
including grasses and browse. This removal of dietary choice is likely to reduce the
resilience of grazing systems in the face of the vagaries of weather without substan-
tial inputs of energy, water and fertiliser. As Fynn et al. (Chap. 14) emphasise, the
human management of ungulate density (stocking rate) and the duration of herbiv-
ory, especially in livestock systems, appears to critical determinant of the heteroge-
neity and sustainability of forage resources. The concept of functional heterogeneity
(inherent [e.g., soils] and induced [e.g., grazing/browsing, fire, rainfall]) variation in
forage quantity and quality) may become a general theme guiding their management,
across scales or ecosystems. Yet, there appears still to be a lot conjecture about
which there has to be a note of caution; in the South African conservation context,
the argument to manage for ‘heterogeneity’ may be less based upon a true under-
standing of the reasons why heterogeneity is important and more because of the
mantra created by certain charismatic individuals who expound the message (see du
Toit et al. 2013). We cannot help thinking that the message appears to be: “wow,
there is heterogeneity ergo that must be important ergo because heterogeneity is
important ergo we must create/maintain heterogeneity”. However, Van Langevelde
et al. Chap. 10 suggest that when pastoralists (or pars pro toto, any herbivore
population) respond quickly to decreases in forage availability and slowly to vege-
tation regeneration, the stability of savannas increases, and the risk on vegetation
collapse decreases. This may have bearing on this heterogeneity discussion, but we
think that the fuller understanding of what ‘heterogeneity’ implies (see what can be
learned from ‘the Kruger Experience’ [du Toit et al. 2013]), is a fruitful field of
science in the coming years. But of course the response of herbivore populations
depends upon more than just forage availability, for example the addition of water
accessibility, vegetation structure and predation risk. Another issue is that at a longer
time scale, the forage base of the ungulates may shift towards more browse and less
grass (Gordon and Prins 2008; Smit and Coetsee Chap. 13). Perhaps this is due to
the ever-increasing CO2-levels or changing rainfall patterns. In itself, these changes
have been around for hundreds of thousands of years and—by definition—the
presently extant ungulates (Mishra et al. Chap. 7) have been able to cope with
these changes so far. In contrast to the wild ungulates in the rich countries (Gordon
and Prins 2008), those elsewhere have not found ‘an answer’ to the changes in land
use and local eradication (Gordon 2009). Much attention is given to the climate
change debate, but, as Richard Leakey once observed, “climate change is a
300-years problem but land use intensification and eradication are with us now”.
The grazers and browsers that are subject of this book, live in a socio-ecological
system (Biggs et al. 2015; Box 16.4), meaning that humans play a major role in
determining the outcome of interactions between components of the system. Thus, a
focus on the interactions between livestock and wildlife can miss the perceptions and
behaviours of, for example, farmers or wildlife managers, who will determine
management actions that impact on those interactions. As researchers, we cannot,
therefore, approach the issue of the future of wildlife in livestock production
dominated landscapes through reductionism-based research alone; we have to see
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it within the context of the whole socio-ecological system, yet, simultaneously, we
know that most progress was made in the agricultural sciences through reductionism
and carefully conducted experiments. In other words, in an approach based on inter-
and transdisciplinarity there must always be place for ‘hard-nosed reductionism’ too
simply prevent the risk of losing touch with reality (see Box 16.4). In this balancing
act we see increasing need for the application of Artificial Intelligence to help us
maintain the overview in the transdisciplinary approach but also to discern patterns
in the ever-increasing richness of our data bases: indeed, the reductionist approach
may be changed in revolutionary ways in the coming decades.

The foregoing Chapters demonstrate the vibrancy of the fields of research into
browsing and grazing larger mammalian herbivores, their history, their role in the
world and their important for ecosystem dynamics. They also make clear that there is
still a great deal to be learnt; it is upon the pillars of knowledge outlined in The
Ecology of Browsing and Grazing (Gordon and Prins 2008) and now The Ecology of
Browsing and Grazing II (Gordon and Prins 2019) that future generations of
researchers will seek to better understand the whats, whys and the wherefores of
the interactions between herbivores and the ecosystems in which they live. Given the
vital importance of large mammalian herbivores to those ecosystems in, and also the
role they play in providing ecosystem services to humanity (an issue that requires
more research focus in the future), researchers must seek partnership with policy and
management practitioners in delivering evidence-based solutions for the future
management and conservation of these amazing creatures (Box 16.4), in a world
that is changing before our eyes. But 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.
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