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Preface

My interest in animals has existed through most of my life, originally stimulated at
a young age by my grandfather. As a professor, I have regularly given lectures on
‘Animals as ecological agents’ to students in physical geography and landscape
ecology. In 1999, I published a first book on that issue. A second, extended edition
followed 3 years later (Holtmeier 2002). Both editions, however, were published in
the German language, thus automatically restricting its readership. Both books are
now out of print. In view of the numerous new publications relevant to the book’s
topic, and recalling the very positive response to the books by many reviewers and
readers, I have been thinking for some time of preparing a third edition. It was clear
however that, given the global importance of the subject, it should be written in the
English language, thus guaranteeing a wider circulation. Thus, I was delighted
when Springer (Dordrecht) agreed to publish an English edition.

The book is addressed to a broader readership rather than simply to experts in
the field. It is based on an extensive review of the literature, on my own field
experiences and on contributions of my former cooperators. The influences of wild
and feral mammals, particularly of herbivores, as well as of birds, insects and soil
invertebrates, are demonstrated through examples from all over the world. Their
selection out of a wealth of very heterogeneous and often widely scattered literature
has been an exacting task. This presentation by example, however, allows us to
go deeper into details than is possible in textbooks that aim to present a complete
overview (e.g., Kratochwil and Schwabe 2001) and seemed to be an acceptable way
to explain the heterogeneous and complex interactions of animal populations with
their habitats (quality, spatial and temporal structures, landscape use). On the other
hand, the great variety that appears from such various settings may heighten the
readers’ awareness of problems that often arise when applying results of local
studies to other landscapes. Thus, hasty generalization that disguises rather than
clarifies might be prevented.

The conception of the book has not much changed from its earlier editions. The
text has however been revised, partly re-written, completed and re-arranged where
necessary. Ample illustration by photos, drawings and diagrams has been retained
as well as an extensive updated reference list. However, in view of the immense
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wealth of literature on autecology, synecology, population ecology, nature conservation,
wildlife and landscape management, this list cannot be complete. Surely, the reader
will miss inclusion of one or another familiar publication. Russian publications
have only been referred to when translations in the English or German language
were available. One may safely assume that a broad readership unable to read
Russian would appreciate more high-quality publications such as the monograph on
marmots by Bibikov (1996), for example, to be translated into English. The references
include many publications that were written in the German language. Anglophone
readers seldom or never refer to this relatively extensive literature although it
provides much useful interesting information.

I hope this book will contribute to better understanding of the interplay of
animals and their habitats and the often important role of animal populations in
shaping landscape structures and dynamics.

University of Miinster, Germany Friedrich-Karl Holtmeier
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Chapter 1
Introduction

This book on animals as ecological agents in landscape ecosystems draws attention
to a range of problems that have been only marginally considered in landscape
sciences (geography, landscape ecology). These are addressed preferably to vegetation,
geomorphology and other physical factors (e.g. Klink 1987). There are exceptions
however, such as the studies of Troll (1936) on termite savannas, the monograph on
plant geography and ecology of New Zealand by Schweinfurth (1966), and the
many studies on beavers, mainly in North America (e.g., Naiman et al. 1986; 1988;
Johnston and Naiman 1987, 1990a, b; Barnes and Dibble 1988; Woo and Waddington
1990; Butler and Malanson 1994; Snodgrass 1997; for further references see
Sects. 4.2.2, 5.3.1 and 6.1). Schott (1934) considered the influence of beavers on
meadow formation and its role in European colonization of Canadian woodlands.
In his book on zoogeomorphology, Butler (1995/2008) gives a review of animals’
geomorphic influences and also goes back to his own studies on the effects of bea-
vers, grizzly bears and burrowing animals. Price (1971) presented a short but very
instructive study on the interrelationships between periglacial landforms and the
effects of Arctic ground squirrels on microtopography and vegetation in the alpine
zone of an Alaskan mountain range. Loffler (1996) addressed the influence of
termites on morphogenesis in the tropics characterized by seasonally alternating
wet and dry conditions. A review on the influence of small mammals in context with
the mosaic-cycle concept (Remmert 1992) has been presented by Korn (1991). In a
study on impact and response of high-latitude and high-altitude ecosystems,
Komarkova and Wielgolaski (1999) briefly touched upon disturbances by animals.
The comprehensive handbook on global eco-zones by Schultz (2000) gives an idea
of the influence of animals on energy transfer in the zonal ecosystems. The
‘Handbook of New Zealand mammals’(Kitching 1995) not only covers the history
of introduction and aut- and synecological aspects but also highlights the signifi-
cance of the introduced mammals to the New Zealand environment and native fauna.

Abundant special studies in wildlife-biology, hunting sciences, game management
and nature conservation often provide detailed information, which help us to under-
stand the role of animals as landscape-ecological agents better. In these publications
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however, the influence of habitat structures and quality (e.g., forage supply, shelter
from climate and disturbances) on animals is usually in the foreground (e.g., Rammer
1936; Remmert 1980; Kloft and Gruschwitz 1988), whereas possible impacts of
animals on their habitats are more marginally considered. This also applies to more
recent zoological studies on the spatial behavior of animals at the landscape level
(e.g., Barrett and Peles 1999). There are, however, exceptions (e.g., Forman 1995;
Johnston 1995; Remmert 1998).

Interest in the functional role of animals in landscape ecosystems and the
responses of those systems to the animals’ impact has been continuously growing,
as reflected in many case studies published in the Journals of BioScience, Animal
Ecology, Mammalogy, Journal of Applied Ecology, Wildlife Management, and
Oikos, for example. Not least, research on animals’ impact on their habitats has a
comparatively long tradition in forestry (e.g., USDA Forest Service, New Zealand
Forest Service). Much interesting information can be found in the specific research
reports. Likewise, the research projects that have been carried out in the Serengeti
and other African National Parks must be mentioned in this context (e.g., Sinclair
and Norton-Griffith 1979; Huntley and Walker 1987; Owen-Smith 1983; Sinclair and
Arcese 1995) as well as ‘classic’ compilations on ungulate impacts on grasslands,
for example (e.g., Hodgson and Illius 1996; Du Toit and Cumming 1999), or reviews
on the effects of herbivores on plant communities and ecosystem processes in
general (e.g., Gill 1992; Hobbs 1996: Augustine and McNaughton 1998). Valuable
reviews on the functional role of large predators in ecosystems have just been
published by Estes et al. (2011) and Ripple et al. (2014). A review on the manage-
ment of wild large herbivores with economic, conservation and environmental
objectives was presented by Gordon et al. (2004). Not least, the increasing discus-
sion on causes and function of biodiversity (e.g., Huston 1994) as well as the growing
number of studies on the effects of disturbances, for example by introduction of
exotic parasites and animals, invasion of alien species, mass-outbreaks of insects
and small mammals, and of excessive grazing pressure (e.g., Turner and Stratton
1987; Huston 1994; Hugget 1995; Bayerische Akademie fiir Naturschutz und
Landschaftspflege 2001), have stimulated broader interest in impacts of animals on
the environment. The same holds true for the increased numbers of publications on
the effects of large herbivores on the Pleistocene and Holocene vegetation as well as
for studies on large herbivores as an instrument of landscape management
(e.g., Beutler 1992, 1996, 1997; Geissen 1996; Hamilton 1996; Hofmann et al.
1998; Gerken and Gorner 1999; Section 6). Danell et al. (2006) have presented a
comprehensive compilation with 16 chapters written by experts on large herbivore
ecology, ecosystem dynamics and conservation. A comparatively rich literature is
available on the influence of insects, in particular of termites and noxious forest
insects and fossorial mammals on their habitats. An extensive textbook on the
ecology of biocoenoses has been given by Kratochwil and Schwabe (2001).

Now and then I refer in this book also to daily newspapers, television reports and
internet news. They confront us almost every day with the latest ‘ecological catastro-
phes’. ‘Alarming news’ spreads like wildfire. Mass-outbreaks of defoliating insects
and bark beetles are often portrayed as being a fatal threat to our forests. Rapidly
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spreading animal diseases (e.g., foot and mouth disease, avian influenza, etc.) or the
irruption of introduced species (Chap. 5) often provoke general helplessness and a
dooms day atmosphere. Although the sources of information may sometimes be
obscure, such news serve its purpose as they make abroad audience aware that
the future of our ecosystems and biocoenoses is not reliably predictable, as the
magnitude and quality of future general conditions (natural, economic, political)
that will be controlling environmental change (landscape, biocoenoses, and climate)
are unknown. The many reports on attacks of ‘bloodthirsty’ bears and wolves on
sheep, cattle, joggers, hikers or mushroom gatherers, and the pros and cons of
animal advocates and opponents of reintroduction of large predators, show that such
events with wild beasts involved can hardly be discussed unemotionally and that
place seems to be restricted for certain wild animals (Sect. 5.2.3).

Nevertheless, studies focusing on the functional role of animals in landscape
ecosystems are still rare as compared to the many autecological investigations. In
addition, many explanations and hypotheses — for example on the influence of
grazing on plant species diversity or on factors controlling population cycles — are
plausible but often not convincingly substantiated. It is the great complexity of the
interactions of animals with their habitats, which makes a complete experimental
analysis so difficult, if not impossible, in particular as the interdependencies assume
a ‘newquality’, dependent on the level of consideration (autecology, synecology,
population ecology; Fig. 1.1). Methods of analysis and evaluation have to be adjusted
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Fig. 1.1 Autecological, population-ecological and synecological interrelationships in an ecosystem
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accordingly. Thus, even if the specific response of all components to changing
conditions were known at the autecological level, for example, the response at
higher levels of the ecosystem would not be ‘predictable’. Yet, experimental studies,
for example, comparing sampling areas grazed at different grazing intensities
with ‘exclosures’ are essential to understand the interdependencies and to test
hypotheses. Generalization, however, of the results of case studies is problematical,
as the impact of animals on their habitats depends on the particular local conditions
and peculiarities. Thus, the possibilities of transferring results of local studies and
models to other areas are limited.

Moreover, the specific attitude to the animals’ influences plays an important role
(Sect. 6.4). The alleged ‘catastrophes’ caused by bark beetles (Ips typographicus) in
the National Park ‘Bavarian Forest’ during the late 1990s is a good example. Bark
beetles belong to the forest biocoenosis, together with woodpeckers and other
woodland species, and yet they are usually considered to be noxious insects. Bark
beetles usually attack weakened trees already damaged otherwise. Under certain
conditions that favor a mass-outbreak (e.g., much dead wood due to wind throw,
immissions, warm and dry weather in spring time; Weissbacher 1999) extended
forest stands may collapse due to bark beetle attacks, as was the case in the National
Park. On the other hand, bark beetle attacks may initiate natural rejuvenation of
over-aged forests (Niisslein et al. 2000). Forest owners and tourist managers who
were interested in forests mainly for economic reasons considered the mass-
outbreak to be absolutely an ‘economic catastrophe’ and postulated an effective
‘pest control’. They were supported by forest owners from outside the park who
were afraid the bark beetles would expand into the economic forest surrounding the
forest nature reserve (Weissbacher 1999). In their view, the prospect of a gradual
natural rejuvenation of the forests is not a tolerable alternative these days. By con-
trast, nature conservationists and the park administration consider the bark beetle
infestation to be supporting natural self-regulation of the forest ecosystem and
therefore reject any control measure that, in a way, would protect nature from nature.

In many areas, wild boars (Sus scrofa) have become ‘pest animals’ during the
last few decades. Very likely, wild boars are profiting more from the modern
agricultural landscape than any other wild ungulates. Radical reduction, however, in
particular shooting females and piglets, seems to be inevitable but usually meets
stiff opposition of animals’ advocates (Sect. 6.4).

Red deer (Cervus elaphus) in great numbers may impede or even prevent natural
forest regeneration and profitable forestry. Thus, red deer are a ‘useful’ component
of the forest biocoenosis only as long as they do not sustainably impede forest
maintenance or restoration (e.g., Mayer 1975; Neumann 1979; Moser 1988), or in
other words, in case of intolerable damage the red deer population will usually
be considered to be ‘over-sized’. On the other hand, there is some evidence that
moderate grazing may even increase plant species diversity and facilitate expansion
of forest tree species (Risenhoover and Maass 1987; Kriisi et al. 1995). In the
Swiss National Park (Lower Engadine, Switzerland), for example, conservation
of botanical diversity will only be possible if browsing pressure is sufficient
(Sect. 2.3.3). One should be aware, however, that current great botanical diversity
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is the result of forest removal and pastoralism for hundreds of years and thus is not
natural. Intensive browsing pressure may impede natural regeneration and reduce
tree species richness as well as diversity. If conservation of the present plant
diversity is the objective of habitat management, red deer population will have to be
adjusted accordingly by harvesting. It would be easy to present more examples that
highlight problems resulting from different attitudes of those affected by animals’
impact on landscape ecosystems in one or the other way. However, we will leave it
at that for the time being.

Animals as ecological agents in landscape ecosystems can be considered from
different points of view. In landscape planning management, for example, animal
populations have to be considered with special regard to the particular spatial and
functional landscape units (landscape mosaics) and landscape connectivity (corridors;
e.g., Forman 1995). Restoration of wetland for conservation of amphibians, for
example, may bring about alterations that were not intentional and unforeseeable right
from the beginning of restoration. They may however adversely affect other animals.

Conversely, suppression or eradication of a ‘problem species’ also may have
far-reaching consequences for other members of the biocoenosis and for the entire
ecosystem. European moles (Talpa europaea), for example, are a ‘nightmare’ for
gardeners. They are usually not tolerated on lawns, sports grounds, golf courses and
hay meadows. While being completely protected by law in Germany, for example,
moles are poisoned or killed as ever by trapping in some other countries (e.g., England).
Both measures are considered to be ‘inhuman’. In addition, poisoning may be harmful
to soil organisms. Therefore one is looking for alternative non-lethal means and
applies repellents for example to keep moles off. Reduction of insects and earthworms,
that are the main food of moles, has also been considered to bean appropriate
method for mole control (Edwards et al. 1999). Earthworm density could be easily
reduced by systematic removal of the litter, by use of herbicides that prevent grasses
and thus support of herb-rich vegetation, or by application of acidic nitrogen fertilizer
(Schaefer 1981). These measures would however negatively affect not only earth-
worms and moles but also soil physical and chemical properties, decomposition and
nutrient turnover. Control measures may easily run out of control, similar to the
spirits called by the desperate sorcerer’s apprentice in the well-known poem by
Johann Wolfgang von Goethe ‘The spirits that I've called I can’t get rid of now’.

In the landscape ecological view the functional role of animals in landscape
ecosystems and animals’ interactions with physical and biological factors is of
primary interest with animal populations being in the focus rather than individuals.
On the other hand, the effects of animals on landscape cannot be explained without
considering the influence of landscape (habitats) on the animals. Thus, aut- and
synecological as well as landscape ecological aspects must be closely linked to
each other. The configuration of the ecosystems (vegetation, soils, climate, water
balance, biocoenoses), as well as their spatial and temporal structures, are of particular
importance in this context.

In the past, the importance of animals was assessed by their influence on
landscape physiognomy (e.g., Mertens 1961; De Lattin 1967). On that score, how-
ever, animals are of minor importance compared to vegetation or human impact.
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Nevertheless, there are exceptions such as beavers or termites. Beavers, for example,
are able to completely alter floodplains, riparian vegetation and biocoenosis by
dam-building. Therefore they are considered a keystone species (Paine 1969). Not
without reason have beavers become a classic example of animal-habitat interactions,
and most textbooks on physical geography, biology and landscape ecology refer to
the beavers’ activities. This also applies to the present book (Sect. 4.2.2).

Just as important are mound-building termites shaping landscape physiognomy
and ecology in East African savannas (so-called ‘termite savannas’: e.g., Troll 1936;
Hesse 1955; Lee and Wood 1971; Darlington 1985; Schmitt 1991; Sect. 4.2.1).
Moreover, fossorial mammals such as marmots, ground squirrels, pocket gophers
and voles may influence landscape physiognomy. Landscapes characterized by
‘Mima mounds’, for example, can be found in western North America from Canada
to Mexico, in Africa (Kenya, South Africa), on the Peruvian Altiplano and in
Argentina. ‘Mima mounds’ have been built by burrowing rodents in the course of
thousands of years (Dalquest and Scheffer 1942; Price 1949; Scheffer 1958; Ross
et al. 1968; Mielke 1977; Cox 1984, 1990; Gakahu and Cox 1984; Cox and Gakahu
1986; Cox and Roig 1986; Cox and Allen 1987; Cox and Hunt 1990; Schmitt 1991;
Bussmann 1994). The name derives from the Mima Prairie in Thurston County,
western Washington. In South Africa, so-called ‘heuweltjies’ (‘small mounds’ in
Afrikaans) can be found looking similar to ‘Mima mounds’(Lovegrove 1991). The
mounds consist of excavated mineral soil. They are up to 2 m high and 25-50 m in
diameter. About 50-100 mounds per hectare can be found. Mounds built by the
Bobak (Marmota bobak) locally occur as prominent landmarks in grass steppes
from Eastern Europe to Kazakhstan (Bibikov 1996).

The long-term disturbances by prairie dogs (Cynomis ludovicianus), in concert with
grazing, trampling and wallowing of buffalos (Bison bison) and other ungulates have
created highly varying vegetation mosaics in the North America prairie (Sect. 3.2.2).

Birds may also play a major role. Large numbers of lesser snow geese (Chen c.
caerulescens), for example, have lasting effects on composition and structure of
plant communities and nutrient cycles in their breeding areas on the west coast of
Hudson Bay (Bazely and Jefferies 1988; Kerbes et al. 1990) where they stay during
summer. They have been considered a keystone factor in these places. Lesser snow
geese traditionally grazed during summer in the intertidal salt marsh on the shore of
La Pérouse Bay. Numbers of lesser snow geese have dramatically increased in the
last decades, however, mainly due to changes in agricultural practices and easily
available energy-rich food in their wintering habitats and along their migration
routes (Ngai and Jefferies 2004). Geese now exceed the carrying capacity of the salt
marsh vegetation in their summer habitat and are forced to forage in the inland
fresh-water marshes. Fresh-water marsh vegetation is of less nutritional quality than
salt-water marsh vegetation, and does not much profit from fertilization by geese
droppings of which the phosphorus content is very low and dropping densities
are much less than on the salt water marsh. Ngai and Jefferies (2004) assume that
the considerably increased removal of phytomass by foraging geese will reduce
primary productivity of the fresh-water marshes in the long-term. Declines in goslings’
survival and size seem to be already reflecting impoverishment of the food source.
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Several seabird species nesting in large colonies on subantarctic islands are
effective geomorphic agents. Their subterranean nesting holes undermine the
surface over large areas thus enforcing erosion and vegetation change (Sect. 2.6.1.2.2).

In north-eastern Siberia, the black-billed Capercaillie (Tetrao urogalloides)
shape the physiognomy of the Dahurian larch forest (Larix dahurica). Capercaillies
live in large groups (several dozen individuals) during winter and stay in great
numbers at leks for many weeks in summer. By recurrent clipping the short shoots
of young larches for decades these birdsforce the trees into bonsai-like growth
forms (so-called ‘gardens’) (e.g. Andreev 1991; Klaus and Andreev 2001).

Fossil coral reefs that shape, so to say ‘posthumously’, the landscape of emerged
sea floors as well as guano deposits may be considered as an example of animals’
influence on landscape physiognomy at geological dimensions.

In general, however, the influences of animals on their environment are less
spectacular. Sometimes they will be noticed only after having caused unexpected
and intolerable damage to forests or cultural land. The impacts of mass-outbreaks
of defoliating insects, bark beetles, voles, African red-billed weaver birds or locusts,
for example, may even assume disastrous proportions. On the other hand, the
decline of animal populations may also result in considerable ecosystem changes.
The decline of a beaver population resulting in collapsing dams, increased runoff
and erosion of the riparian landscape is a good example (Sect. 4.2.2).

By contrast, the influences of many animal species are often hardly recognizable
even though they may have far-reaching and lasting impacts on landscape ecosystems.
One could also put it like this: many processes and changes in landscape ecosystem
would never have happened without animals involved (Vitousek 1986; Naiman 1988).
Bioturbation by the soil fauna (e.g., earthworms) and ground-dwelling mammals play
an important role in this respect. Under certain conditions, microgeomorphic structures
(mounds, holes, dust wallows) are created by animals’ activities. In addition, seed
dispersal and pollination of many plant species rely on animals. Forage plants respond
to browsing and grazing pressure by developing defensive strategies (chemical
compounds, mechanical defence by spines or thorns). Not least, selection of plants
exposed to regular trampling by hooved herbivores must be mentioned in this context.

In geography and landscape ecology, animals have usually been considered as
“fixtures’ of landscapes and landscape zones (e.g. Miiller-Hohenstein 1979; Forman
1995; Hugget 1995), as a topic of nature conservation or as indicators of environ-
mental conditions and change (e.g., Jungbluth 1978; Hammelbacher and Miihlenberg
1986; Kronauer 1988; Riecken 1990, 1991, 1992; Meinig 1992; Hanley 1993, 1996;
Bastian and Schreiber 1994; Handke 1996; Jedicke 1996; Petrak 1996, 2001; Schultz
and Finch 1997; Brinkmann 1988; Schonborn 1999; Schlumprecht et al. 2001).
The emphasis, however, is usually on the physical properties of the ecosystems
(e.g. size, structure, climate, geomorphology) and on vegetation in particular, because
vegetation as primary producer and landscape structuring factor is of pivotal
importance. Another and probably the main reason, however, is the great number
of animal species exceeding the number of plant species by far. In Germany, for
example, 40,000-50,000 animal species contrast with about 1,900 plant species
only (Nowak 1982; Roser 1988).
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In addition, animals’ mobility usually makes observation of animals, collecting
data, and assessment of the animal effects more difficult and time-consuming than
analyses of plant communities, soils or geomorphic landscape structures. This
becomes also apparent when developing landscape-ecological models. The animal
effects depend completely on the particular local habitat conditions and temporally
varying size of animal populations. The latter again are controlled by habitat quality
and ‘population internal’ conditions such as reproductive behavior and so-called
‘self-regulation’ (Sect. 2.2.1; see also Schwerdtfeger 1968; Tischler 1990). Models
may help to better understand ecosystem functional mechanisms. However, models
must simplify and therefore cannot reflect the complex reality. As models are based
on local data, generalization and transferability of results to other locations must be
considered with due care. Modelling may also involve a certain risk of disguising
problems rather than solving them.

On the other hand, practical landscape planning and management often are
confronted with questions as to how ecosystems would respond to management,
which management practices would be appropriate and how they could be optimized.
Expectations and demands of decision-makers for scientific support however may
already be far ahead of the possibility to provide well-substantiated reasonable
answers. This becomes particularly apparent when animal species have been intro-
duced into areas where they never lived before, or where animals have been re-
introduced to their original habitats that have mostly undergone substantial and
lasting changes under the growing impact by land use (Sections 5 and 6). But even
seemingly simple questions, as for example on the effects of seed caching animals
on ecosystem structures and dynamics, often turn out to be highly complex and
specific to the local conditions, in a way that universally valid rules can hardly be
deduced.

An omnipresent problem is how to manage ‘over-sized’ game populations. They
usually reflect disturbances and malfunction of natural regulation mechanisms in
cultural landscape ecosystems. The problem may only be solved by the politically
effective implementation of ideas that are well-founded on scientific research and
experience. These should overcome the often dubious interests of the relatively
small but politically very powerful hunters’ lobby. The activities of this pressure
group are often driven by emotion and tradition rather than being substantiated
by objective facts. Not least, a clear difference should be made between ‘natural
carrying capacity’ and ‘tolerable carrying capacity’ (Sect. 6.2), highlighting the fact
that both are closely related to the local situation. Thus, it is impossible to define a
generally tolerable game density.

Over-grazing by domestic mammals is not less problematic. Studies on grazing
impact on vegetation and landscape change have a long tradition in geography
(e.g., Clark 1956; Simoons 1974; Meurer 1986a, b, 1988). In Middle Europe, over-
grazing is rather exceptional nowadays. In the Mediterranean, however, and in many
developing countries it is still very common. Over-grazing has often resulted in
serious environmental damage (fragmentation or destruction of the plant cover, soil
degradation and enforced erosion, reduced carrying capacity) that may jeopardize
people’s existence in those regions. The problem of over-grazing by cattle, sheep
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and goats in the developing countries could possibly become alleviated in the
long-run by creating awareness of the given ecological constraints. In view of the
generally bad economy and the socio-cultural background, however, it is unlikely
that people could be convinced to reduce pastoral use drastically, at least not in the
near future.

From these examples it should become clear already that general statements on
the role of animals as ecological agents cannot be expected, although there is an
urgent need for action. To meet it, the animals’ role has always to be assessed with
special regard to the specific local socio-cultural and economic conditions, thus
going beyond a merely landscape-ecological approach. The message of such studies
could be that nature conservationists, for example, should desist from re-introducing
an animal species into its former habitat that might have too much changed and
shrunk due to intense landscape use (agriculture, forestry, road construction, etc.),
although one can generally understand the efforts to right the wrongs of the past by
restoration of the native fauna. Such activities, however, often have caused lasting
conflicts and might do so again in the future. Resultant problems are usually ‘solved’
at the animals’ cost. In particular those who are engaged in nature conservation and
being anxious to do something good often appear to be suppressing this aspect. In
the present book, selected examples of interactions of native (‘natives’), introduced
(‘newcomers’) and re-introduced (‘homecomers’) animal species with their habitats
are considered (Section 5).

This book is neither a textbook nor a hand book reflecting the state of the art. The
idea behind it is to introduce students and other interested readers into an extremely
complex and interesting set of problems. While system analysts preferably consider
the role of animals in energy fluxes, this book focuses mainly on other aspects, as
for example on animals’ influences on distribution patterns and composition of
vegetation, on soils and geomorphic processes, as well as on the particular function
of keystone species. The book shall help the reader to become aware of and to better
understand the active and passive role of animals in landscape ecosystems and the
usually complex problems of wildlife management and nature conservation.
Afterwards, the well-meaning reintroduction of animal species, for example, into
their former habitats possibly reveals itself in a different light. Thus, a good case
will be made for constructive criticism of the often emotional actionism of supposed
nature conservationists and advocates of animals’ rights, driven by emotion rather
than by rational reasons.
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Chapter 2
Animal’s Functional Role in the Landscape

When assessing the functional role of animal populations in the landscape and their
effects on the interrelationships of physical and biotic factors, aut- and synecological
as well as landscape ecological aspects must be closely linked to each other. In this
context, landscape spatial structures, landscape history, biocoenoses, vegetation,
soils, hydrology, local and microclimates as well as natural and human disturbances
are of major importance.

2.1 Landscape: Habitat and System of Interacting Abiotic
and Biotic Factors

The term ‘landscape’ has often been discussed, yet without coming to a generally
accepted definition (see discussion by Leser 1997, for example). Right from the
beginning this could not be expected, however, because ‘landscape’ may be considered
from historical, economical, scientific, artistic and many additional points of view.
Thus, in the context of this book landscape is considered to be the space where
animals live: rural environments, forests and natural woodlands, lakes and rivers,
moorlands and also built-up areas and their spatial and functional interrelationships.
Some animal species are restricted to certain habitats, such as lakes and rivers for
example (e.g., fishes, crustaceans), others use several habitats (biotopes) (e.g., amphi-
bians, dragonflies, grey herons, sea birds, red deer, hippos) or are migratory. The
habitats of different species may overlap, provided that no interspecific competition
for essential resources (e.g., food, nesting places) prevents this. In the Brazilian
Pantanal Wetland, for example, white-lipped peccary (Tyassu pecari), collared
peccary (Pecari tajacu) and feral pigs (Sus scrofa) have coexisted for more than
200 years although their niches partly overlap. Seasonal flooding and periods of
drought, however, may reduce food supply. In this case, feral pigs, which are typical
generalists and effective foragers, may be at an advantage. As pigs are capable of
using also belowground parts of plants such as roots, tubers and knolls, they become
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a competitor of native peccaries (Sicuro and Olivlira 2002). There is no biotope in
landscape occupied by a single species only. We always have to do with zoocoenoses
of different taxa. A species may prevent coexistence with another one not only by
competition but also by alteration of vegetation structures, for example.

On the other hand, some species may profit from others. In African rain forests,
for example, small grazers benefit from African forest elephants (Loxodonta
cyclotis). The elephants create sunlit gaps by throwing trees down or killing them by
bark stripping. Thus, they promote growth of nutrient-rich grasses and herbs that
will be an important food resource for other grazers. In some places, elephants
also expose mineral-rich soil (salt licks) by churning the soil or destroying termite
mounds. Thereby the elephants and also other grazers partly meet their mineral
requirements.

Various mammals such as badgers, foxes, prairie dogs, aardvarks, gerbils, kanga-
roo rats, ground squirrels, moles and rabbits build subterranean burrows and runway
systems. After the fossorial animals leave their burrows, other animals such as
reptiles, amphibians, birds or bumble bees may move in (Blumenberg 1986; Korn
1991; Hawkins and Nicoletto 1992; Gruttke 1994; Boye 1996). The burrowing owl
(Athene cunicularia), prairie rattle snakes (Crotalus viridis) and various small
mammals regularly use prairie dog burrows as nesting places or to hide from predators.
In collapsed mole hills, nests of wild bees can often be found (Westrich 1989).

In oligotrophic savannas such as the Kalahari, solitary tall acacia trees (Acacia
erioloba, Acacia hdmatoxylon) are attractive to numerous animal species. The
trees shade the ground and provide nesting places and also limited food supply
(Belsky and Canham 1994). Excreta, nesting material and mortal remains of the
animals accumulated under the trees considerably enrich the amount of nutrients.
Concentrations of nitrogen and potassium were found to be double as high under the
trees as compared to the surrounding oligotrophic grassland. Phosphorus content
was even two-and-a-half-fold higher than in the grasslands. Enrichment of nutrients
as well as the shade given by tree canopies facilitate the establishment of plants
producing fleshy fruits, of which the seeds have reached such places by frugivorous
animals. The vegetation under the Acacia canopies as well as the savanna vegetation
mosaic as a whole — i.e., oligotrophic grassland interspersed with Acacia tree
islands — appear to be due to these interrelationships between the Acacia trees and
fruit-consuming animals attracted by the tree’s shade and nesting possibilities. If
over-grazing had resulted in low Acacia shrub, the present biodiversity would have
been lost (Dean et al. 1999).

Lakes, ponds, rivers, peatland, forests, and heathland with their characteristic
biocoenoses, climates, surface structures, soils, and biogeochemical properties
(nutrient turnover) may be considered to be ecosystems. These all have in common
fluxes of energy and material cycles. Moreover, ecosystems may regulate them-
selves to a certain degree (e.g., Ellenberg 1973), at least as long as they are resilient
to disturbances. The effects of inner (e.g., a species getting out of control, failure of
reproduction) or external disturbances (e.g., wild fires, mass-outbreaks of defoliating
insects, introduction of animal and plant diseases) can hardly be reliably predicted
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because ecosystems are dynamic systems subjected to more or less rapid change.
Remmert (1980a) compared ecosystems with a mobile consisting of a number of
parts that are linked to each other mechanically and that all will acquire motion when
one is touched. In a didactic view, this metaphor may play its part well as it shows the
mutual dependence of various mobile components. It will not work however if the
response of an ecosystem to a disturbance is considered as, in contrast to a mobile,
the components of an ecosystem will usually not respond to impacts simultaneously.
Moreover, they may change their quality (e.g., vegetation structure and composition,
animal populations) and importance under the influence of disturbances.

Landscape is a mosaic of ecosystems of different size and quality that are at
least partly linked by mutual interactions (Forman and Godron 1981; Forman
1995; Sect. 2.1.2). The spatial pattern of the landscape mosaic is usually related
to topography. The interrelationships between the physical and biotic components
are very complex and often almost inscrutable. Many finely differentiated and
seemingly perfect diagrams have been published, showing for example inter-
actions of fluxes of material and energy and their effects within ecosystems
(e.g., Ellenberg 1973; Schreiber 1980b, 1989) or within subsystems only (e.g., Leser
1976, 1986, 1997; Mosimann 1984). At close sight, however, these diagrams
reveal themselves to be at least partly based on plausibility rather than on well-
substantiated results. They may even hide the fact that it is still very difficult or
impossible to assess many of the processes and interactions even in simply
organized ecosystems. Thus, we are relatively well informed about water balance
for example, while our knowledge of the role of animals in landscape ecosystems
still is insufficient.

The influence of animals on vegetation (e.g., browsing, grazing, bark-stripping,
girdling, trampling), biocoenoses, soils (bioturbation, burrowing, erosion,
nutrient enrichment), microtopography (e.g., mole hills, termite mounds) and
flows of materials and energy (food uptake, transport, defecation), turnover-rates
in decomposition) are the most relevant effects on landscape ecosystems
(Fig. 2.1). Herbivores may influence surface-near microclimates by alteration of
vegetation (height, density, coverage, albedo). Contrasts in microclimatic con-
ditions near the ground surface may become aggravated. Large numbers of
domestic and wild ruminants typical of many tropical grasslands and steppes
outside the tropics as well as termites produce large quantities of methane, which
enforces the greenhouse effect (Zimmermann et al. 1992; Collins and Wood
1984; Rasmussen and Khalil 1986; Schiitz et al. 1990; Fabian 1991; Schonwiese
1992; Rudolph 1994). Moreover, many animal species are important dispersers
of diaspores. Zoochoric seed dispersal may not only extend over relatively long
distances but often is even more effective than is dispersal by wind or running
water. In contrast to herbivores, carnivores have only little influence on spatial
and temporal ecosystem structures, with the exception of some burrowing carnivores
(e.g., moles). However, predators may influence foraging behavior of grazers
and browsers, for example, and thus modify the herbivores’ impact on vegetation
and soil.
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2.1.1 The Role of Animals in Matter and Energy Fluxes
Within Ecosystems

As to the part of animals in flows of matter and energy, animals living in the soil
and/or in the litter layer come first. By far, maximum turnover of dead organic
matter takes place in the litter and humus layer. About 80-90 % of annual plant
production reach the ground without having passed the digestive tract of herbivores.
While chemical decomposition of dead organic matter is done by microorganisms
(partly during digestation already) soil animals act as so-called primary decom-
posers (micro-, meso-, macrofauna) breaking down organic matter mechanically
(e.g., earthworms, lumbricides). Dead organic matter would also decompose without
their assistance, but at a comparatively low speed, however. Experiments with
litterbags that excluded the invertebrates showed a considerable delay of decom-
position (Madge 1965; Zlotin 1971; Beck 1989; Chew 1994; Fig. 2.2). If soil
mesofauna such as springtails (collembola), for example, is excluded decomposi-
tion will become even more protracted (Beck 1989). Even in a tropical rain forest,
where microbial activity is usually very high, 90 % of the leaf-litter contained in
fine-meshed litterbags was not decomposed (Beck 1989).
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Fig. 2.2 Decomposition of leaf and grass litter (May—October) under the influence (cumulating
from the left to the right) of physical factors, microorganisms, primary decomposers and excreta of
caterpillars. The horizontal bars show standard deviation. Results of litterbag experiments. After
Zlotin 1971, modified from Chew (1994)

Carrion beetles and dung beetles bury dung and carrion as food for their brood
and thus accelerate turnover. In East African savannas, for example, more than
2,000 dung beetle species exist. The beetles are of particular importance during the
rainy season when they remove the dung dropped by the huge herds of mammalian
herbivores. Under favorable conditions, dung is removed very quickly. After
2 weeks already, a good portion of the dung has usually disappeared (Anderson and
Coe 1974).

Some beetle species have specialized on the dung of certain mammal species, as
for example the giant dung beetle (Heliocopris dilloni) which uses elephant dung
(Kingston and Coe 1977). Others have developed specific modes of behavior that
prevent competition between the different beetle species in the use of dung
(Cambefort and Hanski 1991). Some beetles get into the dung heaps and will stay
there as long as they will have depleted the food source or the heaps decay. Others
dig galleries under the dung heaps where they store the dung. Some species produce
dung balls rolling them straight-line on the surface for often more than 10 m before
they bury the balls either for food storage or for making a breeding ball. Thus they
fertilize and improve soil aeration. Without the dung beetle activities the grassland
would probably have become completely blanketed with the dung of the huge
herds of grazers (Heinrich and Bartholomew 1980). In the steppes of Central Asia,
situation is similar although large grazers are by far not as numerous as in the
African savannas (Botkin et al. 1981).

European dung beetles behave in a similar way. Geotrupid beetles (Geotrupes
stercarosus), for example, dig up 40 cm deep galleries under all kinds of dung to
drop their dung pills. The large geotrupid beetle (Geotrupes sterocararius) as well
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as the scarab beetle (Copris lunaris) prefer cattle or horse dung. The dor beetle
(Geotrupes vernalis) carries sheep dung and game droppings into its subterranean
brood chambers, whereas the scarab (Sisyphus schaefferi) forms beads from cattle
and sheep dung before burying it.

In Australia, the dung of millions of cattle and sheep had become a serious threat
to the range land (meadows and pastures) because the native dung beetles (about
250 species of the subfamily scarabaeinae) were not able to disintegrate the huge
quantities of cattle and sheep dung, both of which contain more water than kangaroo
droppings. At best, the beetles used the dung partly and only during a limited period
in the course of the year. Most cowpats get dry and hard remaining almost unchanged
for months or years if not becoming disintegrated by termites (Ferrar and Watson
1970: Lee and Wood 1971; Waterhouse 1974). Thus, over large areas nutrient
cycling is impeded or prevented. Moreover, plants rejected by cattle may establish
themselves near dung patches and spread at the cost of real forage plants.
Consequently, extensive pastures can no longer be used. In addition, dung patches
provide favorable living conditions to parasites such as the Australian bush fly
(Musca vetustissima) or the blood-feeding buffalo fly (Haematoba irritans exigua),
which was introduced from Timor. The latter is attracted to large mammals for fluid
nourishment and oviposition. The flies cause irritation which can result in reduced
beef and milk production. These parasites, partly acting as pathogens, are a serious
threat to livestock farming.

To tackle the problem, African dung beetles were introduced in the late 1960s
(Waterhouse 1974; Bornemissza 1976; Doube et al. 1991). Scarab beetles
(Ontophagus gazella, Euonticellus intermedius, Euonticellus africanus) have
spread most successfully. The dung beetles process about 90 % of the dung pro-
duced per year. The buried dung and the excrement of the beetles improve soil
physical properties (aeration, water-holding capacity, stabilization of soil structure)
and counteract compaction. Not least, dung beetles destroy the breeding places of
livestock parasites by removing dung heaps. Thus, the dung problem has been
solved partly. To achieve complete decomposition of all dung on the continent,
approximately 100 additional dung beetle species with different ecological pro-
perties and demands must be introduced and integrated into the different habitats
(Topp 1981).

According to the ecosystem character, the velocity of energy flow and turnover
rates as well as the ‘weight’ of the components involved in the nutrient cycles differ
considerably (e.g., Odum 1971, 1983; Walter 1977; Remmert 1980a, b; Schultz
1988, 2000). In this respect beech (Fagus sylvatica) forests, for example, differ
much from pine or a spruce forests, streams from lakes, lakes from oxbows, and
alpine heaths from subarctic dwarf shrub-lichen heaths or arctic tundra. While there
is no question about the very important role of detrivores in ecosystems the role of
leaf-eating (phyllophagous) animals is less clear. In a Central European beech
forest, for example, phyllophagous animals rarely use more than 1 % of the leaf
mass (Remmert 1973). In other words: the system would work without them as
well, even though structural changes, for example, caused by leaf-consumers cannot
not be excluded. Moreover, what applies to a Central European beech forest must
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not automatically go for other ecosystems, particularly if these are located in other
climatic regions.

In East African savannas, for example, large mammalian herbivores are by far
more important when compared to ungulates in Central European forests. The
African ungulates consume almost half of the annual grass production, in the
Serengeti even up to 90 % (Howe and Westley 1993). They persistently influence
composition and structure of the plant cover as well as succession and turnover rates
(e.g., Buechner and Dawkins 1961; Laws 1970: Laws et al. 1970; Wing and Buss
1970; Braun 1973; Botkin et al. 1981; Cumming 1982; Owen-Smith 1982; Parker
1983; Hatton and Smart 1984; Belsky 1992).

However, also in temperate forests and grasslands, ungulates may influence
turnover rates and soil nutrients more than usually expected. In Yellowstone National
Park, for example, net nitrogen mineralization on grassland grazed by large
numbers of elk (Cervus elaphus) and bison (Bison bison) as well as by smaller
herds of pronghorn (Antilocapra americana), bighorn sheep (Ovis canadensis) and
muledeer (Odocoileus hemionus) was found to be double that of ungrazed fenced
plots (Frank and Groffman 1998).

In the tundra, where the poikilothermic primary decomposers are inactive for
most part of the year, warm-blooded (homeothermic) animals play a major role in
phytomass turnover compared to deciduous forests in the temperate zone. In winter,
the stomachs of reindeer, muskox, snow hares, ground squirrels, lemmings, voles
and wild geese act as a ‘fermentation chamber’, where the plant residues become
prepared for the further mineralization process (Remmert 1980b; Batzli et al. 1980;
Batzli 1981). In addition, nitrogen-rich excreta of the warm-blooded herbivores
enhance mineralization and thus nutrient supply to plants, in particular as the bulk
of nitrogen in the excreta is already mineralized (ammonium) or easily soluble
(urea) (e.g., McKendrick et al. 1980; Cargill and Jefferies 1984; Bazeley and
Jefferies 1985). The influences of moose (Alces alces) herbivory on aboveground and
belowground processes in early successional stands (Salix spp., Alnus tenuifolia) in
interior Alaska were found to accelerate carbon turnover (Kielland et al. 1997).
Moreover, addition of phosphorus has a positive effect on decomposition and
availability of nutrients (Remmert 1980b). In the alpine tundra, where thermal
conditions are to some extent similar to the Arctic, herbivorous mammals possibly
are also more important in phytomass turnover than herbivorous invertebrates
(e.g., Dearing 2001).

2.1.2 The Role of Animals in Matte and Energy Fluxes
Between Ecosystems

Animals also influence flows of matter and energy between ecosystems (e.g.,
Woodmansee 1978: McNaughton 1985). Atypical high nitrate concentration, for
example, that were measured in streams of various watersheds covered with
undisturbed deciduous forests in northern Carolina obviously resulted from
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defoliation during a mass-outbreak of the fall cankerworm (Alsophila pometaria,
Geometridae). The trees responded to defoliation by reduced production of wooden
(structural) tissue while leaf production and thereby the amount of comparatively
easily decomposable litter (narrow C/N-ratio) increased. In addition, large quanti-
ties of mineral-rich excreta of caterpillars increased nitrification to an extent that
nitrate was only partly taken up by the plants and accumulated in the soil.
Consequently, a good portion got into lakes and streams (Swank et al. 1981).

Ten thousands of migratory or overwintering gray-lag geese (Anser anser) and
other Nordic goose species (e.g., barnacle goose, Branta leucopis; white-fronted
goose (Anser albifrons) graze on agricultural land around the large nature conserva-
tion area ‘Oostvaardersplassen’ in Holland. Geese spend the nights in the center of
the nature conservation area on shallow ponds surrounded by extend reeds where
they are safe from predators. There they deposit vast amounts of nutrient-rich drop-
pings and thus considerably enhance eutrophication (Kriiger 1999).

The direction of nutrient flow is opposite, where brown bears (Ursus arctos), for
example, defecate in riverine forests thus importing nutrients that they ingested
when feeding on salmon. Nitrogen input may reach 10-20 % of the normal nitro-
gen concentration in the forest stands (Hilderbrand et al. 1999). Likewise large
quantities of nitrogen accumulated in river otter (Lutra lutra) latrines along the
shoreline (latrines 25-300 m distant from each other) significantly increase nitro-
gen concentration in the terrestrial vegetation, as has also been evidenced by tracer
experiments (0'%) in Alaska (Ben-David et al. 1998).

European wild boars (Sus scrofa) that spread in great numbers over the
Great-Smoky-Mountain-National Park during the 1940s have caused considerable
change in soil conditions by rooting (bioturbation). Boars also modified the structure
of the deciduous forests. High concentrations of nitrogen and potassium in the soil
solution down to 2 m depth as well as increased nitrate export into the water courses
must be attributed to wild boars’ activities (Singer et al. 1984; Table 2.1). Red deer
(Cervus elaphus) and lactiferous hinds, in particular, prefer nitrogen-rich forage as
is common to irrigated and fertilized meadows and pastures, for example. For resting
and rumination red deer go for shelter-giving forest where their droppings enrich
nutrients by nutrients ingested on the meadows (Schiitz et al. 2000).

Table 2.1 Effects of rooting by wild boars (Sus scrofa) on soil properties (A-horizon) in high-
elevation deciduous forests in Great Smoky Mountains National Park

Soil properties Without boars With boars
Without vegetation [%] 0 80

Leaf litter [kg ha™'] 3,095 1,830
Nitrate [pg g'] 19 29
Calcium [pg g7'] 90 56
Phosporus [pg g7'] 58 32
Leaching of nitrate [mg 1™'] into streams 3.8 6.6

Nitrate [mg 17'] in streams 0.7 1.5

Data from Sinclair et al. (1984)
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In savannas and steppes, rapidly moving herds of ungulates can carry large
amounts of nutrients even between grazing areas far distant from each other
(McNaughton 1985). Hippos (Hippopotamus amphibius), for example, graze on
savanna and defecate in lakes, ponds and rivers (Laws 1968).

On Aldabra Island, a large corral atoll located in the western Indian Ocean (NNW
of Madagascar), feral goats (Capra hircus) improve the food source of the many
native giant tortoise (Geochelone gigantea). During the day, the goats are roaming
about over large areas. In the evening, they return to their resting places at the sea
shore. Their droppings add nutrients to the soil from areas that are beyond the reach
of the tortoise (Gould and Swingland 1980).

Moreover, water birds and sea birds nesting on land are involved in flows of
materials and energy from lakes, ponds and streams or from the sea to land. Common
herons (Ardea cinera), for example, feeding on fish and amphibians in shallow
waters and on small mammals (e.g., voles) on agricultural land, carry organic matter
from their feeding habitats to their breeding colonies where considerable amounts
of nutrients accumulate with the food remains and excreta falling from nesting
trees. As the excreta are extremely rich in nitrogen (urea and guanine) and very acid
(pH about 3) they cause serious change to the tree and herb layer (e.g., Gerken et al.
1992). Cormorants (Phalacrocorax carbo) have a similar effect. In a large (12 ha)
heron rookery, occupied by about a total of 8,000 individuals of three heron species
(night heron, Nycticorax nycticorax; great blue heron, Ardea herodias; great white
egret, Egretta alba), vegetation cover considerably declined parallel to the increase
of nesting density and input of guano (Weseloh and Brown 1971).

The import of nutrients from the sea to land by petrels, shearwaters, cormorants
and penguins, however, is of a much greater order of magnitude. Along the coast of
Peru and Chile, example, highly productive up-dwellings provide an inexhaustible
food source for seabirds. On the arid coastal mainland, where cormorants
(Phalocrocorax bougainville), gannets (Sula variegata and Sula nebouxii), brown
pelicans (Pelecanus occidentalis), Peruvian penguin (Sphensicus humbolti) and
other seabirds excrete their droppings, huge guano deposits have accumulated. They
were a rich source of fertilizer. Conditions are similar along the coast of Southwest
Africa where also gannets, cormorants (Phalocrocorax capensis) and black-footed
penguins (Spheniscus demersus) produce most of the guano (Crocker 1966).
Practically, in all seabird rookeries phosphate, potassium and nitrogen are enriched
at large quantities. The C/N-ratio is very narrow (e.g., Aston 1909; Leamy and
Blakemore 1960); Blakemore and Gibbs 1968; Smith 1976; Wormell 1976; Burger
et al. 1978). As the nesting material is strongly enriched with ammonium, Ca- and
Mg-ions become leached. Consequently, nitrification of ammonium causes acidi-
fication. During their breeding season on Rottnest island (18 km off the Australian
west coast), wedge-tailed shearwaters (Puffinus pacificus) deposit large amounts of
nitrogen-rich guano (>230 kg ha™! year™!, dry mass; Bancroft et al. 2004). This is by
far more than the amount of nitrogen fertilizer applied to the agricultural areas in
western Australia (8-20 kg ha™! year™! (Raupach et al. 2001).

Huge colonies of sea birds can be found in particular on subantarctic and arctic
islands and along the coast of the antarctic continent. The ice-free areas are bare
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Photo 2.1 Chinstrap penguins (Pygoscelis antarctica) in Admirality Bay, King George Island,
Southern Shetlands. M. Bolter, 1984

rock, locally sparsely covered with plants. Lichens, mosses, fungi and algae prevail
(Walter and Breckle 1991). With the exception of two native and a few adventive
phanerogams no other higher organized plants occur. Moreover, no permanent
terrestrial animal species are living there, about 50 insect species and various mites
and collembolan species disregarded. As soils on ice-free ground generally are
almost devoid of organic matter, they were even called ‘ahumic soils’ (Tedrov and
Ugolini 1966). Penguins as well as some flying birds are the only living beings
introducing organic substances to the continent (Boyd et al. 1966; Allen et al. 1967;
Joly et al. 1987). About 100 millions of penguins are living in the Antarctic (Laws
1985). They represent 90 % of the total bird biomass of the Antarctic (Odening
1984). Adelie penguins (Pygoscelis adeliae) and chinstrap-penguins (Pygoscelis
antarctica) are the most common species (Photo 2.1). They nest everywhere on the
Antarctic coasts provided that suitable breeding places are available (Miiller-
Schwarze 1984).

The arctic oceans belong to the most productive marine ecosystems. These
are characterized by a great food web based on an immense production of phyto-
plankton and microplankton that supports bacteria, protozoa, zooplankton (krill)
and higher organisms such as squid and fish. In the past, whales were the main
krill consumers. They used about 190 million tons of krill per year. Since whales
have declined due to over-harvesting, seabirds and seals now are the most impor-
tant consumers of the available krill (Everson 1977; Laws 1985). Penguins
together with the other seabirds (albatrosses, petrels, shearwaters) consume
between 115 and 130 million tons of animal plankton (krill), fish and squid per year
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Fig. 2.3 Influence of seabirds on turnover rate, nutrient fluxes and organisms on the Antarctic
mainland. Modified from Boyd et al. (1966)

(Croxall 1984; Odening 1984; Laws 1985). During the breeding season these birds
deposit huge amounts of waste in their rookeries along the coast. The rookeries are
occupied by several ten thousand or even hundred thousand individuals. Occasionally
there may be even a few millions in one breeding colony. It has been estimated that
about 10 kg m= years™ (dry weight) of protein-rich excreta accumulate in the
rookeries (Tatur and Myrcha 1984; Myrcha and Tatur 1991). This nutrient-rich
‘manure’ is an important basis for the flows of materials and energy within the
comparatively simply-structured terrestrial food web (Fig. 2.3). While at the coast
of the Antarctic mainland low temperatures and limited moisture supply prevent
mineralization of the guano, it becomes rapidly decomposed on subantarctic islands
where thermal and hygric conditions are a little more favorable.

Studies on King George Island showed that penguin guano and other bird
excrement together with plant material (some liver mosses, lichens, algae and some
higher plants) increase the amount of enzymes in the soil and considerably enhance
enzyme activities (urease, phosphatase, xylanase) compared to mineral soils.
Microbial biomass to enzyme activity ratios were particularly high in places where
penguin guano had accumulated (Tscherko et al. 2003).

Chemically aggressive guano solutions washed down from the rookeries
may cause phosphatization of the weathered bedrock (Myrcha et al. 1985;
Tatur 1989; see Fig. 2.4). In abandoned rookeries, guano is a rich nutrient source of
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nutrient-rich, acid reaction (NO;~, NH,*). Modified from Myrcha et al. (1985)

plants as long as mineralization is low and leaching is minimal (Myrcha and Tatur
1991). However, studies on arctic Inexpressible Island (Terra Nova Bay, west
coast of the Ross Sea) provided evidence that modification of the soils in penguin
rookeries may gradually disappear after abandonment, with the exception of small
stones that the penguins had collected in the surroundings for nest building
(Campbell and Clairidge 1966).

However, breeding colonies of seabirds may strongly influence vegetation and
soil also in other regions. On the Isle of Rhum (west coast of Scotland), for example,
lush grass vegetation, the so-called ‘shearwater greens’, has developed at an elevation
above 600 m due to regular manuring by great numbers of wedge-tailed shearwaters
(Puffinus puffinus) from the end of March until mid-October. Grassland comparable
to the ‘shearwater greens’ can otherwise be found in close proximity of the coast
only. Repeated fertilization of the nearly un-vegetated ultra-basic soil with NPK
fertilizer for consecutive 5 years had the same effect. Vegetation cover increased
from 5 % to almost 60 %, and a herb-rich Agrostis/Festuca grassland has developed
(Wormell 1976). The ‘shearwater greens’ not only provide optimal forage to red
deer (Cervus elaphus) but have become the basis of a complex biocoenosis that
would not have developed without Manx shearwaters (Wormell 1976).

Repeatedly, the intensive green color of resting places of seabirds and of the
talus debris at the food zone of bird cliffs has been described (e.g., Summerhayes
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and Elton 1928; Hinz 1976; Eurola and Hakala 1977; Hartmann 1980; Wiithrich
1992, 1994; Moller 2000). Below the cliffs a catena-like sequence of different
nutrient concentrations and corresponding vegetation can be found (‘cliff series’,
Summerhayes and Elton 1928). Immediately below the cliffs, concentrations of
phosphorus potassium and magnesia may be a thousandfold higher compared to
normal tundra (Wiithrich 1992, 1994). Extremely high nutrient concentrations have
a toxic effect and prevent higher plants from colonizing such places. At greater
distance from the cliffs nutrient concentrations decrease and vegetation diversity
increases (Fig. 2.5; Wiithrich and Thannheiser 1997). As long as seabirds import
nutrients to the cliffs the gradient-like distribution of nutrients will continue to exist.
After the breeding season, however, when the birds leave their colonies, runoff,
percolation and leaching translocate the nutrients downslope where they are stored
in the humus-rich ornithogenic soils. The nutrients are only partly cycled on land.
As there are no herbivores that would consume living plants or parts of them, the
plants die off at the end of the growing season. This is the reason why no already
mineralized nutrients (e.g., ammonium) or dissolved nutrients are available as is the
case in terrestrial tundra where warm-blooded herbivores play an important role in
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Photo 2.2 Breeding colony of kittiwake (Ryssa tridactyla) on Ekkergy, Varanger Fiord, northern
Norway). Luxuriant vegetation established itself on the bird cliff and in its footzone. A small
potato field can be seen on the left-hand side (cf. Figure 7). F.-K. Holtmeier, 29 August 1001

this respect (Remmert 1980b). Due to adverse climatic conditions and the low number
of primary decomposers mineralization of organic matter is very slow. Consequently,
a mainly mechanically disintegrated detritus develops, that is transferred together
with the dissolved substances to the sea (Klekowsky and Opalinski 1986).
Considerable amounts of nutrients accumulate also on the cliffs, where a luxuriant
vegetation may develop. On Ekkergy for example, a small peninsula located about
12 km east of the town of Vardg (Varanger fjord; northern Norway), horizontal
layers of Cambrian shists form a steep cliff (Photo 2.2) occupied by about 22,000
breeding pairs of kittiwake (Ryssa tridactyla). The birds have built their nests on
different ‘floors’ under narrow ‘roofs’ formed by little projecting shist layers, that
provide shelter from the rain (Fig. 2.6). Excreta, nesting material, remains of fish
and other food as well as carcasses accumulate on the ledges below the nesting
places. Dripping water and runoff translocate dissolved nutrients (from above). As a
result of rich nutrient supply and soaked material accumulated on the projecting
horizontal shist layers, a luxuriant vegetation has developed. It consists mainly of
sea mayweed (Tripleurospermum maritimum), orphan John (Sedum telephium),
common yarrow (Achillea milleflorum) and grasses. Lush vegetation is also com-
mon to the many almost vertical clefts, where moisture is high due to permanent
dripping water and runoff. Luxuriant plant bunches hang down from the precipices
like a potted geranium from a balcony (cf. Photo 2.2). The foot zone of the bird cliff
is densely covered with stinging nettle (Urtica) indicating intensive eutrophication
from above. As most nutrients however remain on the cliff where they are taken up
by plants, toxic concentrations are unlikely in the foot zone. By contrast, local
people have cultivated potatoes on a marine terrace immediately below the cliff.
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Fig. 2.6 Vertical section
(schematic) through a
breeding colony of kittiwakes
(Ryssa tridactyla) on
Ekkergy, northern Norway
(cf. Photo 2.2). Drawing after
a field sketch by
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The plots are small (30-40 m?) but highly productive due to natural fertilization by
seepage and runoff from the cliff. If not sufficiently tended, however, the small
‘potato fields’ will be rapidly occupied by stinging nettle and common sorrel (Rumex
acetosa), typical indicators of strong eutrophication. In some years, kittiwakes
did not return to this breeding place. In 2011, however, the cliff has been com-
pletely occupied again. A similar luxuriant vegetation with Norwegian Archangelica
(Angelica archangelica) and sea mayweed (Tripleurospermum maritimum) supported
by ornithogenic ‘fertilization’ has been described by Vogel (1988) from Iceland.
Although sea birds mainly influence the immediate coastal areas they also penetrate
far into the tundra where they import large amounts of nutrients that influence nutrient
cycles and vegetation (Remmert 1968, 1980b).
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2.1.3 Animals as a Cause of Changes in Habitat Quality

When assessing the influence of animals on their habitats not only animal numbers,
the amounts of consumed phytomass, excrements and dead organic matter, i.e., the
animals’ role in nutrient cycles and energy flow, must be considered, but also their
behavior, their feeding habits, and seasonal migrations have to be taken into account
(cf. Remmert 1980a; Gessaman and MacMahon 1984; Petrak 1993). Thus, roe deer
(Capreolus capreolus), for example, do not much influence turnover of the phyto-
mass in a beech forest (Fagus sylvatica) by consumption, whereas they may have
lasting effects on forest structure, plant species and succession by browsing and
suppressing seedlings and saplings. The same holds true for black-billed capercaille
(Tetrao urogalloides) which impede height growth of young larches (Larix gmelini)
in the northeast-Siberian larch-forest region (Kolyma mountain area near Magadan)
by clipping buds and young shoots and breaking branches when landing on them
(Andreev 1991; Klaus and Andreev 2001). The weight of a fully grown cock ranges
between 3 and 4 kg at least. Therefore, cocks stay mainly on the forest floor, where
they browse young growth of larch while lighter hens prefer the crowns of large trees
clipping buds and shoots. Larch shoots are the only winter food for capercaillie.
They use the ground vegetation from May through October only. By intensive
clipping of young growth of larch for decades, capercaillie create and maintain
‘larch gardens’ with bonsai-like growth forms that lend the larch taiga its character.
Damage is most severe in lekking sites. As larch rapidly recovers from mechanical
damage by formation of new shoots, this kind of ‘gardening’ considerably increases
food supply per tree and area. Thus, the birds may feed more effectively and avoid
energy-consuming searches for food. Compared to these influences on larch physi-
ognomy and succession the effects of capercaillie on turnover within the larch
stands might be less important.

The influence of herbivorous and granivorous small mammals on energy flow
and nutrient dynamics of forest ecosystems appears to be negligible. At best, signifi-
cant effects occur during early successional stages when young trees are highly
susceptible to damage or when seeds and seedlings become destroyed (Potter 1978).
Thus, red squirrels for example (Chickarees, Tamasciurus sabrinus) damage the
bark of young maples (Acer saccharum, Acer rubrum) and drink the out-coming
sap. Mould and bacteria enter the wounds and cause canker (Shigo 1967). On the
other hand, mycophagous small mammals, for example, can influence forest eco-
systems persistently even though they generally are unimportant with regard to
turnover. Flying squirrels (Glaucomys sabrinus), grey squirrels (Sciurus griseus),
Abert’s squirrels (Sciurus aberti), Chipmunks (Tamias spp.), chickarees and some
vole species are living on the fruiting bodies of hypogeous mycorrhizal fungi, in
particular of basidiomycetes and ascomycetes (Fogel and Trappe 1978). In places
where these small mammals defecate they inoculate the soil with spores of mycor-
rhizal fungi that are essential for nutrient uptake of the trees. Thus, the small mammals
essentially contribute to maintenance of the forests (Maser et al. 1978a, b; Kotter
and Farentinos 1984a, b; Maser et al. 1985; Hayes et al. 1986; Maser et al. 1986;
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Maser and Maser 1987; Carey et al. 1999). One gram of dried feces has been estimated
to contain between 200 million and one billion spores (Kotter 1981a, b). In Australia,
similar interrelationships exist between some mycophagous marsupials and ectotro-
phic eucalypts (Malajczuk et al. 1987). The rat kangaroo (Bettongia penicillata) for
example is a key factor in succession on burned areas as it disperses large amounts of
fruiting bodies of ectotrophic mycorrhizal fungi that are essential for nutrient supply
to the trees and shrubs re-colonizing the burns (Lamont et al. 1985). Moreover,
small mammals can accelerate decomposition of fallen trunks by inoculation with
fungal spores (Maser et al. 1978b; MacMahon 1981). This might be particularly
important in tropical rain forests as the endobiontic fungi there are not specialized
and are able to grow in all kinds of wood (Malloch et al. 1980).

After the eruption of Mount St. Helens (Washington) on May 18, 1980, northern
pocket gophers (Thomomys talpoides) and ants that had survived under the vol-
canic ashes brought buried original soil on top of the sterile volcanic ash blanket
(Sect. 2.6.1.1). As the old soil contained mycorrhizal fungi, mycorrhizal associations
could gradually recover and improve growing conditions for the plants re-colonizing
the area (Andersen and MacMahon 1985; Allen and MacMahon 1988; Allen 1991;
Allen and Grisafulli 1994).

The function of animals is usually very complex. For example, consumption of
seeds by chipmunks may impede natural regeneration in forest stands. On the other
hand, chipmunks ensure the nutrient supply of the trees by dispersal of mycorrhizal
fungi. Leaf-eating beetles as well as other phyllophagous insects may reduce leaf mass
in deciduous forests for a short while without lowering production automatically.
Moderate loss of leaves (up to 30 %, Vorontzov, cited in Perry 1994) may even stimu-
late photosynthesis in the leaves remaining on the trees. On the forest floor, growth will
increase due to better light conditions. Under certain conditions this may compensate
for reduced production caused by leaf consumption in the canopy layer. In addition, the
defoliators attack mainly trees and shrubs weakened already (Perry 1994), which then
die off more rapidly. As a result, more favorable conditions for regeneration are likely
because of reduced competition for light and nutrients. The mineral-rich feces of the
insects as well as their cadavers, that are rich in nitrogen and phosphorous, stimulate
mineralization of the litter and thus improve nutrient availability (Fig. 2.7).

The same holds true for damage caused by the caterpillars of the green oak tortrix
(Tortrix viridiana), the gipsy moth (Lymantria dispar) and other noxious forest insects
(e.g., Novak et al. 1989) during their occasional mass outbreaks. Such unexpected
mass outbreaks are usually misrepresented by the media as ‘ecological catastrophes’.
Basically these alleged ‘catastrophes’ are natural phenomena immanent to the forest
ecosystem that, however, does not properly correspond to the popular idea of an
‘intact nature’. A few more figures may complement the preceding remarks. In a
mixed deciduous forest near Kursk (Russia), the caterpillars of the green oak tortrix
reduced the oak leaf area by 70 %. Afterwards the other tree and the herbaceous
layer not only received more light but also more water due to the reduced canopy
interception of rain. Partly nibbled oak leaves, large amounts of exuvia and cadavers,
nitrogen and phosphorous, increased supply to the soil by 17 %. Potassium content
rose by 13 %. Consequently, increased mineralization (up to two-and-a-half fold
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Fig. 2.7 Influence of leaf-eating beetles on plant production in a deciduous forest. Scheme by
F.-K. Holtmeier

increase of soil respiration) improved nutrient supply of the trees that were not
affected by the caterpillars. As a result, the composition of the herbaceous layer
changed (Rabotnov 1995).

In a 110-115 years old oak stand on podsolized Gley with fine-humus-rich raw
humus near Miinster (Westfalia, Germany), pH values in precipitation were recorded
from May through July 1995. Beneath the stand canopy pH increased to 7.1 (=2.6
times higher than in open land precipitation), and annual potassium input
(3791 kg ha™! year!) was considerably higher than in a beech stand nearby
(28.95 kg ha™! year™!; Hoper 1997). Increased values resulted from input of matter
from the tree canopies and to a great extend from the excretory products of the green
oak tortrix during a mass outbreak.

Studies on the influence of grasshoppers (Melanoplus frigidus, northern migratory
grasshopper and Aeropus sibiricus, Siberian grasshopper) on alpine sedge commu-
nities (Carex curvula) showed that grasshoppers consumed between 19 and 30 % of
the above-ground mass of phanerogams (seed plants), whereas they used only 3 % to
produce body substance. High carbon losses probably resulted from the grasshoppers’
respiration. As grasshoppers do not leave their habitat, their excreta and carcasses
supply the system with other nutrients, particularly with nitrogen. Consequently, the
C/N ratio narrows and mineralization of dead organic matter accelerates (Blumer
and Diemer 1996).
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Aphids (Aphidoidae) may also considerably increase turnover rate. The plant
saps they feed on contain great quantities of sugar but very little protein and essen-
tial trace elements. Thus, the aphids must take up comparatively more plant sap to
meet their requirements of protein and trace elements than they need for metabo-
lism. Aphids excrete the surplus sugar (ca. 78 % glucose, sacrose, fructose and mel-
izitose) with their liquid waste (so-called ‘honeydew’). According to conservative
estimates (Llewellyn 1972), one kilogram ‘honeydew’ was excreted by the aphids
under lime trees per square meter and year (7ilia x vulgaris Hayne). The sugar is not
only an essential food source of ants, flies and wasps but also an important carbon
source of non-symbiontic nitrogen fixing bacteria. Supply of ‘honey dew’ increases
soil nitrogen (Delwiche and Wijler 1956; Graf 1971; Owen and Wiegert 1976;
Dighton 1978; Petelle 1980, 1984). Especially in nitrogen-poor ecosystems such as
the tundra for example, where nitrogen mineralization is very slow, the influence of
aphids may be very important for turnover (Remmert 1980a, 1980b; Sect. 2.1.1). On
the other hand, aphids take away great amounts of high-quality assimilates from
deciduous trees and may thus reduce growth rates. In the end, the ants living in
symbiosis with the aphids are also involved as they ‘nurse’ the aphids (e.g., protecting
them from predators, overwintering the eggs of several aphid species in the nest
chambers of the ants) thus supporting population growth (Klimetzek and Wellestein
1978; Stary 1990).

Some cuckoo-spit insects (Cecropidae) tap the sap flow of trees. The sap con-
tains strongly diluted amino acids. The common frog hopper (Philaenus pumarius),
for example, uses sap to build mucous cocoons (=so-called ‘cuckoo-spit’) where the
nymph lives. Other species excrete the water directly on the ground, as for example
Pleus grossus, a large gregarious cicada in West Africa. During the growing season
cicadas feed on the fruits of arborescent legumes. The root system of the trees
extends close to the surface far away from the trunk. A few roots, however, reach the
ground water table. Thus, the trees are able to take up water even during the dry
season. Nutrients, however, are concentrated in the uppermost top soil as is typical
of tropical forests. Thus, nutrients accumulated in the top soil are not available to
trees for most of the dry season. Under trees heavily affect by cicadas, these insects
supply so much water to the soil that moisture becomes available to plants even
during the dry season. Under such conditions, seeds that otherwise would stay in
dormancy may germinate, mineralization goes on, and the trees can take up nutrients
from the topsoil. However, this process will keep going only as long as water loss
by evapotranspiration and cuckoo-spit cicadas does not exceed water supply of the
trees from the ground water table (Owen and Wiegert 1976).

Many plants rely on pollination by animals (birds, insects, bats, flying foxes) for
regeneration. During evolution, mutualistic relationships developed between many
plant species and pollinating animals. Animals were essential for survival of these
plants (Faegri and van der Pijl 1971; Feinsinger 1983; Whittaker and Jones 1994).
The saguaro or giant cactus (Carnegia gigantea), for example, which is a domi-
nant plant in the Sonoran desert, as well as the organ pipe cactus (Lemaieocerus
thurberi) depends on cross-pollination. The diurnal honey bee (Apis mellifera), the
nocturnal nectar-feeding Mexican long-nose bat (Leptonycteris nivalis) and the
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white-winged dove (Zenaida asiatica mearnsi) are the most important pollinators.
Zenaida, however, pollinates the giant cactus only (Alcorn et al. 1959, 1961,
1962; McGregor et al. 1962). On the other hand, in the Magaliesberg mountain
range (South Africa) opportunistic avian nectarivores, such as the Cape rock
thrush (Monticola rupestris), have been found to enhance reproduction in an
endemic montane aloe (Aloe peglerae) more than do specialized bird pollinators
(Area et al. 2013).

In the end, it would be no problem to reduce also these complex interactions to
the productivity aspect. Animals’ influence on productivity, however, is only one
aspect when considering the role of animals as ecological agents in landscape. In this
broader context, the focus is on the interactions of animal populations, habitat
quality and changes in composition, succession and structure of vegetation, soil
conditions (e.g., moisture, nutrients, compaction, erosion), microclimates, etc.

Mutualisms between herbivores and their food sources, for example, play an
important role in that respect (e.g., Mattes 1978, 1982; McNaughton 1979a;
Owen and Wiegert 1981; Tomback 1982; Tomback and Linhart 1990). Under the
selection pressure of grazers, grass formations have developed that are well
adapted to grazing. They consist of many extended and long-lived clones with
many clone series (Haberd 1962, 1967; Owen and Wiegert 1981). Apparently, many
grass species are not able to exist without being grazed (McNaughton 1979a).
Prevailing vegetative reproduction and proliferation of grasses are considered to be
a response to lasting grazing pressure. As grazing reduces seed production
(e.g., McNaughton 1979b; Owen and Wiegert 1981), vegetative reproduction
ensures the continued existence of clonal grasses and thus the food resource of
the grazers. On the other hand, Belsky (1986), who reviewed the specific litera-
ture on this issue, found no clear evidence of a positive influence of herbivory on
productivity and vitality of forage plants. Moreover, the assumption that saliva of
herbivorous mammals and grasshoppers would stimulate the growth of grasses
has not been proven (Reardon et al. 1972, 1974; Detling et al. 1980). Insects are
supposed to inject grasses with growth-stimulating substances (Dyer and Bokhari
1976). All these processes resist measurement and quantification — if these processes
are ever tried. Therefore, they are almost disregarded in conventional ecosystem
models.

2.2 The Role of Animal Population Density

The extent of animals’ influences on the landscape are closely related to their
population density. Population density fluctuates for various reasons. For example,
population-internal factors such as territorial behavior and reproduction, or external
factors such as lasting periods of drought, extremely snow-rich winters, fire, floods
and other natural ‘catastrophes’, and not least human impact (hunting, alteration of
habitats, etc.) may be driving factors. Internal and external factors usually act simul-
taneously and their specific effects are often hard to distinguish.
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2.2.1 Habitat Conditions and ‘Self-Regulation’
as Density Influencing Factors

Fluctuations in population density may extend over short (as much as a year) or long
intervals. Rapid fluctuations are typical of so-called r-strategists that promptly
respond to unstable or unpredictable environments. Their fecundity is high, matura-
tion sets on early, and regeneration time is short. R-strategists are usually small
(e.g., insects, small mammals such as voles or weasels), whereas so-called K-strategists
are of large body size (e.g., large grazers and browsers such as elephants or hippos,
large top carnivores such as lions or eagles). They are able to compete successfully
for limited resources and their life span usually is comparatively long.

Short-term fluctuations may be caused by bad weather conditions, for example,
varying forage supply, physical condition of the animals, epidemics, parasites and
natality/mortality ratio. After a good seed production of beech (Fagus sylvatica) in
mixed Bavarian mountain forests, the bank vole (Clethrionomis glareolus) and the
yellow-necked field mouse (Apodemus flavicollis), for example, were able to repro-
duce very successfully under the snowpack during the consecutive winter (Fig. 2.8),
being protected from cold temperatures and their many predators. No reproduction
was observed, however, in the following year, when no beech nuts were available
(Bidumler and Hohenadl 1980).

Fluctuations may also be caused by long reproductive cycles or continuous
population growth over at least two generations (Caughley 1970), often culminating
in mass occurrences followed by sudden decline. Thus, in some years cockchafers
(May beetles, Melolontha melolontha, Melolontha hippocostani), voles (Microtus
spp.) or rabbits (Oryctolagus cuniculus) are teeming while they are relatively rare in
other years.
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Fig. 2.8 Development of the population densities of bank vole (Clethrionomys glareolus) and
yellow-necked field mouse (Apodemus flavicollis) after a beech mast (Fagus sylvatica) in autumn
1977. 1 — Total population, 2 — Bank vole, 3 — Yellow-necked field mouse. Modified from Baumler
and Hohenadl (1980)
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In Sub-Saharan Africa, recurrent mass-outbreaks of multimammate rat (mice;
Mastomyx natalensis and related species) are a serious problem in public health and
agriculture (Fiedler 1988). Mastomyx natalensis, which is ubiquitious in equatorial
Africa, transmits Lassa virus to man. Moreover, extreme damage caused to agricul-
tural crop can result in shortage of human food. The outbreaks usually followed
high rainfall at the end of the previous year, although they cannot be explained by
the effects of rainfall alone (Leirs et al. 1996). Effective control of Matomys popula-
tion has been impossible so far.

Mass outbreaks of common vole (Microtus arvalis) that regularly occur at inter-
vals in grassland and agricultural fields of the northwestern lowlands of Germany
have driven people to despair and into the churches where they implored relief from
the plague. In northern Spain, for example, common voles in mass outbreaks during
the early 2000s (Jacob and Tkadlec 2010) devastated extensive barley and maize
fields. Inaddition,anumber of people fell sick with tularemia (Francisella= Pasteurella
tularensis) probably transmitted by the voles. Common voles are characterized by an
almost unbelievable reproductive capacity. They are able to reproduce already when
12 days old. After maturity they produce a litter of five or more young voles every
3 weeks. In Central Europe, the reproduction period usually lasts from May through
October. Nevertheless, winter reproduction is not unusual. As population density
increases, territory size decreases and a couple of females together rear the brood in
a nesting community. At higher population density territorial fights between com-
peting males increase and their numbers decline considerably. Due to the resultant
change of the sex ratio a mass outbreak is very likely (e.g., Frank 1986). During the
1949s and 1950s the field vole (Microtus agrestis) reproduced to an extent never
observed before. The voles profited from the large clear-cuts created during the 2nd
World War and during the post-war era. After grasses and herbs had completely over-
grown the clear cuts, field voles benefited from optimal conditions and reproduced
vigorously. They caused severe damage (girdling, bark-stripping) to afforestation
and confronted foresters with great problems.

Such mass occurrences are immediately presented by the media as ‘a catastrophe’.
In 1990, the German news journal ‘Der Spiegel’ (no. 32), for example, reported on
a mass occurrence of voles in Mongolia: Voles are overrunning Mongolia —
Mongolia is being threatened by a famine caused by disastrous murine plague. Up
to 40 million of the Brandt’s vole (Microtus brandti) graze down the steppes east of
the capital Ulan Bator and threaten the basic food source of cattle, goats and sheep
in an area that extends over 400.000 km?. Milk has already run short everywhere in
the country. The English geographer Nicholas Middleton, lecturer at Oxford
University: ‘Wherever you go in the steppe — voles are swarming’. Their explosion-
like eruption has been favored by the fur hunters who strongly decimated foxes and
wolves that are the main predators of the rodents. It is unquestionable that hunters
have almost eradicated many natural predators of vole. However, overgrazing by
cattle, sheep and goats and inadequate land management probably had a much
stronger influence than lacking predators. Even if there were more foxes and wolves,
all predators together would not be able to effectively regulate excessive vole
numbers.
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In another German news journal (Focus 18, 27 April 1998), one could read:
‘Cockchafers — abnormal calamity. The forests in Hesse (Hessian Riet, Germany)
suffer from a scourge never observed before’. Actually, it is the formulation that is
‘abnormal’ rather than mass occurrence of cockchafers. The information ranges at
the same level with an official report that goshawk (Accipiter gentilis) had repro-
duced ‘unnaturally’. Another statement made up out of thin air was that hooded
crow (Corvus corone cornix) and raven (Corvus corax) had produced a ‘surplus
density’ (Goretzky 1999). Such boulevard-ecological explanations lacking any
justification appear all the time.

Cyclic mass-outbreaks are very common in some herbivorous insects, particu-
larly at high latitudes. Normally, these insects represent only a small proportion of
the total number of forest insects (e.g., only 1-2 % of lepidopters). At certain inter-
vals, an outbreak of insects reproduces like an explosion. The mass outbreaks of the
autumnal moth (Epirrita autumnata) and the winter moth (Operophtera brumata) in
the subarctic birch forests of Northern Europe (Sect. 2.4.1) as well as of the larch
bud moth (Zeiraphera diniana) in the Central Alps (Sect. 2.4.2) are typical exam-
ples. The population cycles usually extend over 2-3 years. Afterwards, the popula-
tions decline usually due to shortage of food of sufficient quality. The mountain
pine beetle (Dendroctonus ponderosae) and the spruce budworm (Choristoneura
fumifera) in Western North America (Sects. 2.4.3.1 and 2.4.3.2) are additional
examples to mention in this context.

Populations are however regulated not only by food shortage and predators and/or
territorial behavior. It may also happen that vegetation recovering from insect impact
no longer meets the habitat requirements of animals, as is typical for example of the
interrelationships between wainscots (Nonagria, Archanara) and reed (Phragmites
australis). Reed is the food source and pupation habitat of wainscots. Wainscots pupate
during July/August within the internodes of reed near the culm base. The diameter of
the internodes must be at least seven centimeters to allow pupation. Reed responds to
wainscot feeding by thriving on quite densely grouped thin culms instead of thick
culms at lower density. Reed stands severely attacked by wainscots are characterized
by an irregular mosaic of relatively open patches with thick culms and patches with
dense stands of thin culms (Vogel 1985). On the one hand, the thin reed culms provide
abundant high-quality food to the hatching caterpillars, on the other hand however,
pupation fails because of too narrow internodes. Consequently, wainscot population
collapses. Thus reed itself regulates its noxious wainscots (Vogel 1985).

Such population cycles represent maximum amplitudes of population dynamics.
During the progressive phase, population density increases exponentially as long as
no opposite factors such as shortage of food, for example, availability of nesting
places or competition, have a limiting effect. Increasing density may result in social
stress and population crash, as has happened at high vole density (Frank 1953,
1954). In other cases, surplus individuals emigrate, as is typical of lemmings
(Lemmus lemmus), for example (e.g. Batzli 1981). After the decline of a population,
recovery normally starts at a very low level (see also Fig. 2.10b). Such gradations
usually extend over several years. In most cases, however, the amplitude of fluctua-
tions in population density is much narrower.
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Fluctuations are the result of a bundle of density-dependent and density-
independent factors, often related to each other by mutual interactions (Fig. 2.9).
When animal population density is approaching the natural habitat carrying
capacity, processes and factors (e.g., delayed maturity, change of sex ratio,
increasing competition, social behavior) often subsumed under ‘self-regulation’,
may limit further population growth. The term ‘self-regulation’ however has to be
considered with some reservation as it is not really correct. ‘Self-regulation’ lags
behind population peaks because animals cannot actively control their numbers.
In the end external factors (forage supply, habitat structures, climate, etc.) are the
main controllers.

On the other hand, favorable conditions usually promote reproduction. During
the progressive phase of a Canadian population of white-tailed deer (Odocoileus
virgianus) in a habitat providing ample forage, 6 months old hinds were already
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Fig. 2.9 Density-dependent and density-independent factors and their influences on population
density. Scheme by F.-K. Holtmeier



2.2 The Role of Animal Population Density 39

pregnant and twin births prevailed (>50 %). Under comparable conditions, does
give birth to more fawns than roebucks and may thus produce a surplus within a
comparatively short period of time (Ellenberg 1978; Miiri 1999a, b). Artificial
reduction of mountain goats (Oreamnos americanus) in the Rocky Mountains had
the same effect (Houston and Stevens 1988). At low population density of American
elk (Cervus canadensis) about 25 % of the calves often are twins compared to only
1 % when conditions are unfavorable.

Due to ‘self-regulation’ setting in at a critical animal density, population growth
is sigmoid and approaches a habitat’s carrying capacity (K-value) asymptotically
(Fig. 2.10a). As ‘self-regulation’ mechanisms become effective with a certain delay,
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Fig. 2.10 Main types of population dynamics. (a) in response to the negative feedbacks of a
growing animal population, population growth rate decreases, approaching the natural habitat
carrying capacity (K) asymptotically, (b) Cyclic mass-outbreaks. Exponential population growth
beyond natural habitat carrying capacity. Consequently, population drastically declines to a very
low level due to the combined effects of depleted resources, predators, diseases, social stress
and intraspecific competition. Exponential growth resumes after recovery of the habitat.
(c) Exponential population growth exceeds habitat carrying capacity for a while as is typical
of initial colonization, for example. After a decline due to overutilization and delayed ‘self-
regulation’, population density gradually levels out fluctuating around the K-value (dynamic
equilibrium). Modified from Odum (1991)
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the carrying capacity may be exceeded for a while, before animal density will rap-
idly decrease. In response to the reduced animal impact, habitat conditions may
improve again (e.g., more forage, reduced competition) and population will increase.
Mass-outbreaks at certain intervals are likely (Fig. 2.10b). In other cases, however,
population density may be fluctuating around the K-value for a while until the
amplitude levels out towards a dynamic equilibrium (steady state) (Fig. 2.10c). This
kind of development can be found in old-established populations responding to
disturbances as well as after animals were introduced into an environment where
they never existed before (Riney 1964; Caughley 1970; Challies 1975). The curve
shape reflects habitat resilience.

Different from the three basic types of continuous (steady) population develop-
ment presented in Fig. 2.10, development in reality does not take place continuously
but at different temporal steps (time-discrete; e.g. succession of generations).
In addition, they are controlled by a multitude of partly mutually interacting and
mostly non-linear variables. As demonstrated by a simulation (Fig. 2.11) even a
slight variation in the density of the initial population and/or of the reproductive rate
will result after a certain time in unpredictable population developments (Christiansen
and Fenchel 1977; Costantino et al. 1991).

Cyclic fluctuations partly culminating in mass outbreaks (e.g., Epirrita autum-
nata) are natural phenomena. Very often, however, alterations of habitats by humans
have favored mass occurrences. In the African savannas, for example, expansion of
cereal growing (corn, wheat, rice, millet) and concomitant construction of water
reservoirs and tanks for irrigation have considerably improved living conditions for
the red-billed weaver bird (Quelea quelea) (Schmutterer 1965; Dreiser 1993;
Sect. 2.4.4). While in the past the numbers of red-billed weavers were controlled by
seed production of native sweet grasses and lack of water during the dry seasons,
cereals now provide abundant additional food, and water is available to the weaver
birds everywhere and throughout the year. In addition, the weaver birds profited from
planting of Acacia trees along the river courses which provide safe nesting sites.

In Yellowstone National Park (USA), where wild fires occurring at intervals control
long-term forest succession (Romme and Despain 1990), fire fighting has altered
the ecological conditions in a way that favors mass occurrences of the mountain
pine beetle (Dendroctonus ponderosae; see also Amann 1977). Likewise, the
magnitude of damage caused by mass outbreaks of the larch-bud moth (Zeiraphera
griseana) to larch forests in the Central Alps has increased after man transformed
many of the original larch-Swiss stone pine mixed forests (Larix decidua, Pinus
cembra) into pure larch stands (Auer 1947; Holtmeier 1967b, 1974, 1995a, b;
Sect. 2.4.2).

In most cases, availability of food (quantity, quality) seems to be an integral part
of the complex of factors controlling population dynamics (Remmert 1980a). It often
has a key function (Verme 1969; Thorne et al. 1976; Remmert 1980a; Caughley
1983; Sinclair 1985; Clutton-Brock et al. 1987; Houston and Stevens 1988;
Choquenot 1991). As long as sufficient high-quality food is available and neither
territorial behavior nor predators, diseases, lack of nesting places and other habitat
properties have a limiting effect, population growth up to the maximum habitat
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carrying capacity is theoretically possible, provided that growth rate decreases
parallel with growing population density. The situation becomes critical for animals
and their habitats when food is depleted and animal numbers are temporarily
exceeding habitat carrying capacity (see Fig. 2.10b, c¢). This may be due to external,
density-independent influences, such as periods of drought or extremely snow-rich
winters, or because ‘self-regulation’ is lagging behind population growth.
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Under such circumstances, competition for food between wild ungulates, for
example, increases and the animals must travel longer distances when foraging.
As a result, more frequent encounters with predators are likely. Search for food,
increased competition and escape from predators increase expenditure of energy
(cf. Fig. 2.9). Particularly during winter when forage is scarce anyway such influ-
ences may result in bad physical condition and increasing mortality of the weakened
animals. Malnutrition during winter, for example, may cause too low body weight
of females at birth. Subsequent loss of the young animals is likely (e.g., Albon et al.
1983a, b), and the reproduction rate decreases. Surplus and weakly competitive
individuals are forced to move to less favorable habitats (see also Klein 1970; Carl
1971; Batzli 1981). There are observations, however, that do not fit into this theory.
In Sweden, for example, over-exploitation of food sources by moose (Alces alces)
in their winter range did not necessarily result in emigration to other areas with lower
moose density (Sweanor and Sandegren 1989). Moreover, thinning of population by
emigration may be prevented by insurmountable obstacles. Thus, emigration of
surplus herbivorous mammals from remote oceanic islands, for example, is usually
impossible and a population crash is likely. After recovery of the food source,
however, the herbivore population may increase again.

Population cycles of small rodents have probably been studied most intensively
(Henttonen and Wallgren 2001), with particular interest on the cyclic fluctuations of
lemmings (Lemmus lemmus) culminating in mass occurrences at intervals of about
4 years in the boreal zone and in the Subarctic/Arctic. Population cycles of lemmings
and other microtines (voles) in the Subarctic/Arctic also are primarily attributed to
climate-dependent fluctuations in forage quantity and quality. Thermal deficiency,
phenology of food plants, slow mineralization, resultant poor nutrient supply to
plants and secondary compounds (chemical defenses) enriched in plants under
browsing pressure are considered to be the driving factors (Kalela 1962; Chapin III
et al. 1978; Chapin III 1980: Laine and Henttonen 1983). Generalist predators such
as foxes (Vulpes vulpes), snowy owl (Nyctea scandiaca) and specialized predators,
in particular least weasels (Mustela nivalis) and stoats (Mustela erminea), respond
to lemming population peaks by increasing reproduction (MacLean et al. 1974;
Batzli 1981).

Studies near Kilpisjarvi (NW-Finland) showed that the cycles of various
vole species (Clethrionomys rufocanus, Clethrionomys rutilus, Microtus agrestis,
Micrototus oeconomus, Lemmus lemmus) run parallel, a few differences caused by
interspecific competition particularly during the progressive phase and culmination
of population densities disregarded (cf., Andersson and Jonasson 1986). All vole
species populations reach their low simultaneously. Likewise, synchronous rodent
cycles have been proved for entire northern Fennoscandia (Myrberget 1973;
Christiansen 1983) including Kola Peninsula (Koshinka 1970). Thus, a common
overriding factor or complex of factors, possibly climate, may be assumed.

However, the relationships between population dynamics and their controlling
factors are not yet completely understood, and it is occasionally difficult to unam-
biguously distinguish what is cause and effect. Thus, in the view of Laine and
Henttonen (1983), for example, flowering cycles dependent of thermal conditions
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and availability of nutrients are a cause of rodent population increase, whereas
Jarvinen (1987) considers bud-clipping by lemmings to be the cause of fluctuations
in flowering frequency. Moreover an often mentioned direct dependence of popula-
tion dynamics on the phytomass of food plants could not be proved. Thus, many
studies show that regeneration decreases before the food source will be depleted
(Kalela 1957; Schaffer and Tamarin 1973; Krebs and Myers 1974; Vitala 1977,
Oksanen and Oksanen 1981). Although sounding a little deterministic this seems to
make sense as young animals born in late summer have only a little chance of survival.
However, it may be questioned whether this has to be considered an adaptation.
According to observations by Myrberget (1986) near Kilpisjarvi an influence of
weather conditions on population cycles cannot be statistically substantiated.

Andersson and Jonasson (1986) emphasized that the existing hypotheses on
causal relationships between fluctuations in food resources (quantity, quality,
phenology) and rodent cycles (e.g., Kalela 1962; Tast and Kalela 1971; Laine and
Henttonen 1983) do not satisfactorily explain the complex phenomenon (see also
Schultz 1972; Rhoades 1983), even if disregarding regional peculiarities (Andersson
and Jonasson 1986). Kausrud et al. (2008), however, found that changes in tem-
perature and humidity, and thus conditions in the snowpack, markedly affect the
dynamics in populations of lemmings and other small rodents. In a changing climate,
which may bring about more precipitation and higher temperatures, lemming cycles
will probably cease.

2.2.2 Influence of Predator-Prey Relationship
on Population Density

A few remarks on the influence of the predator—prey relationships, however, seem to
be appropriate; in particular, as ecologically-oriented popular literature as well as
nature conservationists and also the hunters’ lobby consider population control by
predators to be of paramount importance in population dynamics and for balance of
nature in general. Nature conservationists emphasize the functional role of predators as
regulators in ecosystems to justify reintroduction of large predators into their original
habitats. Hunters, on the other hand, do not get tired of claiming that they have to
take the role of the large predators that became nearly extinct in our landscapes.

Though there is a close relationship between prey populations and numbers of
predators, causes and effects are often confused. The often quoted fluctuations in
snowshoe hare (Lepus americanus) and lynx (Lynx canadensis) with cycles of
8—11 years may serve as an example (Fig. 2.12). Three quarters of lynx food
consist of snowshoe hares. As lynx, however, usually kill only a tenth of the hare
population, snowshoe hare is more important for lynx than is lynx for snowshoe
hare. In other words, prey apparently controls predator and not the other way round
(Remmert 1980a).

Nevertheless, the problem is multi-faceted. In general, snowshoe hares killed by
lynx are in a bad physical condition (Pease et al. 1979; Keith 1983; Keith et al. 1984;
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Fig. 2.12 Cyclic population dynamics of snowshoe hare (Lepus americanus) and lynx (Lynx lynx)
inferred from the number of pelts delivered to the Hudson Bay Company (McLulick 1937)

Smith et al. 1988). Thus, snowshoe hare decline is very likely due to shortage of
food, in particular of high-quality food. Plants under severe browsing pressure pro-
duce defensive chemical compounds (Bryant 1981; Bryant et al. 1983, 1985; Bryant
and Chapin III 1986; Bryant et al. 1989) that make plants inedible for snowshoe
hare. Smith et al. (1988), on the other hand, could not find evidence of snowshoe
hare control by lack of forage. In addition, they denied that chemical defenses play
a major role in snowshoe hare decline. Anyway, the authors conceded negative
effects of insufficient food quality. Even though there is no absolute lack of food,
competition gradually increases due to growing hare numbers. Therefore, hares in
search of food are forced to travel relatively long distances. Shelter from predators
is often missing. Both search for forage and escape from predators increase expen-
diture of energy. Studies on demography and ecology of a declining snowshoe hare
population in Alberta (Canada; Keith et al. 1984) came to the result that shortage of
forage is the primary cause of population decline, but that it is the combined effect
of insufficient nutrition during subsequent one to two winters together with predator
impact that are responsible for high hare mortality. Later on, during the population
low, predation possibly is the only controlling factor (Hodges et al. 1999). In a
broad study on mountain hare cycles in northern Europe, Newey et al. (2007) found
that different factors may limit or control hare population dynamics with considerable
regional differences in periodicity, amplitude, and predator control. In Fennoscandia,
generalist predators (e.g., red fox) may have a limiting effect, whereas in Scotland
predator influence is unimportant.

The possible role of predators in ecosystems has often been discussed in the
context of lemming cycles. Predators, in particular r-strategists such as weasels
(Mustela nivalis) and stoats (Mustela erminea), benefit from lemming cycles and
rapidly respond to cyclic mass occurrences by intense reproduction. As a result,
rodents will increasingly suffer from strong predator pressure in late winter and
during the following summer (Tast and Kalela 1971; Laine and Henttonen 1983;
Henttonen and Wallgren 2001), in particular as these predators prey on lemmings
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and their litter also under the winter snowpack (MacLean et al. 1974; Batzli 1981).
As is the case in snowshoe hare population dynamics, the influence of predators
increases after the prey population peak.

Comparable observations were made during studies on the influence of weasels
and other predators on lemmings at Point Barrow (Alaska) and on Banks Island
(Northwest Territories, Canada) (Thompson 1955; Maher 1967; MacLean et al.
1974; Fitzgerald 1981). Predator pressure on lemming density was particularly
strong during the regressive phase of the lemming cycles. Weasels, in particular, had
a strong impact. Presumably they killed mainly females and young in their winter
nests, whereas snowy owls preyed more on males than on females (Pitelka 1957).
Pomarine skuas (Stercorarius pomarius) killed both females and males equally
(Mabher 1970).

The situation is similar in mass outbreaks of the field vole. Its most successful
predator is the buzzard (Buteo buteo). When voles occur at high density they make
up 75 % of its prey. Consequently, reproduction in buzzards increases. At low vole
numbers the proportion of voles in the prey of buzzards ranges between 25 and
30 % only (Leicht 1979). In the latter case, buzzards, now at great numbers, must
take more other prey, such as moles, shrews, reptiles, young rabbits and hares, and
birds as well. Buzzard numbers may remain on a relatively high level, at least for a
while, although reproduction decreases (Hohmann 1994; Steiner 1999). Neither
buzzards nor the many other predators (e.g., other predatory birds, storks, grey herons,
carrion crows, weasels, stoats, polecats, foxes, wild boars, feral pigs, hedge hogs,
cats, etc.) preying on voles will prevent cyclic mass occurrences.

The project on moose (Alces alces) and wolf (Canis lupus) relationship and
dynamics on Isle Royale is the longest (55 years) continuous study of any predator—
prey system in the world (Vucetich and Peterson 2013) and provides insight into the
high complexity of predator—prey relationship and interactions with the environment.
Isle Royale (>500 km?) is located in Lake Superior and extends for about 20-30 km
almost parallel to the Canadian northern lake shore. Moose reached the island first
at the beginning of the twentieth century. They came over the ice in winter or swam
across the 24 km wide channel between the mainland and Isle Royale in summer
(Fig. 2.13; Allen 1974). The latest arrived during the winter 1912/1913. In 1915,
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about 200 moose were already living on Isle Royale. The vegetation had not been
affected by other ungulates prior to the arrival of moose, with the exception of a few
woodland caribou (Rangifer tarandus) in the relatively humid coastal strip, where
they fed on tree lichens (Allen 1974; Pastor et al. 1988).

Moose, benefitting from the abundant forage supply, rapidly increased. In general,
rapid population growth is typical of immigration of animal species into a new envi-
ronment (Riney 1964; Caughley 1970). Around 1932, moose numbers (2,000-5,000
individuals; four to ten moose per square kilometer) already exceeded the island’s
habitat carrying capacity. Almost everywhere signs of over-browsing were apparent
in aspen, birch, mountain ash, and balsam fir as well as in the aquatic vegetation
(Murie 1934; Hickie 1936). Canadian yew (Taxus canadensis) prevailing in the
lower canopy layer almost became extinct (Slavik and Janke 1987). In 1933/1934,
moose population declined to approximately 200 individuals due to malnutrition
(Aldous and Krefting 1946). An extreme wildfire that affected about a quarter of the
island considerably reduced the food resource for the 3 to 4 coming years. Thereafter
moose population gradually recovered, and in 1948 about 800 moose were living
again on the island. The recovery was mainly attributed to the luxuriant secondary
vegetation (Populus balsamea, Betula papyrifera) that had colonized the burn areas.
Thus, the food source improved fundamentally. Increasing population density in
moose and also in other cervids after forest fires or extended clear cutting typically
occur also in other woodlands (e.g., Flook 1962; Strandgaard 1982). Due to too
severe winters (1948/1949 and 1959/1960) moose numbers declined again to about
500 individuals. This decline has been ascribed to high calf mortality caused by the
harsh winter climate (e.g., Mech et al. 1987). At the same time — between 1948 and
1959 — wolves (Canis lupus) had arrived at Isle Royale. Before wolves turned up,
the island had no predators that could have threatened moose. In spite of pessimistic
predictions that a wolf population would eradicate moose, and although food plants
had decreased between 1950 and 1970 (with the exception of balsam fir), moose
numbers continued to grow up to more than 1,000 individuals (approximately 3
moose km=) (Brandner et al. 1990). This increase was ascribed to an ample supply
of high-quality browse during summer and autumn keeping moose in good physical
condition. Consequently, survival rate in winter was relatively high, though wolf
population had doubled simultaneously. This, however, means that wolves had har-
vested only surplus moose (Hansen et al. 1973) and that moose population had
controlled wolf numbers.

The same mechanisms were observed, by the way, between populations of Axis
deer (Axis axis) and tigers (Panthera tigris) in Kanha National Park (Central India)
(Kurt 1982). Although tigers had increased by 30 % (from 30 to 48 individuals) in
the area between 1972 and 1976 and despite the fact that also red dogs (Cuon
alpinus), common jackal (Canis aureus) and leopards (Panthera pardus) were
preying on axis deer, deer population increased from 5,000 to 13,000 animals. In the
Serengeti (East Africa) the populations of wildebeest (Conochaetes taurinus) and
African buffalo (Syncerus caffer) dramatically declined due to the rinderpest (cattle
plague), that had been introduced by domestic cattle from Russia and Southern
Europe during the end of the twentieth century. In the African grasslands, rinderpest
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became the main cause of wild ruminants’ mortality. After the rinderpest was under
control the large ungulate populations rapidly recovered in spite of the many large
predators (e.g., lions, leopards, spotted hyenas) (Sinclair 1979a, b).

Coming back to the predator—prey relationships on Isle Royale, one must not
ignore the fact that wolves preyed not only on moose but also on beavers (Castor
canadensis). About 2,000 beavers were estimated to be living on the island. Wolf
predation, however, did not prevent beaver numbers from increasing (Allen 1974).

An unexpected development began after extremely snow-rich winters in 1969,
1971 and 1972. In contrast to less snow-rich winters, when moose occurred at rela-
tively low density almost everywhere on the island and wolves came across moose
only occasionally, moose kills drastically increased. Almost twice as many calves
fell victim to wolves. Because of deep snow on the island’s interior, cows and their
calves now stayed in the wind-swept, less snow-rich coastal areas where travelling
is easier. Thus, the animals could save energy when searching for food. The calves,
however, had almost no access to forage as the food trees had been intensively
browsed by moose during previous years. Thus, forage above the former browsing
line was out of the calves’ reach. The calves became completely exhausted, as was
reflected in the complete lack of fat in their bone marrow. As the weakened moose
calves concentrated within a relatively small area, wolves could easily kill many of
them, in particular as also the wolves preferred the costal terrain because of the
relatively thin snowpack. Losses of calves to wolves remained at a relatively high
level also during the consecutive years. This is possibly due to the fact that the
physical condition of the calves that were born after one of these extreme winters
or had survived their first year of life remained bad even for years. Consequently,
predators could kill them more easily than calves in good physical shape (Allen
1974). Wolves, which had considerably increased in response to the abundant prey,
kept moose numbers at a relatively low level from 1975 to the early 1980s (Fig. 2.14).
After the arrival of disease (highly contagious canine parvovirus) in 1981, wolf
population declined by 80 % (Vucetich and Peterson 2013) and remained limited for
about a decade (communication R. Peterson, 28 April 2013). Afterwards, moose
numbers rapidly increased again. Almost half of the moose living on Isle Royale in
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Fig. 2.14 Population dynamics of moose and wolves on Isle Royale. Modified from McLaren and
Peterson (1994)
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1983 were very likely born in 1981 and 1982 (Peterson et al. 1984). Anyway, moose
made up >90 % in the wolves’ diet (Pastor et al. 1988). Since then moose population
continuously increased with the exception of a temporary decline at the end of the
1980s. Since the beginning of the 1980s wolf numbers have fluctuated at a com-
paratively low level without a clear response to the growing moose population
(cf. Fig. 2.14; McLaren and Peterson 1994).

In the beginning of the present century, moose population decreased from
1,100 in 2001 to 900 in 2003. The decline may possibly be ascribed to warmer
temperatures since 1998. Moose do not forage enough in summer if it is too hot.
As they have a thick coat and cannot sweat, they stay in the shade or in the water to
escape the heat. In addition, molestation by winter ticks increased. Winter ticks
obviously profited from the exceptionally warm autumn in 2001. They weakened
the physical condition of moose, causing a major mortality across much of North
America and also on Isle Royale in the spring of 2002 (Michigan Tech News/Media,
17. May, 2004; communication R. O. Peterson, 28 April, 2013). Weakened moose
have also become more vulnerable to wolf attacks, and wolves regained a dominant
position as a limiting factor for moose. (Vucetich and Peterson 2013). While wolf
numbers reached very low levels in the past 2 years, there are strong indicators of
moose population increase (communication R. O. Peterson).

There is some evidence that the social behavior of wolves, which has an effect on
the predator-prey relationship, is also influenced by varying climatic conditions.
Thus, in severe snow-rich winter, wolf packs chasing moose usually consist of a
dozen individuals on average, whereas in milder winter the wolf packs are smaller,
usually not exceeding four to five individuals. Formation of larger wolf packs in
severe winters has to do with the fact that the sexually mature young wolves are still
together with the adults. Large wolf packs again are more effective in killing moose
as compared to small wolf packs or — in other words — in milder winters more moose
escape fewer wolves. Therefore browse damage is more common in mild winters.

The discussion on the mechanisms regulating moose numbers continues, and the
more case studies and models are referred to, the more complex the phenomenon
appears. Different regional conditions (e.g., availability of alternative prey, one or
several predator species, predator-avoidance strategies of prey animals, plant pro-
ductivity, nutrient balance, and climate, with snowpack in particular) as well as the
post-glacial development of vegetation (e.g., adaptation to browsing pressure by
production of defensive substances) require an observant differentiating approach
(e.g., Messier 1994; Van Ballenberghe and Ballard 1994; Bowyer et al. 1997; Ripple
and Beschta 2004).

The impact of predation on prey population also depends on whether the predators
may switch to alternative prey in case their main prey has become rare. Studies on
the Nelchina caribou herd (Nelchina Basin, Central Alaska) provide a good example.
In this area, caribou numbers had considerably decreased during the mid-1970s to a
tenth of the previous population due to three consecutive extreme winters and
intensive hunting. Although wolf numbers peaked at this time, the caribou popula-
tion was able to double by 1981 (Van Ballenberghe 1985). This was explained by
the fact that caribou numbers had not fallen below the critical minimum necessary
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for self maintenance of the herd. This minimum is reached at a ratio of 100 caribou
per one wolf. Moreover, as the density of the herd was low, wolf packs encountered
caribou in their territories only occasionally and therefore preyed on moose, which
were comparatively numerous at that time (Bergerud 1983; Gasaway et al. 1983).
If no alternative prey had been available to the wolves, caribou population
would probably have fallen below the critical ratio, in particular due to high losses
in caribou calves.

Studies on the impact of predators on lemming populations also provide evidence
that availability of alternative prey for weasels and other predators has a strong
effect during the regression of lemming numbers, besides snowpack conditions and
their effect on reproduction (MacLean et al. 1974). Mink predation also depends on
availability of alternative prey. American mink (Mustela vison), for example, which has
been introduced to the upper river Thames, kills fewer rails and grouse if rabbits are
available (Ferreras and MacDonald 1999: see also Gerell 1967; Dunstone 1993).

Likewise the interrelationships between lynx and snowshoe hare are by far more
complex as is reflected in the growth curves of population dynamics of both species
(cf. Fig. 2.12). Just as wolf, also lynx is a non-specialized predator and switches
to other prey when snowshoe hares are not available. In case that lynx numbers,
controlled by snowshoe hare dynamics, have reached a peak and hares are declining
due to shortage of food, lynx will increasingly prey on grouse (Tetraonidae), for
example. So, grouse are directly controlled by lynx, whereas lynx numbers follow
snowshoe hare cycles, that again depend mainly on the surrounding conditions
(climate, forage supply, essential habitat structures, etc.) rather than on predator
numbers (Fig. 2.15).

A particular situation has been reported by Bergerud (1984) from Newfoundland,
where the original predator—prey ratio changed completely after introduction of
arctic snow hares (Lepus arcticus). So to speak, the food pyramid became turned
upside down. Five native herbivorous mammals (Arctic snow hare, caribou, beaver,
eastern meadow mouse =Microtus pennsylvanicus, muskrat= Ondatra zibethicus)
oppose nine carnivores (wolf, red fox, lynx, otter=_Lutra canadensis, black
bear=Ursus americanus, stoat=Mustela erminea, American marten=Martes
americanus, and two bat species). Wolf, which originally was the carnivore preying
on caribou, became extinct in 1911. Lynx were very rare at that time and preyed
mainly on native arctic snow hare. In 1864 snowshoe hares had been introduced to
improve the food resource of the Newfoundlanders. Snowshoe hares reproduced
successfully and soon became the main prey of lynx. Consequently, lynx numbers
considerably increased. When the snowshoe hare population rapidly declined about
20 years after introduction — which is typical after arrival of an animal species in a
new environment — lynx switched back to arctic snow hare and caribou calves and
decimated them considerably in the following years. Under the impact of large
numbers of lynx and intense hunting, the caribou population which had amounted to
approximately 40,000 animals around the turn of the century (nineteenth/twentieth
century), decreased to less than 1,000 individuals. After the snowshoe hare popu-
lation had declined it started fluctuating in a 10 years cycle. Lynx have adjusted to
this cycle and switch between snowshoe hare and caribou accordingly (Fig. 2.16).
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Fig. 2.15 Fluctuations of the major components (relative biomass) of a wildlife cycle in Alberta
(Canada) with lynx switching between alternative prey. Modified from Keith (1983)

Arctic snow hare can survive only because it has become so rare. Lynx preys on
arctic snow hare when snowshoe hare population is low.

Moose in the Darwin conservation area (former Soviet Union) were in a similar
situation as arctic snow hares were in Newfoundland. While wolf numbers ran almost
parallel to moose density between 1953 and 1965, wolves sharply increased although
moose remained at a very low level during the 1970s. Wolves probably profited from
other prey and prevented the recovery of the moose population (Fig. 2.17). In many
cases several carnivore species may be competing for prey animals. Consequently,
predatory pressure may increase to an extent preventing the prey animals from reach-
ing their natural habitat carrying capacity, determined by forage supply and other
vital habitat conditions. Thus, in general the question whether a predator regulates its
prey cannot be answered with ‘yes’ or ‘no’. Each case requires careful and reliable
differentiating of specific considerations. Sometimes the effects of carnivores are
practically negligible while they may be conspicuous in other cases.
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Fig. 2.16 Population dynamics of snowshoe hare (Lepus americanus), lynx (Lynx lynx), caribou
(Rangifer tarandus) and Arctic hare (Lepus arcticus). The approximately 10 year-cycle of snow-
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Fig. 2.17 Moose and wolf populations in the Darwin wildlife reserve of the former Soviet Union.
Modified after Filonow and Kaleckaja (1985) in Bibikow (1988)

Among other considerations, landscape structures play an important role. Habitat
generalists, such as foxes (Vulpes vulpes), racoon (Procyon lutor) or carrion crow
(Corvus corone) for example, profit from rich food supply in agricultural landscapes,
suburban and urban areas. They also search for food in tree groves and forests where
they plunder more nests and kill more nestlings than predators would do that are tied
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to such habitats (Schneider 2001). In Sweden, for example, the decline of capercaillie
(Tetrao urogallus) has been ascribed to predatory generalists that have increased due
to fragmentation of the original woodlands (Andrén 1992; Hjorth 1994). In the high
elevation forests of the northern Black Forest (Southwest Germany), which provide
very favorable living conditions to capercaillie, the impact of predators is low com-
pared to marginal areas. Even foxes, which have increased after successful rabies
control, have not caused a noticeable decline of capercaillie until present. This may
be partly attributed to insufficient availability of alternative prey in the mountain
forests far away from agricultural land and settlements. Silvicultural support of
spruce regeneration prevents colonization of clear cuts by grasses and herbs that
would provide favorable conditions to small rodents (Schroth 1994). Thus, regarding
the more or less favorable habitat structures largely shaped by humans, the influence
of fox on capercaillie must be put into perspective.

The intensity of browsing/grazing impact may also be related to predator-
avoidance behavior of the ungulates. Terrain structures (geomorphology, forest
stands interspersed with open meadows, depth of the snowpack) play an important
role in this respect. Thus, in the presence of wolves red deer, for example, seem to
avoid locations where steep terrain would prevent escape, or where limited visibility
prevents detection of predators early enough (Ripple and Beschta 2004). Thus, pre-
dation risk is lower in open areas. Damage caused to vegetation may be relatively
high in the safer places. Visibility and escape potential may change during succession.
After wildfires, for example, aspen stands usually recover by producing stump
sprouts and root suckers. These provide high-quality forage in the beginning of
secondary succession. Later, however, increasing stem density reduces visibility,
and wolves may approach deer without being perceived in good time (Ripple and
Larsen 2000; White et al. 2003; Fortin et al. 2005). Thus, kill rate increases and
browsing pressure is reduced. Consequently, aspen density continues to increase,
visibility further decreases and the habitat becomes less attractive to deer (Ripple
and Beschta 2004; Fortin et al. 2005). Although secondary vegetation (grasses and
herbs) provide high-quality forage, elk will not prefer burns if chaotic dead stems
lying on the forest floor impede escape from wolf packs (Ripple and Beschta 2004).

Moreover, productivity and seasonal change often play an important role (Sinclair
1983) as has become apparent in the East-African grassland, for example, where the
rinderpest had particularly affected the herds of wildebeest (Connochaetes tauri-
nus). The rinderpest was eradicated in 1964. In Ngorongoro crater with rainfall all
year round, the herds do not migrate seasonally as is the case in Serengeti or Mara
National Park having a long dry season. In the crater, where lions (Panthera leo) and
spotted hyenas (Crocuta crocuta) kill about a quarter of the wildebeest population
per year (Elliott and Cowan 1978), extinction of the rinderpest had no influence on
wildebeest numbers. Between 1958 and 1978 wildebeest population did not much
vary, ranging between 10,000 and 15,000 animals. This indicates that predators
rather than available forage regulated wildebeest numbers in this area.

In Kriiger National Park (South Africa), predators appear to have a major effect
on wildebeest population. After increased precipitation and resultant better growth
of savanna grasses, wildebeests formed smaller herds and grazed where short



2.2 The Role of Animal Population Density 53

grasses prevail. Consequently, losses to carnivores increased. Decreasing wildebeest
population, however, led to the fallacy that grassland carrying capacity had been
exceeded. Therefore, wildlife managers carried out additional culling to adjust wilde-
beests to the ‘right numbers’. However, after culling was stopped, wildebeest decline
continued, probably due to the predators’ impact (Smuts 1978; Sinclair 1992).

The situation in Serengeti, on he other hand, is completely different from Kriiger
National Park. Wildebeests numbering several ten thousands and occasionally even
several hundred thousands follow the seasonal rainfall regime and move from the
south-eastern park area to the northwest and north with short stopovers, and do not
return to the starting point before the onset of seasonal rains (Fig. 2.18). In absence
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Fig. 2.18 Seasonal migration of wildebeest herds in the Serengeti-Mara area. The herds move
regularly beyond the park boundaries. Modified from Leuthold (1977a; see also Sinclair 1995)
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of most wildebeest in this area, lions and hyenas rely mainly on topi (Damaliscus
lanatus), hartebeest (Alcephalus buselaphus) and wart hogs (Phacocoreus aethi-
opicus), while they kill only 1 % of wildebeests. Thus, after the rinderpest had
become extinct, wildebeest numbers increased five-fold and also African buffalo
sharply increased (Sinclair 1979a, b, 1983; Sinclair et al. 1985; Huston 1997). In this
case, the seasonal migrations of wildebeest herds relativized the predators’ impact
(see also Maddock 1979).

Development of the mule deer population (Odocoileus hemionus) on Kaibab
Plateau located north of Grand Canyon (Arizona) has been mentioned in many
textbooks. Between 1906 and 1924 (Rasmussen 1941; Klein 1970) mule deer popu-
lation erupted from about 4,000 to 100,000 animals. The eruption ran parallel to the
decline of mountain lions (Felis unicolor) and coyotes (Canis latrans), which were
killed whenever possible. Thus, the eruption of mule deer appeared to have been the
result of insufficient control by predators. In the view of Lauckhart (1961) and
Howard (1965), however, decrease of sheep grazing and modification of the habitat
by fire were the decisive factors. Between 1889 and 1908 sheep numbers had
declined from 200,000 to 5,000. Thus, the decrease of predators has probably been
of minor importance.

At closer sight, fluctuations of wild ungulate populations that were readily
ascribed to predator—prey relationships often turned out to be more complex than had
been assumed. Considerable fluctuations in the Delta caribou herd (Alaska) were
ascribed to predation (wolves, bears, eagles) and adverse weather conditions during
winter. Yet, harassment by mosquitos and bot flies (Cephenemia trompe, Hypodermia
tarandi) must also be considered (Morschel 1996, 1999: Morschel and Klein 1997).
These insects continuously attack and irritate grazing caribou. Escape from molesting
insects increases expenditure of energy and impairs storage of sufficient fat reserves
that caribou need to survive the cold season (cf. moose on Isle Royale). Therefore, it
seems plausible that a warm summer with myriads of mosquitos and bot flies may be
involved in population crash during the subsequent winter. Wolves and other predators
profit from the weakened physical condition of caribou.

Altogether, predation pressure and resultant effects on habitats and biocoenoses
vary due a bundle of at least partly interacting factors. The loss of large predators
may certainly have far-reaching effects on ecosystem function and balance (see also
Estes et al. 2011). As local and regional conditions play an important role in this
respect, it is hard, however, to set up a general rule.

2.3 Effects of Herbivores: The Role of Food Requirement,
Consumption and Supply

While carnivores rely on individual prey animals being at a certain place at a certain
time, forage plants of herbivores are usually distributed over comparatively large areas.
Forage usually has a relatively low and much varying nutritional value (Jarman and
Sinclair 1979; Senft et al. 1987) compared to the carnivores’ prey. The influence of
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Fig. 2.19 Relationships between forage supply and forage demand of herbivores. Scheme by
F.-K. Holtmeier

herbivores on vegetation depends on many factors that are interrelated via food
demand and supply (Fig. 2.19). These interrelationships are very complex and
require a detailed, well differentiating, approach. Herbivorous mammals and birds
will be considered next.

The amount of food required by herbivores depends on the quality of available
forage. Moreover, food requirement is influenced by numerous specific physical
and physiological characteristics of the herbivore species as well as by animal popu-
lation density, social and age structure, sex ratio, physical condition and season.
Thus, the quantity of consumed phytomass differs. In woodlands, for example, all
herbivores together consume less than 10 % of the phytomass only, which is very
low compared to other ecosystems such as grasslands. On a worldwide average,
herbivores may use between 30 and 50 % or even more of the aboveground phyto-
mass and presumably about 25 % of belowground parts (Coleman et al. 1976;
Ingham and Detling 1984; Sala 1988; Chew 1994). Belowground phytomass is used
mainly by nematodes and other invertebrates. Even in high-arctic tundra, muskox
(Ovibos moschatus) consume up to 50 % of the aboveground phytomass (Sect. 3.3.1),
which comes nearer to phytomass consumption by mammalian herbivores in tropical
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grasslands and is much more than consumption of primary production by mammalian
herbivores in temperate forests.

Loss of foliage due to herbivory may impair carbon gain and cause high root
mortality, which again reduces water and nutrient uptake (Clancy et al. 1995) and
possibly impairs competitiveness. On the other hand, reduction of the transpiring
plant surface reduces moisture stress. Under certain conditions, severe browsing
may stimulate sprouting of new shoots and foliage. Not least, excreta of insects, for
example, and their carcasses increase mineralization and thereby availability of
nutrients that again enhances productivity (cf. Fig. 2.7).

It is not only the amount of phytomass consumption that matters but also its form
when it is consumed. Consumption of the same quantity of energy in the form of
fully developed leaves, for example, will have different effects on a tree or a tree
stand than feeding on young shoots or eating buds and seeds. Seed consumption
or bud clipping may impede or even prevent natural regeneration. Bank voles
(Clethrionomys glareolus) and yellow-necked field mice (Apodemus flavicollis), for
example, not only feed on the seeds of beech, maple, fir and spruce but often destroy
also plantules of these trees in spring time (Drodz 1966; Ashby 1967; Turcek 1967,
Watts 1969; Baumler and Hohenadl 1980). This impact may result in overaging of
forests and radical changes of stand structures. On the other hand, seed dispersal by
animals may sustainably influence composition, succession and structure of the
plant cover, thereby modifying habitat conditions and biocoenoses (e.g., Laws
1970; Whicker and Detling 1988a, b; Vignolio and Fernandez 2010). As to the con-
sequences of phytomass consumption, phenology (season) and succession stage of
vegetation after forest fires, grassland fires or clear cutting, for example, play an
important role. Even minor effects may have far-reaching consequences to these
ecosystems. Thus, herbivores — and also carnivores — mainly influence ecosystems
as regulators rather than by transmission of energy (Chew 1994). These effects,
however, are hard to be quantified but not less effective than consumption of phyto-
mass by insects for example (see also Janzen 1983). Therefore, information only on
the amount of phytomass consumed by insects during a mass-outbreak, for exam-
ple, does not sufficiently explain ecosystem response to the insect impact.

As to the possible effects of grazing, the vegetation mosaic may be of major
importance. It often results from previous grazing. The mosaic usually consists of
plant communities characterized by different grazing tolerance. Studies on that
issue were carried out for example by Turner and Stratton (1987) on Cumberland
Island which is located close to the ocean coast of Georgia (USA).

The vegetation pattern on the extended SW-NE oriented island is closely related
to the local topography and varying distance from the ocean shore. Forests are in the
higher interior part, while salt meadows occur along the west side and dunes at the
east side. Feral horses, cattle and feral pigs were roaming over the entire island until
1974. After removal of cattle and reduction of pigs, about 200 horses and numerous
white-tailed deer (Odocoileus virgianus) remained on the island. Deer population
considerably increased after hunting had stopped and predators had become
eradicated. The horses mainly use salt meadows and grassland. They also enter the
forest, however, although it does not cover their forage requirement. In contrast to
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forest vegetation, intensively used salt meadows and grassland rapidly recover from
ungulate impact. White-tailed deer have affected plant cover in a similar way. They
graze mainly at the upper fringe of the salt meadows, on open grassland and between
the dunes. Salt meadows and grassland look like mowed lawn often interspersed
with open patches. Deer, however, also browse on broad-leaved trees and shrubs in
the island interior. In the oak stands (Quercus virginiana), undergrowth is practi-
cally missing due to the deer effects and also because of fire. Grazing impact on the
forest will increase if deer become more numerous and forage runs short in the
areas outside the forest. In the end, the high grazing tolerance of salt meadows and
grassland supporting large numbers of white-tailed deer is the driving factor of
forest composition and structure change.

Regular interactions of herbivores and fire play an important role in many forest
and grassland ecosystems. Tropical grasslands are particularly prone to fire during
the dry season. The development of the open Hagenia-forests on the southern slope
of Mt. Kenya for example, that are formed by very old and tall trees with diameters
(breast height) of 4-9 m has been supported by wild ungulates, in particular by
buffalos. These have reduced the forest undergrowth to a herb layer and thus
removed most combustible material. As fire, however, is a precondition for natural
regeneration of these forests, they have not been able to regenerate for a long time
(Lange et al. 1997). On the other hand, forest and grassland fires may considerably
influence natural succession because many herbivores may profit from better
forage quality, whereas the foraging habitats will become less attractive to the
herbivorous mammals in case fires are absent for a longer period of time (e.g., due
to fire fighting).

2.3.1 Spatial and Temporal Influences of Foraging Behavior

Large herbivores and ruminants have been assigned to four major types of feeders
(Hofmann 1973, 1978, 1989): concentrate feeders, mixed feeders (preferring
browse), mixed feeders (preferring grass and bulk), and roughage feeders (grazers).
The majority of forest species are small, and most of them are concentrate feeders.
Species living in steppes are usually larger and belong to the grazers. In savannas,
the proportion of large mammalian herbivores is even greater and consists mainly of
bulk and roughage feeders (Cumming 1982).

Depending on the groups of herbivores their use of phytomass varies to a more
or less great extent, as not all potential food is available and digestible. A herbivore
species usually feeds on one or a few vegetation layers, while others are out of
its reach. Roe deer for example use the field layer and shrub layer, whereas most of
the tree layer is inaccessible for them. Elephants (Loxodonta africanus, Africa;
Elephas maximus, India) are able to browse low savanna trees, whereas adult giraffes
(Giraffa camelopardalis) easily reach tree crowns up to five meters above the
ground (Photo 2.3). Consequently, there is no competition for food between both
large herbivores.
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Photo 2.3 Giraffe (Giraffa camelopardalis) browsing the lower part of a treetop at about five
meters above ground in Tsavo National Park, Kenya. W, Leuthold

Some herbivores species of different taxa feed on the belowground parts of plants
such as roots, rhizomes, bulbs, tubers, etc. Parasitically living nematodes, for example,
many other invertebrates as well as fossorial rodents and many insect species belong to
this group. Grizzly bears (Ursus arctos horribilis), other brown bears (Ursus arctos)
and black bears (Ursus americanus) are omnivores using aboveground vegetation
(grasses, herbs, berries, pine nuts) as well as bulbs, tubers and roots (Holcroft and
Herrero 1984; Kiihnlein and Turner 1991; Butler 1992; Mattson and Reinhart 1997).
Moreover, they prey on animals ranging in size from moose to insects.

Food selection depends not only on the herbivores’ preferences (types of feeders;
Hofmann 1973; Coe 1981) but also on availability, palatability and digestibility of
food, which again depends on a bundle of factors (Table 2.2). Storage of nutrients
and development of secondary compounds as well as physical defenses such as
thorns, spines and trichosomes influence forage quality. The stored reserves enable
plants to survive extended cold or dry periods and to recover from damage by climatic
factors and herbivory by thriving substitute new shoots and foliage. In general, the
stored nutrients are easily digestible.

Herbivores usually prefer forage with a narrow C/N ratio. Thus, early successional
stages after forest fires, clear cutting or wind throw, for example, are particularly
attractive to the herbivores. Plant tissue improving stability (wood) or resistance to
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Table 2.2 Availability Components Availability (%)
of nutritive elements for
. . Soluble 100

ruminants. Modified from carbohvdrates

Van Soest (1982) ycrates
Starch >90
Organic acids 100
Protein >90
Cellulose 43-73
Hemicellulose 36-79
Lignin 0
Cutin 0
Silicic acid 0

herbivory such as high amounts of fibre, lignin, cutin, phenols, terpenes or alkaloids
(cf. Fig. 2.19) reduce the nutritional value of plants (Van Soest 1982; Coley et al.
1985). Grasses re-sprouting after heavy grazing are usually relatively rich in pro-
teins. At moderate grazing, however, proteins decrease, whereas fibrous tissue
increases. Consequently, a thick litter layer accumulates. Its relatively wide C/N
ration and the cool and humid conditions, as well as light deficiency under the grass
cover, impede mineralization and re-growth of grasses. As a result such areas
become less attractive to the grazers (Bakker et al. 1983).

Studies on the impact of red deer (Cervus elaphus) on subalpine meadows in the
Swiss National Park (Lower Engadine, Grison) provided evidence that the relative
proportion of fibrous tissue in grasses and herbs increases more slowly compared to
the protein content during the growing season than was observed in undisturbed
areas (Holzgang et al. 1996). Studies on the effects of different management
practices on the lumbricide fauna on urban lawns showed that the multi-cut English
lawn provided much more protein-rich and low-fibre food to the earthworms than
lawns mowed less frequently (Keplin 1995; Broll and Keplin 1995). It may be
considered as a rule that on intensively grazed pastures the protein (nitrogen)
content increases in food plants, whereas on slightly grazed pastures the amount of
fibrous tissue (carbon) is comparatively high.

Elephants probably are the most important generalists among herbivores at all.
They feed on more than 100 plant species (Bax and Sheldrick 1963) comprising
grasses (50 % during rainy season, up to 95 % the other time of the year), leaves,
twigs, bast tissue (phloem) of woody shrubs and trees, roots and rhizomes. Marmots
(Marmota spp.), for example, also are generalists. They however prefer plants and
parts of plants rich in carbohydrates and protein (young shoots and leaves, flowers,
buds) as well as tubers and roots. Their diet changes seasonally however (Bibikov
1996). Thus, they use almost all plants within their reach. Many other herbivores
are selective feeders using only plants with a particularly high nutritional value
(e.g.,roe deer, Capreolus capreolus;impalas, Aepyceros melampus; topi, Damaliscus
lunatus). Common field voles (Microtus arvalis) for example rely on certain plants
or parts of plants to cover their energy demand. During a controlled feeding experi-
ment it became obvious that about 90 % of the voles that were fed with fresh grass
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every day died after 8 days due to emaciation. After clover, carrots or food rich in
carbohydrates and fat were added, survival rate increased (Pelz and Lauenstein
1989). A few species are extremely specialized such as the Great Panda (Ailuropoda
melanoleuca) which feeds exclusively on bamboo. The Koala (Phascolarctos
cinereus) relies on certain Eucalyptus species, and mulberry silk moth (Bombyx
mori) is specialized on mulberry trees. Grey squirrels (Sciurus carolinensis; North
America, England) feed mainly on nuts and acorns and strip the bark of trees to get
to the sugar-rich phloem (Bachmann 1971; Kenward 1989). They also plunder bird
nests. Eggs and hatched birds provide them with protein.

Reindeer take up urine-soaked snow to cover their mineral demands (Bliithgen
1942), as is also known from mountain goats (Oreamnos americanus), for example.
The Inuit make use of this behavior and apply urine into pit falls as bait for caribou.
Occasionally, reindeer also feed on lemmings, dead fish, eggs and young birds that
are rich in protein (Herre 1955; Kelsall 1968). In addition, they chew intensively on
bones and shed antlers on the ground (Jacobi 1931; Herre 1955; Kelsall 1968).
Thus, reindeer regain essential vital substances they urgently need. Almost no
antlers can be found on the tundra that has not been chewed by reindeer — and/or by
small rodents.

Pronghorns (Antilocapra americana) and bison (Bison bison) often graze on
large prairie dog (Cynomys ludovicianus) colonies. The grass vegetation, which is
kept low growing by these small rodents, is easily digestible and has a much higher
nutritional value compared to the grassland outside the prairie dog colonies
(Coppock and Detling 1986; Krueger 1986; Whicker and Detling 1988a, b). This is
important all the more, as the local conditions may force ungulates to use also hard-
digestible plants such as big sagebrush (Seriphidium tridentatum). Sagebrush occa-
sionally is an important supplement food. As sagebrush, however, is very rich in
terpenes and fibre, mule deer and other ruminants select plants that have compara-
tively low levels of such toxic compounds. The ruminants vary their consumption of
sage in relation to other food plants. When these animals are forced to subsist pri-
marily on sagebrush, high mortality may be the result (Delella-Benedict 1991).

Roe deer have a relatively small rumen. That is why they rely on easily digestible
and energy-rich forage (selective browser). On meadows, for example, they nibble
flowers and herbs while in forests they take fresh shoots of shrubs and low trees as
well as acorns, chestnuts, berries of mountain ash (Sorbus aucuparia) and wild
service tree (Sorbus torminalis), for example (Hofmann 1977, 1978). In case a habi-
tat does not provide sufficient easily digestible and energy-rich browse, roe deer
cannot survive (Eisfeld 1975). Feeding only on hay, for example, roe deer would
starve to death although the rumen is full of cellulose-rich material. By contrast,
cattle and sheep as well as other large herbivores such as horses and elephants
(both are non-ruminants) are able to subsist on less digestible forage. As forage
remains in the digestive tract for a comparatively long time (e.g., white-tailed deer,
45 h; cattle, 48 h) and due to much gastric juice rich in microorganisms, they
are able to digest more than 50 % of the ingested plant tissue (Van Soest 1982;
Robbins 1983). On the other hand, bulk or roughage feeders such as the European
bison (Bison bonasus), for example, do not tolerate very protein-rich and easily
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digestible forage. Their digestion will collapse after a while due to over-acidification
(Hofmann et al. 1998).

The forage preferences of cervids also are clearly related to the nutritional values
of the food plants. Studies on forage and rumen content in black-tailed deer and
caribou in Alaska showed that the cervids browse the most energy-rich plants
during spring and summer until their nutritional values gradually decrease parallel
to increasing fibrous tissue. Afterwards, they move to areas where the preferred
food plants are still at the early stage of seasonal development (Klein 1962, 1968,
1970). In winter, herbivores have a hard time to find sufficient easily digestible
and energy-rich forage. Not all parts of plants have the same quality in this respect.
In branches and twigs of birch, for example, secondary compounds enrich towards the
end of the grazing season. Some of them act as defenses. Moreover, the proportion
of fibrous tissue increases parallel to diameter growth. Thin branches and twigs are
easily digestible, but they do not provide much energy and their content in defensive
substances is relatively high. Thus, it is important if not even crucial for browsers to
find the ‘right’ twigs (Palo et al. 1992).

The digestive tract of rabbits (Oryctolagus cuniculus) and hares (Lepus spp.) is
comparatively small and contains little gastric juice. Consequently, only less than
10 % of their fiber-rich food (e.g., grass cellulose) can be used efficiently. Therefore
their droppings, that are produced in their relatively long blind gut, contain still
much plant tissue with protein content of 2040 %. Moreover, the droppings contain
about the fourfold amount of vitamin B1 (so-called vitamin droppings; Scheunert
and Zimmermann 1952) compared to normal excreta. Rabbits and hares as well
pick up the droppings directly from the anus — young animals from the mother’s
anus — and ingest them without chewing. In the stomach, the dropping become
mixed with the chyme and digested a second time (Leicht 1979). Afterwards, the
droppings contain less than 10 % protein (see also Thacker and Brandt 1955; McBee
1971). This uptake of droppings has nothing to do with pathological coprophagy but
is physiologically necessary for digestion. Coprophagy prevents severe vitamin
deficiency that would otherwise be lethal to the rabbits. Passing of fibrous food
through the digestive tract twice has practically the same effect as rumination.

Grzimek and Grzimek (1960a, b) were the first who found that the huge herd of
ungulates in the Serengeti neither graze all areas nor use all grass species at the
same intensity and that they prefer grasses with higher protein content. Likewise,
food selection differs between the ungulate species due to their different digestive
systems (Sinclair 1974a, b, 1977; Jarman and Sinclair 1979). Impalas and topis both
are selective feeders. Graceful impalas (small body size and a weight of about
50 kg) prefer short green, soft and leaf-rich grasses while rejecting any tall and hard
grasses. During the dry season, when fibrous tissue in grasses increase, impalas
increasingly browse fresh leaves, flowers and fruits of woody plants. Topis, double
the size of impalas, feed preferably on the protein-rich parts of grasses, whereas
they do not take fibre-rich stalks and leaf sheaths. Nevertheless, these antelopes are
not able to completely use the abundant grass vegetation during the rainy season to
the extent that African buffalos (weight 4,000-7,000 kg) can. Buffalos are not
choosy and consume large quantities of green grass without being able, however, to
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completely digest the fibrous matter (Jarman and Sinclair 1979). Digestation
efficiency decreases particularly during the dry season when the forage protein
content decreases from 8 % to less than 3 % (Sinclair 1977; Botkin et al. 1981).
Presumably these large ruminants, profiting most from the high grass quality during
the rainy season, store protein reserves on which they rely during the dry season
(Jarman and Sinclair 1979).

Forage of zebras (Equus burchelli), for example, wildebeests and Thomson
gazelles (Gazella thomsoni) does not much differ as to the grass species consumed.
These ungulates, however, prefer different parts of the food plants. Zebras for
example feed on coarse-fibred stalks that they digest easier compared to wildebeest
and gazelles, although zebras are non-ruminants. After the grassland has been
grazed by zebra, wildebeest can reach the low green stalks and graze them almost to
the ground. Then antelopes follow which use the shooting new grasses that are rich
in nutrients and growing at high density (Bell 1970).

Innidation of large herbivores in savanna ecosystems by selective feeding and
seasonal migrations appears to be less perfect than might be assumed in view of
repeated descriptions in literature. Occasionally, a little overlapping of two herbivore
species feeding on the same plant species may be enough to strictly limit the food
resource for one of the two species. Such interspecific competition occurred for
example in the Serengeti during the dry seasons 1967 and 1969. About 1,000 wilde-
beests —i.e. 7 % of the total population — moved to the riverine grasslands that is the
preferred habitat of African buffalos (ca. 2,400 individuals). Their food source, which
is limited anyway, became further reduced by the additional grazers. In view of
the great absolute population size of wildebeest (about 1.5 million; Sinclair 1979a),
buffalos were under serious competitive pressure (Sinclair 1974a, b, 1977).

The ungulates need at least 4-5 % crude protein during dry season to maintain
body weight (Sinclair 1974a; Coe 1981). Less protein is reflected in increasing defi-
ciency symptoms. This holds particularly true for selective feeders that rely on heavy
concentrate-low roughage diet, such as Kirk’s dik-dik (Madoqua kirki), sprinbuck
(Antidorcas marsupialis) and steenbok (Raphicerus campestris). At decreasing
nutritional value of grasses, gemsbuck (Oryx gazella) may only cover its protein
demand when additionally feeding on leaves and fruit pods of shrubs and trees
(Lovegrove 1993). Even for African elephants, that subsist on a very broad diet,
nutrition during dry season may be difficult due to protein deficiency and because
of the elephants’ relatively inefficient digestive system (Benedict 1936; McCullagh
1969; Wing and Buss 1970). During dry season almost nothing else than leaves of
trees and herbs are available (Laws 1970). Thus, during the severe drought
1970/1971 in Tsavo National Park (Kenya) a large number of elephants starved to
death although their stomachs were filled with bulk plant material extremely poor in
protein (Botkin et al. 1981).

Compared to forage of the African savanna elephant, the food of the smaller
forest elephant living in the African tropical rain forests has a higher protein and fat
content, whereas the crude fibre content is lower. The diet of the forest elephant
consists almost exclusively of leaves, twigs, bark and fruits, while grasses are quan-
titatively unimportant (Merz 1982). In the rain forest, forage quality does not vary
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so much seasonally as compared to the savanna. Consequently, in the rain forest,
relatively high elephant densities of almost four elephants km=2 are possible,
without impacting the ecosystem (Laws et al. 1970). By contrast, in forest savanna
(Miombo type), more than 0.5 elephant km=2) would already exceed the habitat
carrying capacity (Fowler and Smith 1973; Cumming et al. 1997).

Apparently, interspecific competition of large herbivores species in the savanna
depends not only on different digestive systems but also on the different anatomy
of their mouth and denture. Hippos (Hippopotamus amphibus), for example,
usually graze in areas of short grass (<15 cm) (Lock 1972) not too far distant (a few
kilometres) from permanent water. They grasp the short grass with their sharp-edged
horny lips and may keep grass vegetation so low (‘hippo-lawns’; Verweij et al. 2006)
that other grazers such as the Kob (Kobus kob) will be unable to grasp them with
their teeth. This may explain the strong increase of waterbuck (Kobus ellipsiprymnus)
and African buffalo populations in Ruwenzori National Park (previously Queen
Elizabeth National Park) after hippos were considerably reduced in 1957. Buffalo
population increased sixfold by 1968 (Eltringham 1974). On the other hand, ungulates
with slender mouths are able to select the nutrient-rich and easily digestible grasses.
They may successfully compete with the square-mouth species and preclude them
from the grazing area, as is the case in the Serengeti (Murray and Illius 1996).

2.3.1.1 Influence of the Rainy Seasons

In open savannas, population size of animals as well as quantity and quality of
forage depend on the seasonally alternating rainy and dry season (Fig. 2.20). This
has already been shown in context with the predator—prey relationships for the long
seasonal migrations of wildebeest in the Serengeti-Mara ecosystem (cf. Fig. 2.18).
Wildebeest migration extends considerably beyond the Serengeti National Park
boundary (e.g., Maddock 1979; Pennycuick 1975). However, also elephants and
other ungulates follow the seasonal rains that increase forage supply. During the dry
season, elephants, for example, rely on permanent waters, where they come together
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Fig. 2.21 Seasonal habitat
use by elephants in Tsavo
National Park (dry season
habitats dotted). The
elephants follow the local
rains at the beginning of the
wet season. Figures 1-4 show
the temporal sequence of
herd migrations. Modified
from Leuthold (1977b)

in great numbers. At the beginning of the rainy season, the elephants move to
areas where rain comes first (Fig. 2.21). They actually seem to ‘smell’ the rain.
As rainfalls vary spatially and temporally, destination and timing of the migrations
vary (Leuthold 1977).

In tropical savanna ecosystems, controlled by alternating wet and dry seasons,
the animals are important agents that occasionally are even essential for ecosystem
function and continued existence. The total biomass of large herbivores and the
amounts of precipitation (Coe et al. 1976) are basically linked related to each
other. This relationship, however is superimposed by effects of plant chemistry,
plant-available nutrients, vegetation structure, food quality (e.g., ratio of structural
and assimilating tissue) and availability (Fritz and Duncan 1994).

The distribution of vegetation and their spatial and temporal grazing pattern
are closely related to topography and the resultant catena-like distribution patterns
of soils (Morrison et al. 1948; Bell 1970; East 1984; Jensen and Belsky 1989;
Ben-Shahar 1995; Nellemann et al. 2002). Topography-dependent distribution of
soil moisture is the decisive factor as elsewhere in Africa. After rainfall and surface
runoff, percolating water moves from convex topography to the adjacent depres-
sions. As a result, shallow, leached and dry sandy soils are typical of the convexities,
whereas heavy soaked clay soils have developed in the depressions (Fig. 2.22). Up
to 3 weeks after the peak of the rainy season all grazers frequent the convex terrain,
where fresh short grasses provide optimal forage. During the dry season, ungulates
gradually move to depressions and valleys, where higher soil moisture supports tall
grass vegetation. With the exception of the topi, which already move to the moister
terrain before wildebeest, the course of seasonal movement is related to the body
size of the ungulates. Thompson gazelles, being the smallest ungulate species, leave
last for the lower terrain. At the beginning of the rainy season, the smaller ungulates
are the first to graze the convex areas, and the larger species follow later (Bell 1970).
The foraging pattern of elephants is also linked to terrain characteristics.
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Fig. 2.22 Relationships between local topography, vegetation and soils in the East African
savannas (Serengeti). Modified from Bell (1970)

Vesey-Fitzgerald (1960) has described a grazing cycle form in the Rukwa Valley
(southwestern Tanzania), which is controlled by alternating flooding and dry condi-
tions. Steep escarpments border this valley on its east and west sides. A shallow salt
lake on the valley floor is surrounded by open savanna. The grassland again is
enclosed by open tree stands (Acia sp. and other tree species). During the rainy
season the large herbivores, with the exception of hippos, leave the flooded areas
and retreat to higher less frequently flooded terrain. These local ‘migrations’ reduce
the grazing pressure on the lower terrain for a while. Without any drop of rain peren-
nial grasses, rapidly re-sprouting after trampling damage and/or fire during the dry
season, provide enough food to grazers in the flooded areas. Some species such as
reed buck (Redunca redunca), topi and Eland antelope (Tragelaphus oryx) usually
stay near shade-giving trees, where fresh grasses sprout after fires. There are no water
holes. Zebras, buffalos, Puku (Kobus vardoni), hippos and elephants, however, pre-
fer open grassland close to watercourses, ponds and lakes (Photo 2.4). Due to this
grazing behavior the areas between the tree stands and the open areas at closer
proximity to the waters remain almost unused, though also new grasses may sprout
there after the fires of the dry season. However, these areas do not increase the
carrying capacity for ungulates of the entire grazing area.

In extremely dry years and during the hottest months, when no open water ponds
exist anymore and there is no dew-fall during the nights, dense herds of ungulates
are found on the alluvial grassland and freshwater swamps. Heavy grazing keeps
grass short and stimulates growth. As the plants contain much water, the herbivores
may subsist without drinking. In the freshwater swamps, with dominating hippo
grass (Vossia cuspidata; height 1.5 m), the large and heavy herbivores prepare
the way for the lighter ungulates by grazing and trampling down the tall grass
(Vesey-Fitzgerald 1960). In a similar way the large herds of topi, together with
zebras, Eland antelopes and buffalos, grazing in the drier plain areas during the
rainy season, keep the grass short and in a permanently active vegetative state.
However, no signs of over-grazing can be found, as it is prevented by seasonal
migration of the grazers to other areas.

The semi-permanent freshwater swamps undoubtedly are the richest food
resource. They are flooded, however, early at the beginning of the rainy season and
stay under water into the dry season. During flooding, hippo grass grows vigorously
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Photo 2.4 Elephants and impalas (right hand-side) at a water hole. Great Ruaha River, Ruaha
National Park, Tanzania. N. Holzel, September 2010

and reproduces continuously. At least for 8 months grazers are absent, with the
exception of hippos. Alluvial grassland dominated by antelope grass (Echinochloa
pyramidalis) is most widely spread. It often is flooded from the beginning of the
rainy season into February. As soon as the first rains fall grass begins to grow vigor-
ously. Flowering and seed formation are completed before the rainy season ends.
The grassland remains almost un-grazed for 5 months at least. After seed shedding
the stalks die off and nutrients are relocated into the rhizomes. Thus, it becomes
relatively unattractive to ungulates. From June onwards savanna fires may occur.
After the fires, the grasses immediately shoot up thanks to the stored nutrient reserves.
No rain is necessary. During the last 4 months of the dry season the grassland pro-
vides optimal food to the ungulates.

In peripheral dry grassland sites, the situation may become exacerbated when
ungulate herds in great numbers come in from the flooded areas. The additional
grazing may cause severe damage to the plant cover. Without this immigration from
flooded areas, the numbers of ungulates would be relatively low because of a limited
forage supply during the dry season, and no over-grazing would occur during the
rainy season. This is a further example which illustrates the great importance of how
biotopes and subunits are spatially and functionally integrated into the overall
landscape context.
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The grazing areas within the open Acacia-stands are formed mainly by annual
grasses. They are grazed in the beginning of the rainy season. At this time of year,
seedlings grow vigorously and are not very susceptible to trampling and grazing.
Before these grazing areas have reached the peak of their annual phenological
development, ungulates move to drier areas. Thus, the grasses may produce seeds
and parch without being damaged by grazing animals. The ungulates use the dried
vegetation again immediately after the end of the rainy season, provided that water
is still available. This second grazing, however, does not damage the annual plants
because they have completed their life cycle before. Moreover, dry season fires and
drying-out of the water ponds make the herds leave this area after a couple of weeks.
The grassland surrounding the salt lake is used by hippos only. After forest fires,
however, also other ungulates may occasionally graze on the sprouting fresh grass.
They, however, prefer the swamp grassland (Vossia and Echinochloa). Damage by
over-grazing never occurs on the lake shore banks influenced by brackish water.

We have to be aware that the studies on inundation were carried out when, as a
result of the rinderpest and also after it became under control, forage was abundant
over a period of about 70 years and interspecific competition was of minor impor-
tance. This changed, however, in the beginning of the 1960s, when the last cases of
rinderpest were observed in the Serengeti-plain, in Ngorongoro crater (Tanzania)
and in the Mara-Wildlife Reserva (Kenya) (Sinclair 1979a). The populations of
wildebeest and African buffalo responded by rapid increase (Fig. 2.23). The numbers
of non-ruminant ungulates (e.g., zebra), however, remained stable. This provides
evidence that ruminant population growth had to be attributed to the eradication of
the pest and not to any other factors, such as decrease of predators, improvement of
the food source or decrease of human impact (Sinclair 1979b). At the end of the
1960s wildebeest and buffalo population had more than doubled. Shortage of forage
during the dry season and increasing mortality prevented further growth of buffalo
population for a while.
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At the beginning of the following decade, the amount of precipitation consid-
erably increased, and abundant forage was available even during the dry season.
In addition, the grassland had expanded, because elephants had destroyed many tree
stands (Leuthold 1978). In response to abundant food, wildebeest and buffalo
numbers increased again (Sinclair 1979a, b). On the other hand, numbers of harte-
beest (Alcelaphus buselaphus) and impalas did not increase, probably because
wildebeests and buffalos were more successfully competing for food. In the end of
the 1970s, wildebeest numbers declined due to shortage of food during the dry
season (Fig. 2.24). Since then they stabilized at a level of about 1.3—1.5 million
individuals (Dublin et al. 1990; Campbell and Borner 1995).

This had far-reaching consequences to the entire Serengeti ecosystem (Fig. 2.25).
The strongly increased wildebeest population extended their grazing area into the
shrub and tree savanna (see also Talbot and Talbot 1963; Watson 1967; Pennycuick
1975). The herds influenced vegetation by consumption of phytomass and by
changing competition between plants under grazing pressure. First of all, herbivores
that did not compete with wildebeests and buffalos for forage profited from this
change. In the tree savanna, grazing reduced the amount of combustible material
and thus the frequency of dry season fires. As a result, Acacia-young growth increased
and probably attracted giraffes (Giraffa camelopardalis). In any case, female giraffes
prefer the foliage of young trees to that of old Acacia-trees. The changes of the plant
cover brought about by the dominating large herbivores were most conspicuous in
the open savanna grassland. The population of topi, hartebeest, warthogs, Grant
gazelles (Gazella granti) and Thomson gazelles (Gazella thomsonii) considerably
increased during the 1970s. Oryx (Scimitar horned oryx, Oryx dammah) expanded
farther west, and buffalos colonized the periphery of the tree savanna, which had
been too dry for them before. The populations of grazers (impalas, topis and harte-
beests), that were common to the tree savanna before precipitation increased, did
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Fig. 2.25 Effects of increasing dry-season precipitation on fauna and vegetation in the Serengeti
during the 1970s. Filled arrows mean increase, open arrows mean decline. Modified from Sinclair
(1979a)

not grow because of strong competition with the herds of wildebeests that had
increased compared to the 1960s.

Seasonal habitat change due to alternating rainy and dry seasons is also typical
of marsh deer (Blastocerus dichotomus) in the Brazilian Pantanal wetlands (Tomas
and Salis 2000), for example, which is the world’s largest inland floodplain. Marsh
deer, which appears to be an intermediate concentrate selector (see Hofmann 1973,
1989), prefer leaves of protein-rich easily digestible plants. During the flooding
period marsh deer move to higher terrain even though being able to feed on aquatic
macrophytes even at >70 cm water depth (Schaller and Vasconcelos 1978). During
the dry season, they are found in the lower and wetter areas.

2.3.1.2 Influence of the Thermal Seasons

Many ruminants living in climatic zones with seasonal shortage of forage (winter or
dry season) reduce their metabolism and ‘adjust’ their digestive systems accordingly
(Hofmann 1978; National Audubon Society 1992). While in the savannas the amount
of forage, the diet spectrum and forage quality vary in response to alternating rainy
and dry seasons, outside the tropics the alternating thermal seasons are the con-
trolling factor (e.g., Mraz 1960; Klotzli 1965; Remmert 1973; Ellenberg 1974;
Schroder 1977; Hofmann 1978; Hespeler 1992). Likewise, energy demand and
protein demand, in particular, are influenced by the thermal seasons. During the
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gestation period and lactation period, in particular, female reindeer or deer hinds, for
example, need protein-rich forage to produce sufficient milk for rearing their
calves and to cover their own energy demand. Insufficient summer browsing may
considerably impair productivity (Julander et al. 1961). Female cervids stressed by
parturition and calve-rearing lose body weight. During the warm season hinds must
compensate for the weight loss and increase body weight to as much as they need to
survive the following winter when food runs short (Torbit et al. 1985). Body weight
also influences fertility, pregnancy and reproductive age (Klein 1970; Mitchell and
Brown 1974; Clutton-Brock et al. 1982; Albon et al. 1983a, b). Studies in the Blue
Mountains (northeastern Oregon/southern Washington) on protein content of food
plants and protein requirement of American elk and mule deer showed — considerable
variation of the data disregarded — that forage quality is still relatively high at the
end of pregnancy and just sufficient at the beginning of lactation. After the peak of
lactation until autumn, however, forage no longer meets the protein demand of
deer (Fig. 2.26). In late autumn, the protein content of forage decreases to 7 %
(~the subsistence minimum; French et al. 1955; Mould and Robbins 1981). Protein
undersupply lasting from summer through winter must be compensated by deer
during the following spring and early summer.

From parturition to next heat, roe deer need the fourfold amount of metabolic
energy provided by forage compared to energy required when resting (Hespeler
1992). In winter, basic metabolism energy is very low. The energy demand of roe
deer, which were able to store sufficient fat reserves in autumn, ranges only a little
above energy needed at rest (Ellenberg 1974). Stress and disturbances, however,
raise energy expenditure drastically. Even slow motion increases resting metabo-
lism in roe deer by 45 %, stress due to disturbance by 100 % and escape even by
130-210 % (Wiener 1975). Even in our intensively used cultural landscapes, roe
deer, however, appear to have become relatively tolerant to disturbances by human
landscape use (agriculture, outdoor recreation, traffic, etc.). Consequently, energy
expenditure due to stress might be a little reduced. In richly structured landscape
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Fig. 2.26 Protein content of different forage plants and protein requirement of American elk
(Cervus canadensis) and muledeer (Odocoileus hemionus) in the Blue Mountains (eastern
Oregon). Modified from Irwin et al. (1994)
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abundant forage is available almost all year round, in particular along forest edges,
tree groves and hedges (Kurt 1991). Even a large cemetery near the city of Miinster
(Germany), for example, has become a favorite roe deer habitat. It is safe, as hunting
is not allowed, and provides ample food, in particular fresh flowers on the graves.
Salt licks have recently been installed in a nearby riparian area to lure roe deer away
from the cemetery, and an above 2 m high fence is being built to prevent roe deer
from coming back. By contrast, poorly structured economic forests usually do not
provide sufficient quantities of energy-rich forage. As a result, damage by browsing
caused to afforestation and natural regeneration increases.

Red deer, living in habitats free of disturbances, need about five times more
energy for movement and maintenance of body temperature compared to energy
demand while resting. In mountainous terrain, energy demand for movement may
quadruple. Energy expenditure by deer escaping upslope and fighting their way
through deep snow may be 60 times higher as at rest (Fig. 2.27). In tourist regions
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such as the European Alps disturbances by human outdoor activities frequently occur
all year round, particularly during winter (downhill and cross-country skiing, etc.).
Increased expenditure of energy is particularly critical during this time of the year
as the physical condition of red deer may become severely impaired. The animals
have to compensate for energy expenditure by forage uptake. Consequently, browsing
pressure and damage to vegetation considerably increase (Onderscheka 1986;
Reimoser et al. 1987; Esslinger 1988; Petrak 1988; Herbold et al. 1992; Reimoser
2003; Reinhart and Mattson 1990a, b; Holtmeier 2012).

In the Alps, the situation has become exacerbated because red deer habitats are
progressively shrinking. Traditional migration routes of red deer from the summer
habitats on the mountains to the winter-grazing areas on the valley floors and in the
foreland of the Alps are largely blocked by roads, railway, canals, etc. As a result,
grazing and browsing pressure has been aggravated in the summer habitats. These are
undergoing progressive degradation. Support of red deer by winter feeding on one
hand and rigid red deer population control on the other hand are inevitable to prevent
severe negative effects on habitats and commercial forests (Onderscheka 1986).

2.3.2 Development and Effects of Plant Defensive Substances

Many plants are not grazed or browsed because they contain substances that impair
digestation (e.g., lignins, tannins, silific-acid compounds) or have direct toxic effects
(e.g., alkaloids, terpenoids, phenol glycosides). Others have mechanical defenses
such as thorns, trichosomes or glandular hairs that keep herbivores away. These
plants become positively selected in time. The same holds true for plants that tolerate
trampling. Thus, the extended matt-grass swards (Leontodo helvetici-Nardetum) on
the Feldberg (Black Forest, Germany; Photo 2.5), for example, are the result of
sheep grazing for hundreds of years (Wilmanns and Miiller 1977). Cattle grazing on
alpine pastures pull the matt-grass (Nardus stricta) out accidentally and then spit it
out because they do not like it. Mountain hikers are usually familiar with such
bunches of dead matt-grass that can regularly be found on the pastures.

Other plants respond to browsing impact by development of defensive sub-
stances (‘induced resistance; Howe and Westley 1993). Mountain birches (Betula
pubescens ssp. czerepanovii), for example, or larches (Larix decidua) which became
defoliated during mass outbreaks of the autumnal moth or the larch bud moth
respectively, produce new foliage during the current growing season. These leaves
and needles being not only smaller and less rich in protein than their first generation
have a great content of chemical defenses, such as phenols and are not suited as food
for the caterpillars (Baltensweiler 1962, 1975; Tenow 1972; Kallio and Lehtonen
1973; Benz 1974; Haukioja and Hakala 1975; Levin 1976; Rhoades and Cates
1976; Baltensweiler et al. 1977; Haukioja and Niemeld 1977, 1979; Haukioja 1980,
1982; Schultz and Baldwin 1982; Haukiojaetal. 1983; Werner 1986a, b; Hoogesteger
and Karlson 1992). It has become evident from an experiment that mountain birch
even responds to application of caterpillar excrement by thriving leaves in the next
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Photo 2.5 The vegetation on the Feldberg (Black Forest, Germany) has been grazed for centuries.
F.-K. Holtmeier, 29 September 1987

growing season that are inedible for caterpillars of the autumnal moth (Haukioja
et al. 1985).

Likewise, chemical defensive substances formed in response to overgrazing by
lemmings, microtines and snow hare make the food inedible for these herbivores
and contribute to the decline of herbivore density during the population cycles
(Haukioja and Hakala 1975; Pease et al. 1979; Haukioja 1980; Laine and Henttonen
1983). In areas with pronounced 10-year snow hare cycles (Lepus timidus and Lepus
americanus, Alaska, Siberia; Wolf 1980; Keith 1983), birches and willows produce
more defenses than in Finland, for example, where such cycles do not occur (Keith
1983; Bryant et al. 1989). In feeding trials with free-ranging and captive mountain
hares and Alaskan snowshoe hares (Bryant et al. 1989) mountain hares strongly
preferred willows with low concentration of phenol glycosides to Alaskan willows
(Salix alaxensis). Captive mountain hares refused Alaskan willow completely.
Snowshoe hares, on the other hand, showed a high tolerance for phenol glycoside in
Alaskan willows, and also consumed some Finnish willow species (Salix caprea,
Salix phylicifolia) disdained by mountain hares because of the chemical defenses in
these willows. This indicates that snowshoe hares have better adapted than moun-
tain hares to such kind of forage and are able to detoxificate chemical defenses
(Brattsen 1979; Bryant et al. 1989). At least, snowshoe hares and willows could
coevolve over a longer period of time in the ice-free Pleistocene corridor of Alaska,
whereas Finland was covered by the Weichselean continental ice sheet (see also
Bowyer et al. 1997) until about 8,000 year BP. Nevertheless, in the feeding trials
snowshoe hares also preferred more palatable forage if available.
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Secondary plant metabolites also influence litter chemistry and may impair
decomposition (Bryant and Chapin III 1986). Although numerous studies have
addressed the interactions between herbivores and forage plants (e.g., stimulation of
growth, production of defensive substances, mutualistic relationships; see also
Owen and Wiegert 1987), explanations are often plausible rather than conclusive,
or in other words, there is no lack of new hypotheses but a dearth of experimental
evidence.

Selection of food plants often depends on availability of alternatives. Thus, cattle
usually avoid mat-grass (Nardus stricta) tussocks, while single stalks of this species
are eaten when mixed with other grasses and herbs (Nicholson et al. 1970). In many
cases, selective grazing of protein-rich and easily digestible plants leads to
dominance of less palatable species producing defensive substances. On the other
hand, long-lasting grazing pressure must not necessarily support expansion of such
species. Occasionally, particularly nutrient-rich and easily digestible plants may
also profit and spread if tolerant (Augustine and McNaughton 1998).

2.3.3 Feeding Specialists and Generalists: Their Influence
on Species Diversity

The effects of foraging specialists and generalists on composition and development
of the plant cover differ. Thus, diversity may either increase or decrease (Harper
1969). In case an area is grazed by generalists, plant species intolerant of grazing are
most affected. If these plants are little competitive, they may become eliminated and
species richness will probably decrease. By contrast, reduction of the highly com-
petitive species at moderate grazing intensity by generalists may possibly increase
species richness, because species suppressed so far may better develop. If grazing is
precluded, the highly competitive species will soon prevail afterwards (see also
Tansley and Adamson 1925; Klétzli 1977).

Too intensive grazing also leads to decrease of diversity as the herbivores will not
find their preferred food plants at sufficient quantities and switch to other species
that may be unable to survive under severe grazing pressure. On Schiermonnigkog
(western Frisian isles), both a sudden increase as well as decrease of wild rabbit
grazing pressure on dune vegegation resulted in loss of species, while moderate
grazing led to maximum species diversity (Fig. 2.28; Zeevalking and Fresco 1977).
In the Serengeti, McNaughton (1979b, 1983) found the highest species diversity in
places moderately grazed by large mammalian herbivores (see also Naveh and
Whittaker 1980). It may however be left open whether these findings can be taken
for a general rule.

As to the effects of selective grazing it depends on whether the herbivores prefer
highly competitive plants or species with low competitive capacity. In the first case,
diversity increases, in the latter it declines. Thus, sheep grazing of swards domi-
nated by perennial ryegrass (Lolium perenne) and white clover (Trifolium repens)
increased species diversity (Jones 1933), whereas sheep pastures in the highland of
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Fig. 2.28 Change of plant species under the influence of different grazing pressure (Scale 1-5) by
rabbits on sample sites (1 m?) on sand dunes (a—e) and on average (f). Modified from Zeevalking
and Fresno (1977)
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Fig. 2.29 The influence of ungulate browsing (Chamois, red deer and roe deer) in montane
mixed forests in Upper Bavaria. Filled arrow heads mean increase, open arrow heads decrease or
impairment. Solid arrows mean strong impact, broken arrows mean minor influence. Scheme by
F.-K. Holtmeier, from different sources

Wales, where grasses prevailed that were largely rejected, such as purple moorgrass
(Molinia caerula) and red fescue (Festuca rubra), benefitted from grazing (Milton
1940, 1947). Under the influence of grazing vegetation mosaics may develop which
considerably differ from the surrounding plant cover.

In submontane/high montane mixed forests of Upper Bavaria (Fig. 2.29), having
an enormous regeneration potential by nature, as is reflected in great numbers of
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seedlings and young growth (Schuster 1990), browsing by chamois, red deer and
roe deer has impaired natural regeneration. As a result, fir, mountain maple and other
additional deciduous tree species decreased, while Norway spruce became domi-
nant (Meister 1969; Bernhart 1988, 1990). Consequently, the mixed forests often
develop into stands rich in grasses but poor in other species. Competition between
grasses and regeneration of the forest forming tree species gradually increases
(e.g., Meister 1969; Gossow 1976). Moreover, voles (bank vole, yellow-necked
field vole) profiting from the expansion of grasses, increasingly prevent regrowth of
deciduous trees (Schuster 1990.

In the Swiss National Park (Lower Engadine, Grison), grazing pressure on aban-
doned subalpine pastures by red deer has increased since the 1940s. As a result, not
only vegetation structure and composition considerably changed but also the number
of species on small plots markedly increased (Schiitz et al. 2000). Some species
could colonize these patches only because of the red deer impact. Grazing-tolerant
plants, in particular, as well as low-growing rosette plants and plants rejected by red
deer, benefitted from the grazing pressure. On heavily grazed long-term sample
areas, species number increased by 250 % (by 100 % on average), while it slightly
declined (by about 6 %) on the slightly grazed patches.

Marmots (Marmota spp.) also modify the plant cover at the micro scale by grazing
and burrowing. The magnitude of these changes depends on moisture conditions
and productivity of the plant communities. Growing marmot impact (Marmota
olympus) on subalpine meadows in the Olympic Mountains (Washington, USA)
caused a slight decline of grasses and species highly preferred by the marmots,
whereas ruderal plants and plants that were left untouched considerably increased.
Moderate marmot impact, however, reduces dominant species and increases the
diversity of the plant community (Del Moral 1984).

In South Dakota (Wind-Cave-National-Park), highest species diversity as well as
the highest total number of species were found in recent prairie dog colonies. The
high species diversity resulted primarily from invading grasses and herbs. Species
diversity decreased towards the edge of the colonies and was higher compared to
undisturbed areas. Alterations by prairie dogs were most conspicuous during the
first 8 years after the colony became established. Later, species diversity declined
again due to the expansion of sagebrush (Artemisia frigida). About a half of the
grass species vanished again in response to the increased prairie dog impact.
Presumably, the growing competition between shrubs and grasses speeded up this
process. A similar situation was found in other areas (Coppock and Detling 1986).
However, it is also possible that the prairie dogs’ preference of grasses caused the
decrease, although prairie dogs usually consume also considerable amounts of
shrubs and herbs (Koford 1958). Moreover, bison, which often graze on prairie dog
colonies, may have contributed to the decline of grasses (Coppock and Detling
1986). Although general statements on the impact of herbivores on vegetation can
only be made with special regard to the local conditions and based on long-term
studies, also this example shows that herbivores are able to reduce dominant species
and encourage less competitive species.
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Fig. 2.30 Plan view of a
field vole (Microtus agrestis)
colony (above) on a rich
meadow. A — Nest area,

B — Foraging area,

C — Unaffected area. The
arrows show the direction of
aboveground food transport
from the foraging area to the
subterranean nests. There and
along the vole paths nutrients
accumulate (below). Modified
from Leucht (1983)

On permanent mesoxerophytic meadows (Mesobrometum) and rye-grass
meadows (Arrhenatheretum) on the ‘Schaffhauser Randen’ (foot hills of Swiss
Jura), microsites were found to be considerably influenced by food selection and
excrement of voles (Fig. 2.30). Voles graze on both sides of the vole paths and carry
food plants and nesting material into their burrow system. There and along the
runways, remains of food, stored food and excrement accumulate. The already
crushed plant matter and the mineral-rich excrement accelerate mineralization, even
if the organic matter consists of substances hard to decompose. Thus, the mineral
nutrients become readily available to plants. Almost homogeneous meadows became
converted into a varying vegetation mosaic with considerably higher vegegation
and biomass on the patches influenced by voles compared to the vole-free sites.
Heterogeneity, species richness and diversity increased in particular on the mesoxe-
rophytic meadows (Leucht 1983).
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As to species population and diversity, both grazing intensity and the season of
grazing are of major importance. From studies in North Australia it has become
obvious that intensive cattle grazing of tall-grass savanna, for example, at the
onset of the monsoon considerably influences species composition and production
(Ash and Mclvor 1998). Even after 2 years of intensive grazing, vegetation had
not recovered and compensated the loss of phytomass. The previously dominating
tussock grass (Themedra triandra) had declined while herbaceous plants had
increased. Species richness and diversity had also considerably changed. Preservation
of the original communities and recovery of particularly grazing-intolerant plants as
well as compensation of the loss of phytomass could only be achieved by drastic
reduction of grazing. By contrast, comparatively intensive grazing during the dry
season had no consequence worth mentioning.

2.4 Effects of Cyclic Mass-Outbreaks and Other Mass
Occurrences of Animals

The effects of defoliation by phyllophagous insects during mass-outbreaks on
vegetation and flows of matter have already been briefly addressed (Sect. 2.1.1). A few
more detailed examples will be given in this section. Mass-outbreaks occurring at
certain time intervals are particularly common in some forest insect species. Insect
mass-outbreaks can be considered to be a natural ecological factor inherent to the
forest ecosystems, although the insect damage (e.g., defoliation, dying trees) may
look like a catastrophe, particularly in a short-time perspective and when economic
forests are affected. Mass-occurrences may, however, also be a result of natural
hazards such as severe storms, (e.g., ‘Vivian’, 1990; ‘Kyrill’, 2007) or big forest fires
(e.g., Yellowstone fire, 1988), producing immense amounts of dead wood, and thus,
optimal conditions for bark beetles. Moreover, large-scale clear-cutting (e.g., during
and after World War II) may promote mass-occurrences of voles and considerable
increase of moose. Both voles and moose may seriously affect forest regeneration.
Contrary to the normal local damage caused by ‘too high’ ungulate populations,
defoliation during the peak of mass-outbreaks and its resultant effects usually
extend over comparatively wider areas (landscape or even regional scale). Insect
‘calamities’ may cause a change in the composition of tree species and have lasting
effects on forest structures (age classes, vertical layers, stand density, etc.). The
insect population dynamics often turn out to be cyclic. Pure forests are usually more
affected than mixed forests. Man has often contributed to the development of pure
stands, for example, by selective cutting and/or by promoting tree species of
particularly high economic value. Thus, most of the extended pure larch forests in
the Central Alps, for example, are the result of this practice. Natural succession in
many North American forests has completely changed to systematic fire-fighting.
In contrast to the central alpine larch forests, subarctic mountain birch forests
(Betula pubescens ssp. czerepanovii) have developed without similar human sup-
port. Both forests, however, are affected by mass-outbreaks of defoliation insects
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(Epirrita autumnata, Operophtera brumata, Zeiraphera diniana). Affected trees
respond to defoliation through formation of relatively small needles or leaves con-
taining little protein and great amounts of defensive substances causing the decline
of the ‘noxious’ defoliators.

In Central Europe, pure spruce forests were established in order to cover the
growing demand for industrial wood. Spruce grows comparatively fast. The spruce
forests, however, are particularly vulnerable to windthrow and subsequent bark
beetle attack, which may occasionally reach a disastrous magnitude. However, what
at first sight seems to be a ‘catastrophe’ may be a short phase of a long-term cyclicity
(Gigon 1983a, b; Gigon and Bolzern 1988).

2.4.1 Autumnal Moth and Winter Moth in Subarctic
Birch Forests

Mass-outbreaks of the autumnal moth (Epirrita autumnata, Geometridae) occur at
intervals of 9-10 years. In the most continental areas of northern Fennoscandia,
mass outbreaks are more irregular than in the Scandinavian mountains, where a
strong periodicity is typical (e.g., Tenow 1972; Neuvonen et al. 1999; Klemola et al.
2002; Neuvonen et al. 2005). Many square kilometres of birch forests may become
defoliated. In Scandinavia, more than a dozen mass-outbreaks have occurred since
1862. Birch forests in the entirety of Norway, in the southern Swedish Scandes,
Swedish Lapland and northern Finland were affected (Tenow 1975). Besides climate,
man and reindeer, the autumnal moth has probably influenced development and
structures of the subarctic birch forests in Northern Europe most sustainably.

Going by all we know, the Epirrita mass-outbreak in Finnish Lapland during the
mid-1960s was very likely the most disastrous. About 5,000 km? of birch forest
became completely defoliated (Nikula 1993). In Utsjoki (the northernmost com-
munity of Finland), an area of more than 1,300 km? was affected. About 50 % of the
birches died (Photo 2.6). Those which were less affected gradually recovered by
producing stump sprouts. However, birch seedlings were still scarce even 67 years
after defoliation. Productivity of the birch forests decreased immediately after the
moth attack. Consequently, forage for reindeer ran short. Growth rate of surviving
birches is relatively low even after a couple of years following defoliation (Nuorteva
1963; Kirchhefer 1996). Thus, it is possible to identify and date mass-outbreaks of
the autumnal moth in tree rings.

In Sweden, one of the biggest Epirrita mass-outbreaks occurred during the period
1954-1956. Birch forests in the Abisko Valley (Tornetrdsk area, Sweden) were
heavily affected. The birches became completely defoliated and died during the
following years. After having consumed the birch leaves, the caterpillars moved to
the field layer and fed on the leaves of dwarf birch (Betula nana), crowberry (Empetrum
hermaphroditum), bilberry (Vaccinium myrtillus) and cowberry (Vaccinium vitis
idaea). The dwarf shrubs became temporarily replaced by grasses, in particular by
wavy hair-grass (Deschampsia flexuosa). Some mushrooms typical of birch forests,
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Photo 2.6 Remains of a mountain birch forest (Betula pubescens ssp. czerepanovii) which was
destroyed during a mass outbreak of the autumnal moth (Epirrita autumnata) in the mid-1960s.
Northwest slope of Jesnalvaara at Kevo, northern Finnish Lapland. F.-K. Holtmeier 6 August 1998

such as rough-stemmed Boletus (Boletus scaber), could not be found for many years.
The same holds true for some insect species that rely on birch leaves for food. On
the other hand, some beetles living on dead wood profited from the dead birches.
Secondary ‘noxious’ insects, such as the large timberworm (Hylecoetus dermestioides),
attacked the weakened stems and accelerated the decline of the forest stands (Palm
1959; Tenow 1996). Simultaneously, large quantities of nutrients were added to the
ecosystem by the caterpillars” excreta and cadavers.

In the birch forests of northern Finland that were affected by the autumnal moth,
the herb layer rapidly changed due to better light conditions on the forest floor and
an increase of nutrients in the soil (Lehtonen and Yli-Rekola 1979). Differences,
however, became apparent dependent on whether the birch forests were of the moist
or dry type. In moist forests, the increase of soil nitrogen was probably the main
cause of the development of a luxuriant herb layer richer in species compared to the
previous forest. Expanding grasses (in particular, Deschampsia flexuosa and Festuca
ovina) and herbaceous plants improved the food source for reindeer. On the other
hand, in the dry birch forests, rich in lichens and crowberry, almost no change
occurred. In the moist birch forest, however, a retrograde development became
obvious after 6-8 years, and not much was left of the secondary lush field layer.
Dwarf shrubs (Vaccinium spp. and crowberry) and reindeer lichens (Cladonia spp.)
could expand at the costs of the nutrient-rich grass- and herb-vegetation. Thus, the
character of the vegetation became different from that of the birch forest prior to the
mass-outbreak (Lehtonen and Yli-Rekola 1979).
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Fig. 2.31 Depression of the upper birch forest limit (Betula pubescens spp. czerepanovii) follow-
ing the mass-outbreak of the autumnal moth (Epirrita autumnata) on Ailigas (east of Karigasniemi,
northern Finnish Lapland) in 1927. Modified from Nuorteva (1963)

In view of the extent of the ‘eco-catastrophe’, some authors (Kallio and Lehtonen
1973, 1975; Lehtonen and Yli-Rekola 1979) believed that about 1,000 km? in
northern Finland would turn into treeless ‘tundra’. This holds true for areas lacking
birch seedlings or where occasional seedlings are destroyed by reindeer or small
rodents (Seppéla and Rastas 1980; Heikkinen and Kalliola 1989). That is why earlier
Epirrita mass-outbreaks were followed by a decline of the upper birch treeline
(Fig. 2.31; Kalliola 1941; Nuorteva 1963; Kallio and Lehtonen 1973; Holtmeier
1974, 2009; Holtmeier and Broll 2006), as is evident from numerous rotten birch
stumps far above the present birch forest limit (Holtmeier et al. 2003; Holtmeier and
Broll 2006). However, even heavily damaged birch forests may occasionally
recover, mainly by producing stump sprouts (Vaarama and Valanne 1973; Holtmeier
1974). Birches may thrive as stump sprouts even after decades, and thus, produce
new stems (see also Photo 2.25; Holtmeier 1974, 2005b, 2012; Heikkinen and
Kalliola 1989). In spring, reindeer are especially drawn towards browsing the tips of
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young shoots, as the new leaves and buds are rich in protein (Fig. 2.32). Browsing
and even destruction of stump sprouts do not really threaten regeneration of the
birches, as new sprouts are regularly produced. However, if these become repeatedly
destroyed, vegetative reproduction of birch, and thus, forest recovery from defoliation
by Epirrita may fail (Lehtonen 1987). This has happened in extended areas in Utsjoki
(northernmost Finland), for example, where reindeer numbers are very high. While
in the birch forests, particularly in open stands, regeneration from seedlings and also
from basal shoots is abundant, seed-based regeneration decreases abruptly above the
birch stands at higher elevation and birches in the treeline ecotone, where seedlings
are comparatively scarce (Holtmeier et al. 2003). Root rot caused by saprophytic
fungi gradually spreading from the decaying root stock into the new shoots may
impair recovery of birch (Lehtonen 1987). Infected birch trees respond by excreting
compounds that may prevent further expansion of root rot into the new stems
(so-called compartmentalization), at least for a while, as has also been observed in
many Epirrita-damaged areas in northern Finland (Holtmeier 2005b, 2009).

On open windswept terrain, the decline of birch forests due to mass-outbreaks
of the autumnal moth may also be detrimental to juniper (Juniperus communis)
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Photo 2.7 After a mass outbreak of the autumnal moth (Epirrita autumnata) at Oadasamjavrik
(about 330 m) near Utsjoki (northern Finnish Lapland) the mountain birch forest (Betula pubes-
cens ssp. czerepanovii) declined. Due to the ensuing decrease of the winter snowpack the common
juniper (Juniperus communis) was no longer protected by snow and suffered from the consequent
adverse climatic conditions. F.-K. Holtmeier, 2003

growing in the understorey. As comparatively little snow accumulates between the
birch remains, juniper, previously well protected by the snowpack, becomes exposed
and damaged by ice particle abrasion and winter desiccation (Photo 2.7; Kallio and
Lehtonen 1973; Holtmeier 2005b).

After Epirrita mass-outbreaks, it usually takes many decades from first sprouting
out of the stumps until the birch leaf mass will be equal to the leaf mass before the
calamity. In Abisko Valley (Sweden), for example, birches attacked by the autumnal
moth in 1955 had reached only 75 % of the previous leaf mass 40 years later.
Additional 30-40 years are needed for complete compensation, provided no setback
occurs (Bylund 1995).

As suggested by Tenow et al. (1995), the long-term development of birch forests
is controlled by the combined effects of many interacting factors: climate, fluctua-
tions of Epirita, its parasites and predators, and birch response to defoliation
(Fig. 2.33). In general, Epirrita-mass-outbreaks only occur on old weakened birch
stands relatively susceptible to disturbances (e.g., Ruohoméki et al. 1997). Old
birches provide optimal conditions for oviposition on the flaky cracked bark and
under the lichens covering stems and twigs. The moths obviously prefer such rough
and richly-structured surfaces for egg deposition (Tammaru et al. 1995). In any
case, overwintering eggs are more numerous on old trees rather than on neighboring
young trees (Bylund 1997). Oviposition under lichens, for example, is advantageous
to the further development of the insects, as the eggs stick better to the trees and are
less exposed to egg-predators and cold winter temperatures.
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Fig. 2.33 Hypothetical development of larvae parasitism, population density of Epirrita autum-
nata and mountain birch forest after severe defoliation. K — habitat carrying capacity. Modified
from Tenow et al. (1995)

After complete defoliation, Epirrita population declines due to food shortage
and parasites. It will take a couple of years until the population increases again. The
dead birch trunks may remain in a vertical position for a decade or even longer
(Photo 2.8). They still provide favorable conditions for egg deposition, and the new
caterpillars feed on the fresh stump sprouts. And yet, Epirrita fluctuations will be
moderate during the following decades. This may be explained by the greater vitality
of the taller-growing basal shoots and reduced food quality due to defensive sub-
stances enriched in the leaves. Moreover, bad weather conditions may occasionally
affect the insects. Not least, conditions for oviposition aggravate as the dead birch
stems gradually decay. It may take up to 70 years after a mass-outbreak for leaf
mass to be as big as before complete defoliation. Food quality has gradually
improved, and the increased lichen cover on the birch trunks and twigs proves
favorable for egg deposition again. Consequently, Epirrita density increases and
culminates in a new mass-outbreak. Thus, the next cycle of birch forest develop-
ment begins.
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Photo 2.8 Recovery of mountain birch forests destroyed by defoliation during a mass outbreak
of the autumnal moth (Epirrita autumnata) in the mid-1960s, Jesnalvaara at about 300 m.
F.-K. Holtmeier, 29 August 1996

Obviously, temperatures also strongly influence birch forest recovery. Normally,
birches may thrive in leaves a second time after defoliation, provided that they can
store sufficient energy reserves in roots and stems during the growing season. Cool
and short summers may prevent a second leafing because no ‘means for repair’ are
available. During the ‘Epirrita ecocatastrophe’ (Kallio and Lehtonen 1975) in the
mid-1960s, the growing season temperatures in northern Finland were extremely
unfavorable. The thermal sums (days >5 °C) were the lowest of the twentieth
century (Mikola 1971; Kérenlampi 1972; Holtmeier and Broll 2011). Secondary
parasites (e.g., borers such as Hylocoetes dermestioides and Agrilus viridis; Palm
1959) were probably the decisive agents that ultimately caused the collapse of the
defoliated birch trees.

The birch timberline has more or less continuously receded from its maximum
postglacial position, mainly due to the general cooling until the twentieth century
(e.g., Holtmeier and Broll 2006). However, when discussing timberline dynamics,
the combined effects of climate, mass-outbreaks of the autumnal moth (and more
recently, of the winter moth) and reindeer (browsing, grazing, trampling and resultant
soil erosion) must also be considered (Holtmeier 1974; 1995b; Heikkinen and
Kalliola 1989). More recently, the animal impacts may even override positive effects
of slightly raised temperatures and counteract an advancement of the birch forest to
greater elevations (Holtmeier et al. 2003, 2004: Holtmeier and Broll 2006).

The distribution of Epirrita damage is closely related to the local climatic condi-
tions (Tenow 1972, 1975; Kallio and Lehtonen 1973, 1975; Holtmeier 1974, 2009).
Birch stands at the upper slopes are particularly affected, often up to the timberline,
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Fig. 2.34 Area of defoliation (dotted) by Epirrita autumnata on Jesnalvaara (330 m, Kevo area,
northern Finnish Lapland). The lower limit of damage is located above the winter cold air layer.
Stands of scots pine (Pinus sylvestris, dark structures) occur on the valley terraces. Scattered
stands are found on the mountain slope. Drawing after a field sketch by the present author on 27
August 1969, from Holtmeier (1974)

whereas those on the lower slopes and on the valley bottom are usually not defoliated
(Fig. 2.34 and 2.36). The upper limit of these ‘safe’ sites mostly coincides with the
upper limit of the cold air layers that usually develop during clear nights in winter.
On the mountains (~300 m a.s.l.) bordering the Utsjoki Valley (northernmost
Finland) and on the upper valley sides of tributary valleys, for example, tempera-
tures may be 15-20 °C higher than on the valley floor (~100 m a.s.l.) (Kallio and
Kirenlampi 1971; Kallio and Lehtonen 1973; Neuvonen et al. 1999). At Kevo
Research Station, located on a river terrace (~90 m a.s.l.), temperatures often drop
below —30 °C. Presumably, such temperatures kill the eggs deposited by Epirrita
under bark flakes or lichens (Parmelia olivacea) (Tenow 1972, 1996; Niemeli 1979;
Tenow and Holmgren 1987). In the Abisko area, in 4 out of 12 winters between
1955 and 1962, lethal temperatures were recorded. Between 1984 and 1994, Epirrita
eggs were killed by too low temperatures in 2 out of 11 winters (Bylund 1999).
Embryos are even less frost-tolerant. In the Abisko-Valley, —36 °C is the critical
minimum temperature during the diapause. In late winter and spring, however, during
embryo development until hatching of the caterpillars, a minimum temperature of
—29 °C is lethal already (Nilssen and Tenow 1990). Thus, the extremely low winter
temperatures on Finnmarksvidda (northern Norway) that regularly kill the eggs
probably prevent mass outbreaks of the autumnal moth in this area (Tenow and
Nilssen 1990). According to studies at Kevo (Virtanen et al. 1998), it is unlikely that
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Fig. 2.35 Mountain birch forests affected by several mass outbreaks of Epirrita autumnata in the
Tornetrésk area (Sweden). At lower elevations, birches were not affected, as the very low winter
temperatures are lethal to the eggs of the autumnal moth. The contour lines above the birch forests
are equivalent to the 1,000 m contour line. Modified from Tenow and Bylund (1989)

eggs having survived extreme winter temperatures (often below —36 °C) will be
killed by considerably higher frost temperatures in late winter and early spring.

In the northern Torentrisk area (see also Fig. 2.35), influences of the autumnal
moth and the polyphagous winter moth (Operophtera brumata) occasionally overlap.
The winter moth mainly occurs on the west side of the Scandinavian Mountains
along the west- and north-coast of Norway, where it initially affects the birch forests
at low and medium elevations. In 1964/65 —i.e., 10 years after the presumably big-
gest mass-outbreak of the autumnal moth — the winter moth irrupted and severely
affected the comparatively rich meadow-birch forests (for terminology, see Himet-
Ahti 1963) on the northern side of Tornetrisk, characterized by tall single-trunked
birches. These meadow-birch forests are favored by the relatively mild maritime air
masses from the Norwegian west coast. These regularly cross the mountain saddles
and passes (altitude 420-720 m) and influence the north side of Tornetrdsk. The
mass-outbreak of Operophtera started in the so-called ‘warm slope zone’ (Aulitzky
1968; Geiger et al. 1995) and spread from there up- and downhill. Caterpillars of
Epirrita were also involved in defoliation of the birch trees (Tenow 1996). While the
birches on the upper and lower slopes produced new leaves shortly after defoliation,
most birches in the ‘warm slope zone’ died (Sonesson and Hoogesteger 1983).
Innumerable dead stems covered the ground, and the original meadow-birch forest
has been replaced by open savanna-like birch stands. Even in 1990, the birches
produced only 2-3 % of the leaf mass before the mass-outbreak.

The restriction of Operophtera damage to the northern side of Tornetridsk appears
to have various causes. Thus, wind may have blown young caterpillars from infected
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birch forests on the west side of the mountain chain to its east side. This is the most
effective way of winter moth dispersal (Edland 1971), as the female moths are
vestigial-winged (having only rudimentary, atrophied wings) and cannot fly.
Moreover, there is a forested pass (420 m elevation) that allows the caterpillars from
Bardu-Soderdal on the west side to reach the Tornetrisk area ‘by foot’, so to speak.
The early leafing birches on the south-facing slopes north of the Tornetrisk were an
optimal food source for the caterpillars that had hatched simultaneous to the leafing.
Birch stands in the Abisko Valley were not affected, probably because there is no
comparable connection to the west-side birch forests. Moreover, south- and
southwest-facing slopes that would allow early leafing are rare. Not least, the eggs
of Operophtera are less frost-tolerant than those of the autumnal moth and will
not survive long-lasting extreme freezing temperatures that regularly occur in the
Abisko Valley at intervals of 3—4 years.

As not all birch stands became equally attacked by the moths, a mosaic-like spa-
tial pattern has developed. More or less damaged tree stands are next to unaffected
tree stands, and stands of different age alternate. In case of repeated defoliation, old
birch stands that usually suffer most from the insect mass-outbreaks (Bylund 1997)
may become completely destroyed or may recover through intense regeneration
from stump sprouts (Tenow and Bylund 1989; Tenow et al. 1995). This may also be
observed in many locations of the Abisko Valley. Although human use has left its
marks on the birch forests, it is not difficult to attribute the usually multi-stemmed
mountain birches to various age classes, which result from stump-sprout regenera-
tion following defoliation by the autumnal moth (Emanuelsson 1987; Bylund 1995).

During the last two decades, Operophtera has expanded to the northeast into
areas where Epirrita was previously the dominating outbreak species (Jepsen et al.
2008). Overlapping impact of both Epirrita and Operophtera, as has been observed
in northernmost Finnish Lapland (Holtmeier 2009), northern Norway (Jepsen et al.
2008) and in the Tornetrdsk area, (Tenow et al. 2005) may become a serious threat
to the local subarctic mountain birch forests. In some areas of northeastern Norway,
at the eastern distribution limit of Operophtera brumata, birch forests became
seriously affected during five to six consecutive outbreaks, which started with the
autumnal moth and have been followed by the winter moth (Jepsen et al.2008).

In the Nuorgam-Pulmanki area (northern Finnish Lapland), for example, a
mass-outbreak of Operophtera started in 2004 and continued in 2007 (personal
observation, Holtmeier 2009). The eruption was preceded by an outbreak of Epirrita
which already killed many birches. Birches that had survived one to two consecutive
years of defoliation by Epirrata seem to be dying now due to attack by the winter
moth. In any case, recovery by second leafing and from basal shoots was still extremely
rare in 2011 (personal observation). On Koahppeloaivi, for example, a mountain
west of Utsjoki village, the birch forest was declining on a horizontal distance of
about 2 km (Holtmeier 2009). As Operophtera often attacks birch forests 1-2 years
after an Epirrita mass-outbreak (Hogstad 1997; Tenow et al. 2007), the period of
severe stress caused to the birches has been considerably prolonged. The invasion of
Operophtera might be a result of natural expansion of this species. However, climate
warming appears to be the main driving factor (Jepsen et al. 2008). Reduced egg
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mortality is of particular importance in this respect. However, competition between
both moth species for food, and an increase in defensive substances in the host trees
as well as predators and parasites might have buffering effects.

2.4.2 The Larch bud Moth in Central-Alpine Swiss
Stone Pine-Larch Forests

The larch bud moth (Zeiraphera diniana) is an additional example of a defoliator
that has lasting effects on forest composition, growth and ecology. Similar to the
autumnal moth and winter moth, the larch bud moth is also widely distributed.
Mass-outbreaks and severe defoliation, however, occur only in the pure larch
forests (Larix decidua) of the Central Alps and in Siberia (Larix sibirica, Larix
dahurica) at intervals of 8—10 years. In the Alps, outbreaks of the larch bud moth
are more spatially restricted compared to the outbreaks of the autumnal moth in
northern Europe.

The climate in the central-alpine valleys is moderate-continental, while the
Siberian climate is extremely continental. Siberia is considered to be the ‘home-
land’ of the larch bud moth. Defoliation by the larch bud moth, though at irregular
intervals, has also occurred in larch plantings in the Pyrenees (Larix decidua),
England (Larix decidua) and Japan (Larix leptolepis) (Baltensweiler et al. 1977).
The larch forests (Larix laricina) in Alaska are also occasionally affected by the
larch bud moth (Zeiraphera ssp., Werner 1986a, b).

Larch bud moths not only attack larches of every age, but also Swiss stone pine
(Pinus cembra) and spruce (Picea abies). Scots pine (Pinus sylvestris) growing at
the northern distribution limit of the larch bud moth is also affected (Novak et al.
1989). In Kamchatka, infestation of Siberian dwarf pine (Pinus pumila) was
observed (Khomentovsky et al. 1997). In the Central Alps, the larch bud moth
attacks mainly larch stands at elevations between 500-2,000 m. The uppermost
larch stands (1,700-2,000 m) are most seriously affected (Auer 1975; Baltensweiler
et al. 1977). In the northern and southern Alps, infestations by the larch bud moth
even occurs at elevations below 200 m, at irregular intervals, however, and usually
lasting no longer than 1 year. At lower elevation, however, no mass-outbreaks of the
larch bud moth have been observed, even though the moth is omnipresent (Graf
1974; Auer 1975).

During the gradation peak, the caterpillars defoliate larch trees completely. Thus,
the color of the larch forest canopy turns to reddish-brown in mid-summer and later
into greyish-brown before the leaves fall off. Older trees seem to be more susceptible
to defoliation than younger ones. Under favorable conditions, larch may produce a
second needle generation in August, if unfavorable weather conditions do not pre-
vent this. The situation may become critical when the larches become defoliated
during two consecutive summers, or when defoliation overlaps with unfavorable
climatic conditions (e.g., drought, early frosts). Infested larch forests often declined
after mass-outbreaks of the larch bud moth (Ganzoni 1961; Auer 1961; communication
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Fig. 2.36 Population cycles (a) of the larchbud moth (Zeiraphera diniana) in the Upper Engadine
(Pontresina and Celerina communities) and seed production (b) in Swiss stone pine (/), European
larch (1), Mountain pine (/II) and Norway spruce (/V). Population cycle after Auer (1968). Data
on seed production after the internal annual reports of the local forest office. Scheme modified
from Holtmeier (1974)

local foresters O. Bisaz and E. Campell). As is the case in the subarctic birch forests
destroyed by the autumnal moth and winter moth, the after-effects of defoliation,
such as reduced resistance of the larch against climatic influences and secondary
parasites, were probably the decisive factors.

Defoliation usually results in reduced radial growth (Auer 1961; Nageli 1969;
Schweingruber 1979; Weber 1995a, b). Abrupt reductions in tree-ring width (con-
spicuous late wood anomalies) caused by Zeiraphera diniana can be distinguished
from those that resulted from climatic impact by comparing larch tree ring series
with rings of tree species that were not affected by the larch bud moth (e.g., Norway
spruce, mature Swiss stone pines). Thus, historical larch bud moth outbreaks may
be reconstructed (Rolland et al. 2001).

Moreover, fructification and regeneration of larch are impeded or completely
prevented. From comparison of seed years in larch and the other forest-forming tree
species in the Upper Engadine (Grisons, Switzerland) with the gradations of larch
bud moth (Fig. 2.36), it becomes apparent that, during the low of larch bud moth
population and also in the beginning of population increase, larch produced seeds at
moderate to high quantities at intervals of several years. However, before the larch
bud moth had already culminated and also several years afterwards, seed production
completely failed. As the other conifers (Pinus cembra, Picea abies, Pinus montana)
produced seeds more regularly, it would appear that the lack of mast years in the
larch were related to the mass-outbreak of the larch bud moth (Holtmeier 1974).

In the following, we focus on the effects of the larch bud moth in the Upper
Engadine. Pure larch stands are usually found on southern exposures and relative
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gentle topography, mainly in the footzone of sunexposed slopes just above the
valley bottom. This distribution pattern is the result of human forest use that has
influenced the mountain forests for centuries (e.g., Campell 1944; Auer 1947,
Holtmeier 1967a, b, 1990, 1994, 1995a; Jahn 1968). Under natural conditions, pure
larch stands are usually restricted to boulder fans, screes and similar (unstable) sites,
where mineral soil is exposed. At advanced successional stages, dense understory
vegetation (grasses, dwarf shrubs) prevents anomochorous larch seeds from getting
into a suitable seed bed. Thus, light-demanding larch becomes outcompeted by rela-
tively shade-tolerant Swiss stone pine and Norway spruce (<2,000 m). Swiss stone
pine will dominate at the climax of natural forest succession.

On terrain where climate and topography allowed pastoral use, Swiss stone pine
and Norway spruce, however, were removed, because their dark shade-giving
crown impede the growth of pasture plant communities. Thus, open larch forests
developed flooded with light. Moreover, Swiss stone is more vulnerable than larch
to trampling and browsing. Larch also profited from forest fires, because it is com-
paratively well protected by its thick cork-like bark. In addition, new needles may
flush after a forest fire. By contrast, Swiss stone pine is usually destroyed by fire.
Fires were relatively frequent in the past and caused mainly by man, accidentally or
intentionally. They were used to remove ‘weeds’ such as dwarfed juniper (Juniperus
communis) from pastures and to keep predators away from grazing cattle and sheep
(Holtmeier 1974). As a result, larch could spread at the cost of Swiss stone pine
through history, as also happened in many other central alpine areas (e.g., Auer
1947; Furrer 1955, 1957; Meyer 1955; Moser 1960; Wendelberger and Hartl 1969;
Pitschmann et al. 1970, 1971; Holtmeier 1974, 1987a, b, c, d, 1995a; Mayer 1969).
The mass-outbreaks of the larch bud moth have probably increased due to the
man-made expansion of pure larch forests. In the Upper Engadine, which is an optimal
habitat for the larch bud moth, and in Goms (Canton Valais, Switzerland), which is
considered to be a suboptimal habitat, about 60 gradations could be evidenced by
dendrological studies (Weber 1995a, b).

After the cease of forest pasture, natural succession towards Swiss stone forest
rich in alpine rose (Rhododenron ferrugneum) has resumed. In many places, young
Swiss stone pines already form a second tree layer in the understorey of the open
light-flooded larch stands (cf. Photo 2.13). The larch bud moth, however, often
interrupts succession. After having defoliated the larch trees, the caterpillars attack
young Swiss stone pines in the understorey (e.g., Bezzola 1989). Due to needle loss
and infestation of the young pines by secondary pests (noxious insects) such as bark
beetles (e.g., Pissodes pini, Pityogenes bistridentatus) and others (e.g., Cinaria
cembrae), the trees may die or develop distorted growth forms. In pure grass-rich
(Woolly reedgrass, Calamagrostis villosa) larch stands on southern exposures, more
than 90 % of Swiss stone pine regeneration was occasionally destroyed (Baltensweiler
1975; Baltensweiler and Rubli 1984). Swiss stone pine is probably threatened more
by the larch bud moth than the larch. However, regional differences occur. Thus, in
the Piedmont (Italy), for example, the larch bud moth has not played a major role in
growth reduction of Swiss stone pine and in succession from larch stands to pine-
rich or pine-dominated forests (Nola et al. 2006). In any case, after pure larch stands
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Photo 2.9 Larch forest affected by the larchdud moth (Zeiraphera dininana) in the ‘warm slope
zone’ on a south-facing slope in the Susauna Valley, Upper Engadine. The trees above and below
the ‘warm slope’ zone were not damaged. F.-K. Holtmeier, October 1972

had developed due to removal of shade-tolerant Swiss stone pines, pastoral use and
frequent forest fires, the larch bud moth outbreaks have contributed to the continued
existence of pure larch forests.

Similar to infestations by Epirrita and Operophtera, damage by Zeiraphera is
closely related to the local climatic conditions (Photo 2.9). Pure larch stands on the
valley bottom and the lower slope zone often remain unaffected, while those located
above in the ‘warm slope zone’ become defoliated. However, the reasons for this
damage pattern are different. Thus, the eggs of the larch bud moth are extremely
frost-resistant and tolerate temperatures of —40 °C (Baltensweiler et al. 1977) or
even —50 °C (Bakke 1969). However, temperatures of —40 °C are exceptional in the
central alpine valleys. Instead of low temperatures that would kill the eggs, delayed
needle flushing of larch within the cold air layers on the valley bottoms and lower
slope zones is more likely to be the cause of the lack of mass-outbreaks of the larch
bud moth. In the case in which the caterpillars hatch before the needles flush, they
will die due to shortage of food. Larch stands at the timberline are often not affected.
At elevations >2,000 m, the moths are active into September. As the temperatures
usually range below 8 °C at this time of the year, they prevent flying activity as
well as oviposition, and thereby population growth (Baltensweiler et al. 1977).
Defoliation of Pinus pumila in Central Kamchatka (Khomentovsky et al. 1997)
during a mass-outbreak (1988-1993) of the larch bud moth can only be explained
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by survival of the eggs under an insulating snowpack, as in this region, winter
temperatures may regularly drop below —50 °C.

While in a short-term perspective, the mass-outbreaks of the larch bud moth
appear to be a ‘catastrophe’, they reveal themselves in the long-term as a factor
stabilizing the larch forest ecosystems, as is also the case in the Upper Engadine.
Due to the manifold interactions of the trees’ different susceptibility and response
to defoliation by the larch bud moth, local climate, human impact, forest fires, com-
petition between tree species, and secondary succession, an ecosystem with a ‘new
quality’ has developed, which is characterized by cyclic stability that never existed
before. The same holds true for many other herbivorous insects. In the Canadian
balsam fir forests (Abies balsamea), for example, more than 80 % of the fir trees
were killed during a mass-outbreak of the spruce budworm, which initiated drastic
changes of stand structures and productivity. In the long-term, however, these
calamities support self-maintenance of the balsam fir forests, as young growth profits
from elimination of the highly competitive old trees (MacLean 1988).

Although in the long-term larch bud moth mass-outbreaks do not put the existence
of the larch forests at risk, they do, however, reduce the esthetic value of the larch
forests. In an area where tourism is the most important economic resource, as in the
Upper Engadine, for example, this may considerably reduce landscape attractiveness
during the summer season. During mass-outbreaks of the larch bud moth, tourists
will miss the fresh green foliage in spring and even more the bright autumn colors.
People walking through the forests may also feel unpleasant because of caterpillars
‘raining’ from the trees (Holtmeier 1995a, b).

2.4.3 Noxious Forest Insects in North American
Coniferous Forests

Originally, the so-called ‘noxious insects’ lived in the North American forests
without destroying them. Man, however, has disturbed this ‘natural balance’. In the
forests on the eastern slope of the Cascades in Oregon and Washington, for example,
‘noxious insects’ and pathogens are the same as 100 years before, with the exception
of a few species that were introduced during the twentieth century, such as the white
pine blister rust (Cronartium ribicola), balsam woolly adelgid (Adelges piceae) and
larch casebearer (Coleophora laricella). However, the spatial and temporal dimen-
sions of the interactions between ‘noxious insects’, pathogens and their hosts have
changed. Before the Europeans arrived, mass-outbreaks and resultant forest damage
were spatially restricted and did not last as long as at present, due to the varying
mosaic of tree stands of different age and successional stages (composition, age
structures). As a result of systematic fire-fighting, however, extended and less struc-
tured pure forest replaced the multi-faceted woodland mosaic, and ‘noxious insects’
and pathogens could rapidly expand over large areas (Hessburg et al. 1994).

In view of the spectacular effects of such mass-outbreaks, the influences of the
other forest insects may easily be overlooked, although they are represented by



94 2 Animal’s Functional Role in the Landscape

considerably more species than the outbreak species. In the conifer forests of the
western United States, for example, every outbreak lepidopter species is confronted
by nine species that have levelled out at comparatively low and far less fluctuating
densities. Compared to the opportunistic outbreak species (r-strategists), they behave
more like K-strategists. They are relatively evenly distributed on trees that also harbor
outbreak species. During low population density of the latter, the non-outbreak
insects are an alternative food source for predators and parasites of the ‘noxious’
species (Volker 1978; Munroe 1979). Thus, the non-outbreak insects support the
species-rich population of the predators of the larch beetle and probably contribute
to the stability of the forest ecosystem (Mason 1987).

Altogether, defoliating outbreak insects as well as bark beetles may severely
affect conifer forests at the landscape scale and cause great economic losses in timber
harvest. Thus, mass-outbreaks may be considered a ‘catastrophe’, particularly with
regard to the usually long rotation time. In natural non-economic forests, however,
mass-outbreaks are an integral factor in the long-term ecosystem dynamics. The
ecosystem quality may temporarily change (successional stages), but natural forests
will gradually recover from mass-outbreaks of defoliators or bark beetles, as long
as the general environmental conditions (e.g. climate) do not change, and human
impact, invasion of exotic species and other possible agents, not immanent to the
system, do not disturb its long-term balance. In the latter case, prediction of the
forest landscape development is difficult, in particular as availability, quantity and
quality of data vary.

2.4.3.1 Western Spruce Budworm

The western spruce budworm (Choristoneura sp., Tortricidae) is one of 15 lepi-
dopter outbreak species in North America (Furniss and Carolin 1977). The bud-
worm causes severe damage to the coniferous forests in the mountains of
western North America. Five of several budworm species (Powell 1980; Carolin
1987) attack fir, Douglas fir, spruce and also larch. One has specialized in pine.
Basically, however, the spruce budworm may occur on all conifer species in the
west and affect them (Herman 1987). Some Choristoneura species are sympat-
ric and can be found in the same forest, but on different tree species. Pure or
mixed Douglas fir and fir stands are most affected. The caterpillars feed on male
and female pollen or on staminate cones and fresh needles, in particular.
Defoliated and discolored tree tops as well as dead apical shoots are symptoms
of budworm infestation. Tree mortality will considerably increase in the case
that additional adverse factors such as root rot, drought stress and mistletoe
affect the trees. Stressed trees are predisposed to bark beetle attacks, for exam-
ple, by the Douglas fir bark beetle (Dendroctonus pseudotsugae) and the fir
engraver beetle (Scolytes ventralis).

Budworm infestations reduce height and radial growth (narrow, missing or
incomplete growth rings). Destruction of the reproductive organs, which hap-
pens even at low infestation intensity, will impede regeneration for a long time
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(Fellin and Shearer 1968; Dewey 1970; Chrisman et al. 1983), in particular, if
the young trees become damaged (Van Sickle 1987) and competition with other
vegetation increases. Persistent budworm infestation causes changes in forest
structure. Obviously, the spruce budworm caterpillars especially kill small and
lesser competitive trees, whereas their impact on tall dominant trees is only
marginal (Johnson and Denton 1975; Alfaro et al. 1982; Bousfield and Chase
1982; Hadley and Veblen 1993). In mixed stands, the proportion of fir (Abies
grandis) decreases due to its higher mortality. In heavily defoliated forest
stands, 40-70 % mortality is common.

While infestations by the spruce budworm occurred more sporadically compared
to bark beetle attacks in the past, they appear to have become more frequent since
the middle of the twentieth century. This may be attributed to human-induced
changes in the western economic coniferous forests during this period of time
(Carolin 1987; Swetnam and Lynch 1993). On the other hand, the knowledge of
spruce budworm calamities has improved in recent times, as more attention has
probably been paid to the infestations in general, and because damaged areas have
been almost completely monitored by aerial survey since the 1940s (Stipe 1987). In
New Mexico, nine regional-scale outbreaks occurred from 1690 to 1989. The most
recent outbreak, which began in the late 1970s, was most severe (Swetnam and
Lynch 1993).

2.4.3.2 Bark Beetles

Besides herbivorous outbreak insects, there are other non-phyllophagous species,
such as bark beetles, for example, that damage trees by boring galleries trough the
phloem (vascular tissue). Bark beetles may severely affect the development of trees
and have lasting effects on stand dynamics. There are many bark beetle species from
different families involved, such as long-horned beetles (Cerambycidae), powder-
post beetles (Bostrychidae), jewell beetles (Busprestidae), snout and bark beetles
(Curculionidae), and Ips engraver beetles (Scolytinae) (s. also Graf 1971; Novak
et al. 1989).

2.4.3.2.1 Mountain Pine Beetle

The mountain pine beetle (Dendroctonus ponderosae) is as big as the tip of a match.
It is probably the most aggressive of the bark beetle family in North America. At
intervals of 20—40 years, a mass-outbreak occurs, destroying extended lodgepole
pine forests (Pinus contorta). However, in an area extending from New Mexico and
Southern California to the Yukon Territory and from the east slope of the Rocky
Mountains to the San Rafael Mountains in California, a current epidemic of the
mountain pine beetle has been spreading for more than one decade (Logan and
Powell 2001; Taylor et al. 2006; Mitton and Ferrenberg 2012). This mass-outbreak,
which is the largest in history, has left many millions of dead trees.
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The time of infestation depends on when the phloem of some trees is thick
enough to allow the beetles excavating galleries for oviposition. After a period of
sporadic attacks, the bark beetle population will irrupt and destroy the pines within
1 week. The pines may survive minor attacks, as resin fills the always vertically
oriented galleries and kills both eggs and caterpillars (Reid et al. 1967). Summer
drought, however, may reduce resin flow, and thus, the ability of pines for defense.
If resin does not kill the eggs, the caterpillars will hatch about 2 weeks after egg
deposition and feed through the phloem. The horizontal oriented feeding galleries
interrupt sapflow (similar to ‘girdling’). The mature caterpillars excavate oval cells
for pupation. The hatched beetles feed through the bark and, upon reaching the
open, attack other trees. Presumably, it is not ‘girdling’ alone that kills the trees. In
addition, fungi (Ceratostomella spp. and Europhium clavigerum, ‘blue stain fun-
gus’) may get into the trees during bark beetle oviposition — probably as spores
contained in the food. Expanding through the phloem and the water-conducting
xylem, they impair sap flow in the pine stems and may also exhaust tree defenses
(Berryman et al. 1989.

Bark beetle calamities influence the long-term development of the pine stands.
The beetles kill more thick pines than thin ones (Cole and Amman 1969; Figs. 2.37
and 2.39), because trees with a larger diameter have a thicker phloem. The phloem
increases parallel to radial growth. During the outbreak peak, the beetles attack the
thick pines every year. In the end, only trees with a small diameter survive (Fig. 2.38).
As their thin phloem prevents egg deposition, and thus, regeneration of the beetles,
the beetle population declines. Studies in western Canada showed that the bark
beetles do not attack lodgepole pine stands younger than 50 years. Infestation is
more likely in 60—90-year-old trees and regularly occurs in those older than 100
years. However, old tree stands on soils poor in nutrients were not attacked, as they
had insufficient diameters (Safranyik et al. 1975).

At higher latitudes and altitudes, thermal deficiency impedes the development of
bark beetles. Many of them, still being in a highly susceptible stage of development,
succumb to deep frost temperatures during the first or second winter. As a result,
infestation intensity is reduced and, compared to lower altitudes and more southern
latitudes, more lodgepole pines survive (Amann 1977). However, the situation is
changing due to climatic warming (Chap. 7).
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The effects of bark beetle mass-outbreaks may vary considerably, as they are
related to the pine stands’ composition and stage of development (Fig. 2.39). In
lodgepole pine forests, not affected by fire anymore after a pine beetle outbreak,
the pines are soon replaced by more shade-tolerant tree species, such as Douglas
fir (Pseudotsuga menziesii), for example, at lower elevations and by subalpine fir
(Abies lasiocarpa) at high altitudes. In burned areas, Pinus contorta, which is a
pioneer species, expands and grows very fast, while seedling growth in Abies
lasiocarpa and Picea engelmannii that became established simultaneously with
the pine seedlings lags behind. During mass-outbreaks, the pine beetles eliminate
most thick and highly competitive pines, while slim pines and shade-tolerant tree
species are not affected and may grow better. After several mass-outbreaks, no
pines are left, and in the remaining almost pure fir-spruce stands, pine beetles can-
not exist anymore.

In the case of recurrent fires, which are typical of most lodgepole pine forests,
stand development is completely different. Due to the large amounts of standing
and lying dead wood produced by the beetles, forest fires are very hot. The shade-
tolerant tree species will not survive. Even the normally very fire-resistant
Douglas fir becomes eliminated. Lodgepole pine, however, regenerates very suc-
cessfully in burned areas, in particular as its cones only open and release the
seeds under the influence of heat. The result is an even-aged lodgepole pine for-
est that is safe from bark beetle attacks as long as the stem diameters do not yet
meet the bark beetles’ requirements.

Forests that are only occasionally affected by fire develop a completely differ-
ent composition and are characterized by highly varying age structures. Until the
present, it has not really been understood how lodgepole pine is able to coexist in
the long-term with the shade-tolerant tree species. Anyway, in the case in which
the old pines are killed by the bark beetles, small gaps are left where pine seed-
lings may become established. This process may also occur in other places and at
a different times.
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Fig. 2.39 Forest development influenced by a single fire (A) and by several fires (B). Scheme by
F.-K. Holtmeier, based on explanations by Amman (1977)

Measures to control mountain pine beetles were usually not very effective or
only slowed down the beetle gradation a little. When the mountain pine beetle meets
favorable conditions, it is practically impossible to stop the infestation before the
caterpillars will have killed all thick pines or man has removed them from the forest
(Wickman 1990). So, systematic fire-fighting has increased the risk of pine beetle
outbreaks. As forest fires have become less frequent, many tree stems may reach
diameters that provide optimal conditions for the reproduction of the mountain pine
beetles (Johnson et al. 1994).
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2.4.3.2.2 Spruce Beetle

In North America, almost all spruce species are attacked by the spruce beetle
(Dendroctonus rufipennis), one more representative of the bark beetle family. In
the southern and central Rocky Mountains, the Engelmann spruce (Picea engel-
mannii) is particularly threatened. In Canada and Alaska, the white fir (Picea
glauca) and Sitka spruce (Picea sitchensis) are mainly infested. In the Rocky
Mountains, Picea engelmannii is very common at elevations between 2,700 and
3,000 m. Extreme weather conditions (e.g., drought, wind-breakage) may consid-
erably increase susceptibility of trees to spruce beetle attacks, as was the case on
the Kenai Peninsula (Alaska) during the 1970s and 1990s, for example (Berg and
De Volder 2000; Berg et al. 2006). Accumulation of combustible materials from
fallen trees and invading grass in the understorey increases the risk of severe
ground fires (e.g., LaBau and Mead 2001).

The developmental cycle of the spruce beetle usually extends over 2—4 years
(semivoltine/trivoltine). Under warm and dry conditions, however, it may even
become completed within 1 year (univoltine). First of all, spruce beetles attack
fallen trees. Partly uprooted trees having some root contact with the soil remain
green and are preferred over totally uprooted and broken trees that probably desic-
cate and become unsuitable to the spruce beetle earlier (Schmid and Frye 1977).
When such trees are missing, the beetles will infest living trees. Similar to the
mountain pine beetle, spruce beetles prefers trees with a stem diameter of more than
50 cm. Trees with dead branches in their lower stem section appear to be particu-
larly attractive to spruce beetles. Such trees are more typical of dense stands than in
open forests, where the lower branches may grow to great length and often touch the
ground. As a result of spruce beetle attack, the average age of the surviving trees,
mean stem diameter, stand density and the proportion of spruce within the forest
decrease. Surviving spruce trees of medium height, previously suppressed by the
very competitive tall trees, may now become a dominant or associated tree species.
Seedlings and young growth, profiting from the decline of the upper forest canopy,
compete successfully with the herbaceous ground vegetation. However, once the
dead stems are removed, young spruces become overwhelmed by the luxuriantly
thriving field layer, which benefits from the better light conditions.

In spruce-fir forests in Colorado, 90 % of the trees were spruce and 10 % subal-
pine fir before a spruce beetle outbreak. After the calamity, the proportion had
almost reversed (20 % spruce, 80 % subalpine fir) (Schmid and Hinds 1974; Schmid
an Frye 1977). In Alaskan white spruce-paper birch forests (Picea glauca, Betula
papyrifera), the proportion of spruce declined from 77 to 55 %, while birch increased
from 22 to 45 % (Baker and Kemperman 1974).

As suggested by the available observations (Schmid and Hinds 1974; Schmid
and Frye 1977), the long-term succession in a spruce-fir stand might proceed as fol-
lows (Fig. 2.40). At the beginning, the subalpine fir/spruce ratio is 80-20 %. Both
tree species have a breast-height diameter of 8 cm. Young growth of both species is
represented in the same proportions as the old trees. This would correspond to the
situation in White River National Forest (Colorado) after a severe mass-outbreak of
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Fig. 2.40 Hypothetical succession in a spruce-fir forest (Picea engelmannii, Abies lasiocarpa).
Coverage has been used as an indicator of stand structure. Modified from Schmid and Frye (1977)

the spruce beetle during the 1940s. While both spruce and fir are growing rapidly,
fir, however, prevails and is even gradually increasing in the upper canopy layer. At
an age of 125-175 years, and having reached a stem diameter of 40 cm, firs die for
reasons still not well understood. Consequently, young trees no longer suppressed
may develop better, and the proportion of fir and spruce in the canopy layer and also
in the understorey gradually changes at the cost of fir. The comparatively light-
demanding spruces profit more from the gaps in the forest canopy and improved
light conditions than the highly shade-tolerant firs. Moreover, fir suffers from
browsing much more than spruce. Not least, spruce usually gets much older than fir.
The forest gradually reaches its maximum density, which depends on the local site
conditions. Subsequently, spruce declines due to recurrent mass-outbreaks of the
spruce beetle at periodic intervals. During the first outbreak, 10-20 % of spruce are
lost. Afterwards, spruce increases again until the next outbreak, when 25-40 % of
spruce are killed by the spruce beetle. Consequently, the spruce beetle population
declines. It is possible that a mass-outbreak may occur before the forest has reached
its climax stage. A few stands of spruce trees with stem diameters allowing the
spruce beetle to complete their life cycles would be sufficient. Although spruce
decreases and fir increases, spruce cover will remain 50 %. After the beetle attack,
succession towards a one-layered forest is likely. Having reached its maximum den-
sity, such a forest is extremely vulnerable to spruce beetle outbreaks. In case of wind
throw, the beetles first attack the uprooted trees before they destroy the living ones.
The result will be a forest dominated by fir again.

Beetle mass-outbreaks not only influence forest structure and succession, but
also the forest animal communities. Elk, mule deer and also voles, for example,
profit from the increasing grasses and herbs, whereas fewer spruce seeds are avail-
able to red squirrels and pine grosbeaks (Pinicola enucleator). On the other hand,
after a mass-outbreak, woodpeckers (northern three-toed woodpecker, Picoides tri-
dactylus; downy woodpecker, Dendrocopos pubescens; hairy woodpecker,
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Dendrocopos villosus), which are the most important predators of bark beetles,
enjoy an almost inexhaustible food source. During two to three consecutive years,
they still benefit from the numerous secondary insects, such as ants, long-horned
beetles, and other bark beetles. Afterwards, the number of woodpeckers decreases
due to shortage of food. The same holds true for nuthatches (Sitta spp.) and brown
creeper (Certia familiaris). Spruce grouse (Canachites canadensis), lacking shelter
and spruce buds as winter food, also decline temporarily.

As is evident for the pine beetle in the Colorado Rocky Mountains, spruce beetle
populations on the Kenai Peninsula have also been responding to climatic warming.
They decreased their development time, switching from a semivoltine life cycle to
an univoltine life cycle (Berg et al. 2000).

2.4.3.2.3 Eastern Larch Beetle

The larch beetle (Dendroctonus simplex) has specialized in larch and can be found
throughout the entire distribution area of American larch or tamarack (Larix laric-
ina), which extends from Eastern to Western Canada and into Central Alaska
(Johnston 1990; Fowler et al. 1995). It is also a potential risk to native larch species
in eastern Siberia and to native and exotic larches in Europe. In Alaska, larch occu-
pies the area between the Brooks Range in the north and the Alaska Range in the
south. It is particularly wide-spread in the large river plains of the Yukon, the
Koskuvim and Tanana.

Eastern larch beetles usually colonize the phloem of tree stems, exposed roots
and larger branches of tamarack. They tunnel through the bark and feed and mate in
the bast tissue. The galleries excavated by the beetles interrupt sapflow. Under
favorable conditions, larch beetles can produce two complete generations during a
summer. High tamarack mortality associated with the larch beetle has occurred
throughout eastern North America during the late 1970s and early 1980s (Seybold
et al. 2002). In Central Alaska, most tamarack forests became infested, with the
exception of the western area of larch distribution (Werner 1986b). In some areas,
50 % of tamarack were killed just within 2 years. The stem diameter of most of the
trees (7099 %) exceeded 10 cm (Seybold et al. 2002). The susceptibility of the
trees to beetle attacks was particularly high due to poor site conditions characterized
by waterlogged permafrost soils with a shallow and cool active layer. Consequently,
growth rates were very small.

In general, mass outbreaks of defoliating insects such as the larch sawfly
(Pristiphora erichsonii), spruce budworm (Choristoneura fumiferana) and the larch
casebearer (Coleophora laricella) precede larch beetle attacks (Seybold et al. 2002).
In the drainage area of the Tanana River, for example, the larch bud moth (Zeiraphera
sp.) had defoliated extended larch forests in 1975 and 1976, prior to the mass-
outbreak of the larch beetle. The larch bud moth attack is reflected in a considerable
reduction of growth (Table 2.3; Fig. 2.41). Thus, the severely stressed trees became
highly prone to the larch beetle infestation (Werner 19864, b).
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Table 2.3 Growth increment by diameter classes of undamaged larches and damaged larches that
died in 1977 in the catchment area of the Tanana river (Alaska). After Werner (1986b)

Diameter Growth increment [mm] in
class [cm] | Growth increment [mm] in undamaged trees | damaged trees that died in 1977
1974 1975 1976 1977 1978 1974 1975 1976 1977
0-2 1.11 1.01 0.91 0.70 0.82 0.88 0.62 0.52 0.31
>2-4 1.50 1.42 1.32 1.12 1.20 1.08 0.83 0.56 0.29
>4-6 1.92 1.89 1.68 0.91 0.90 1.10 0.92 0.49 0.18
>6-8 0.83 0.79 0.74 0.68 0.81 0.97 0.65 0.32 0.21
>8-10 1.26 1.09 0.93 0.83 1.06 0.81 0.76 0.43 0.15
>10-12 1.14 0.91 0.87 0.69 0.93 0.83 0.77 0.36 0.22
>12-14 0.95 0.86 0.74 0.54 0.71 0.76 0.70 0.21 0.11
>14 0.86 0.74 0.63 0.53 0.52 0.78 0.69 0.32 0.16
1,4
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Fig. 2.41 Influence of defoliation by the larchbud moth (Zeiraphera spp.) on diameter growth of
tamarack (Larix laricina) near Fairbanks, Alaska. Modified from Werner (1986)

2.4.4 African Red-Billed Weaver Bird

When assessing the impact of animals on landscape ecosystems, both the active role
of the animal populations and their passive role and feedbacks under the influence
of changing landscape habitat conditions (structure, forage, shelter, landscape use,
etc.) must be considered. The latter are often of great importance, as has already
been demonstrated in the previous sections. Changing environmental conditions
may occasionally result in a drastic increase of species, with far-reaching
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Fig. 2.42 Distribution of the
African red-billed weaver
bird (Quelea quelea). From
Magor and Ward (1972)
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consequences. The African red-billed weaver bird (Quelea quelea), which probably
is the most abundant bird species in the world (Fry and Keith 2004), is a particularly
spectacular example. This bird, about the same size as a sparrow, lives in the African
savannas, where it has become a serious pest. Red-billed weavers cause even more
severe damage to cornfields than the gigantic locust swarms that were mentioned in
the Bible as one of the ten plagues. Not without reason, people often call the red-
billed weaver ‘locust bird’ (Murton and Westwood 1976) or ‘feathered locust’
(Markula et al. 2009).

Four geographically-separated species can de distinguished: Quelea q. quelea,
West Africa; Quelea q. aethiopica, Ethiopia, Sudan, northern Somalia; Quelea q.
intermedia, southern Somalia, Kenya, Tanzania; Quelea q. lathami, South Africa
(Ward 1971; Dreiser 1993). Weaver birds are spread over the entire region south of
the Sahara, with the exception of the rain forests and mountain areas (Fig. 2.42).
Weaver birds are probably the most numerous of all granivorous birds. They rely
mainly on the seeds of annual grasses. The weavers form huge swarms of some ten
thousand or some hundred thousand individuals traveling about in search of food
(Photo 2.10). Following the seasonal rains, they may cover distances of many hun-
dred kilometres, or even more than 1,000 km in East Africa (Dreiser 1993). Grass
seeds germinate at the onset of the rainy season. Afterwards, they are no longer
available. Consequently, the birds move to other areas, where the wet season starts
a little earlier and the new grasses have already produced seeds (‘early season
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Photo 2.10 Swarm of African red-billed weaver birds (Quelea quelea) crossing a rice field at
Mogaambo (Somalia). R. Peveling, August 1988

migrations’ in the sense of Ward (1971)). After 68 weeks, the weaver birds return
to the area they had left when the wet season started. In this area, they breed. As the
fresh grasses have produced seeds in the birds’ absence, abundant food is now avail-
able in this area (Ward 1965, 1971; Wallin 1990).

Invading weaver birds destroy the grain harvest (corn, millet, wheat and other
cereals; GTZ 1987). Such invasions have been known about for a long time. The
earliest explorers were already reporting on immense weaver swarms. Since then,
the weaver bird populations and the damage they cause have considerably
increased parallel to the rapidly growing human population and the expanding
area under cultivation (Fig. 2.43). An endless number of water reservoirs have
been installed for irrigation of the cornfields. Thus, the weaver birds that origi-
nally relied on the seeds of wild grasses now profit from an inexhaustible food
source and water available at not too far distances, even during the rainy season.
Availability of water was probably the ‘bottle neck’ for the birds. In agricultural
lands weavers can be ten times more abundant compared to natural grassland
(Berutti 2000). Overgrazing of the savanna might also have favored re-billed
weaver birds, as the proportion of the annual sweet grasses has increased. This has
been reported from Kenya (Schmutterer 1965) and southern Somalia (Peveling
1990), at least. In 2009, the drought-tolerant and early maturing sorghum variety
‘gadam’ was introduced to semiarid eastern Kenya to improve food product diver-
sity and human food security (Wambugu 2011). However, ‘gadam’ not only gives
hope to subsistence farmers but also provides an additional rich food source to
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Fig. 2.43 Human population growth as a ‘disturbance factor’ and its influences on the red-billed
weaver birds (Quelea quelea) and the environment. Scheme by F.-K. Holtmeier, after different
sources

red-billed weaver swarms, which in turn cause a setback to the promising modern
agricultural development in Kenya (Esipiu 2013).

Weaver birds nest and breed in large colonies built on thorny shrubs and trees.
Reeds (reed fields) and sugar cane plantations, however, are also used. Such colonies
may consist of several millions of nests (Ward 1971). Even tall Acia trees occasion-
ally break down under the heavy load of birds and their nests (GTZ 1987). Actually,
this has also been observed in colonies of social weaver birds (Philetaris socius) in
the dry regions of South Africa. Social weavers, however, instead of building
individual nests, share large coherent nests (up to 5 m in height and 5 m in length),
preferably in the crowns of tall trees. Neither natural predators, parasites and diseases
nor the extensive control measures (e.g., avicides, fire bombs, flame throwers,
explosives, poisoning of water holes) carried out since the 1950s have solved the
problem (GTZ 1987; Peveling 1990; Dreiser 1993). Poisoning may also affect other
animals. Locust control in the Sahel zone, for example, has been considered a pos-
sible cause of an alarming decline in European long-distance migratory birds during
the last 25 years (Sdnchez-Zapata et al. 2007).

The ‘weaver problem’ is still peculiar to the sub-Saharan savannas. Situation
may change, however, as in many countries people keep weaver birds as pets in
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birdcages or aviaries from where they can occasionally escape. In the past red-billed
weavers — the males are particularly attractive when in breeding plumage — were
occasionally brought to Europe and North America, for example. Escapees, however,
could not establish viable populations in their new environment (Simberloff et al.
1997; Hinze 2004). Escape or release in suitable habitats, however, could have
disastrous effects. In Queensland’s tropical and subtropical grasslands and grain-
growing regions, for example, red-billed weaver birds could become an immense
threat to grain crops and native animals feeding on grass seeds. Therefore, import of
weaver birds and keeping them as pets are illegal. Using climate-modelling soft-
ware Markula et al. (2009) predicted weavers’ potential area of distribution in
Australia, not without pointing out that other habitat requirements such as availability
of food, breeding and roosting places, as well as competition with native granivo-
rous animals must also be considered.

2.5 Seed Dispersal (Zoochory)

Among the influences of animals on composition, structure and dynamics of plant
communities, biocoenoses and ecosystems, dispersal of seeds by animals (zoochory)
may play an important role. Expansion of many plant species during postglacial
times would not have been possible without animals’ help (e.g., Miiller-Schneider
1948; Davis 1976; Mattes 1978, 1982; Janzen 1983; Frenzel 1983; Johnson and
Webb 1989; Farmer 1997). However, in view of the many factors influencing seed
dispersal (different behavior of seed-dispersing animal species, food preferences,
competition for food, vegetation characteristics, effects of site conditions on germi-
nation and seedling performance), general statements on the effects of zoochoric
seed dispersal and of seed hoarding on vegetation should be given, if ever, only with
great reserve (see also Price and Jenkins 1987).

Most seed dispersers are vertebrates, with the exception of ants. The radius of
zoochoric seed dispersal ranges from a few meters to several kilometres. While ants,
for example, may disperse seeds within a radius of 70 or some more meters (Miiller-
Schneider 1977a, b), the Siberian nutcracker (Nucifraga caryocatactes macrorhyncos)
has been observed carrying seeds of the Siberian stone pine (Pinus sibirica) over a
distance of 15 km (Reijmers 1959). The Clark’s nutcracker (Nucifraga columbiana)
has been reported to disperse stone pine seeds over even greater distances (up to
25 km; Vander Wall and Balda 1977). Zoochoric seed dispersal may be rather
accidental, if, for example, diaspores (seeds with pieces of the pulp, mesocarp)
sticking to animals™ fur or plumage, beaks or feet, fall off after a more or less long
distance of transport. This kind of seed dispersal is called epizoochory. Many animal
species hoard seeds in seed caches established in the litter layer and in the topsoil
(synzoochory; Vander Wall 1990). In case the inlying seeds are not consumed, they
may germinate, favorable conditions provided.

Animals with long fur, such as sheep or Scottish highland cattle (Fischer et al.
1995, 1996; Stender et al. 1997), and not least wild boars having a ‘seed collecting’
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coat with long bristles and thick undercoat, are very efficient dispersers of diaspores.
Wild boars, in particular, often travel long distances (Briedemann 1990; Heinken
et al. 2002). On Hawaii (Hawaii Volcanoes National Park), for example, feral pigs
have been driving the rapid expansion of common velvet grass (Holcus lanatus). In
Central Europe, wild boars are likely accelerating the expansion of neophytes
(Mrotzek et al. 1999).

On Santa Catalina Island (California), where no native large herbivores lived
before bison (Bison bison) were introduced, these large grazers have contributed to
the spread of exotic plant species through both their dung and seeds stuck to their
coat (Constible et al. 2005). Cattle, horses and also hares have spread the seeds of
exotic plant species with their dung in the flooded grassland pampa (Buenos Aires,
Argentina). Many of these plants are weeds competing successfully with the forage
species (Vignolio and Ferndndez 2010).

In tropical forests, primates, for example, feeding on fleshy fruits of trees and
shrubs in the understory often are important, though differently effective, seed dis-
persers (e.g., Lieberman and Lieberman 1986; Zhang and Wang 1995). On Barro
Colorado Island (Panama), seed dispersal by white-faced capuchin monkeys (Cebus
capucinus), for example, has been found to be especially effective, as these primates
spend only little time feeding in the tree itself and remove most ingested seeds away
from the seed source (Zhang and Wang 1995; Wehncke et al. 2003). Frequent def-
ecation results in a scattered deposition of seeds. Compared to other primate spe-
cies, post-dispersal seed predation is relatively low (Wehncke et al. 2003).

Fruits and seeds are an important food source for many animal species. Fruits
contain much fat and carbohydrates. Seeds are also rich in proteins. The energy
content of approximately 35,000 whitebark pine seeds (Pinus albicaulis), for example,
cached by the Clark’s nutcracker in autumn, covers the energy demand of one young
bird through winter into spring (Tomback 1982). Some species have specialized in
certain kinds of fruits. For others, such as wild boars, foxes, coyotes, badgers or
bears, fruits make up only a part of their diet. Most seeds become destroyed when
eaten. Thus, red squirrels (Tamasciurus hudsonicus), for example, which remove
the pulp from juniper berries and eat the seeds, do not contribute to distribution of
juniper (Livingston 1972). However, as seeds are usually less digestible than the
pulp, they may pass the digestive tract without being damaged. They are deposited
with the excrement and, if still viable, seedlings may emerge. Thus, the distribution
of many plant species having berries or berry-like fruits (e.g. Juniperus, Taxus)
is supported also by birds, foxes, stone marten (Martes foina), wild boars, bears
and other carnivores (e.g., Santos et al. 1999). Predators may also disperse plant
seeds unintentionally ingested with prey animals (e.g., in their gut) over compara-
tively large distances. Arctic foxes (Alopex lagopus), for example, have been
reported to travel at least 10 km per day. Much longer distances are likely, however
(Graae et al. 2004). Distribution patterns of endozoochoric plants may be more
‘regular’ than those of epizoochoric plants, when, for example, seedlings emerge
from regularly used latrines or richly-manured sites on alpine pastures. On the other
hand, epizoochoric plants may be found at higher density along migration routes,
for example.
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Seeds contained in the dung of cattle have long been considered to be unimport-
ant, as dung has toxic effects on seedlings of most species. As a result, unvegetated
‘dung patches’, for example, may develop. These may become gradually re-
colonized by vegetative propagation of the surrounding vegetation. On pastures in
the Mediterranean, however, dung patches are usually occupied by species resistant
to toxic dung effects (Malo and Suarez 1995). On the other hand, distribution of
Acacia seeds (e.g., Acacia tortilis, Acacia nilotica and Balanaites wilsonia) depends
exclusively on endozoochoric transport by impalas, kudus, giraffes, elephants, and
ostriches (Struthio camelus), for example. Elephants also disperse the seed of the
Borassus palm (Borassus aethiopicum) and many other plant species (Lamprey
1963). In the tropical rain forests of the Congo Basin and the West-African coast,
about a third of the tall tree species is dispersed by forest elephants, among them
cherry mahogany (Tieghemella heckelii), Mubura (Parinari excelsa), bush mango
(Irinia gabonensis) and the Molapa tree (Gilbertiodendron sp.) (Beyer 1996). The
germination capacity of seeds passing the digestive tract may increase (Lamprey
1963, 1974; Pellew and Southgate 1984; Lieberman and Lieberman 1986; Hoffmann
et al. 1989; Miller 1995), or the seeds may be destroyed (Feer 1995). In germination
experiments with seeds from elephant dung and seeds taken directly from trees,
50.7 % of the ‘dung seeds’ germinated compared to only 3 % of the ‘tree seeds’
(Chapman et al. 1992).

The sparsity of natural regeneration of some forest species with large seeds in the
forests of the Ivory Coast (Bia National Park, West Ghana) has been attributed to the
disappearance of elephants from this region. At least 30 % of the tree species and
41 % of the individuals of the different species are dispersed by elephants (Alexandre
1978). In the rain forests of Gabon, forest elephants are the only dispersers of 10
species. Elephants prefer big fruits with a number of seeds (Feer 1995).

In northeastern Australia and Papua New Guinea, southern cassowary (Casuarius
casuarius, a ratide, weight up to 80 kg) is the only disperser of seeds contained in
big fleshy fruits of more than 100 rain forest species (Marchant and Higgins 1996;
Crome and Bentruppenbaumer 1993).

2.5.1 Ants (Myrmecochory)

Although ants are not specialized granivores in a strict sense, they are important
seed dispersers of numerous plant species in many regions. They carry seeds with
on-hanging nutrient-rich elaiosomes of some species (e.g., wood anemone, Anemone
nemorosa); violet, Viola sp.; snowdrop, Galanthus nivalis; dead nettle, Lambium
sp.; ramson, Allium ursinum) into their nests to feed their larvae. Since the larvae,
however, consume the elaisomes only, seedlings may emerge from the remaining
seeds. So-called myrmecochory (Myrmes=ant) occurs in plants of different taxa.
As not only the plants but also the ants profit from myrmecochory, this could be
considered a mutualism, at least partially (Handel and Beattie 1990). Ants carrying
the seeds away from the seed source partly reduce competitive pressure of the seed
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plant and other plants on potential seedlings. Moreover, in anthills seeds are safe
from seed predators, and, not least, the loose material (substrate) within anthills is
favorable for germination, as it is well aerated, consistently moist and rich in nutri-
ents. This holds particularly true for the waste products. Ants partly remove the
seeds from the nests after having detached and eaten the elaiosomes. In temperate
zones, many myrmecochorous plants have already produced fruits in early spring.
As ants will not find dead or living insects at this time of the year, their main food
during the warmer seasons, early fruiting may be considered to be an effect of selec-
tion (Handel and Beattie 1990).

Seed harvesting by ants is highly selective, but the total amount of harvested
seeds is relatively small. In the Mojave Desert, seed removal by black harvester ants
(Veromessor pergandei) has been estimated to amount to only about 1 % of the total
seed crop (Tevis 1958). On the shortgrass plains of north-eastern Colorado, rough
harvester ants (Pogonomyrmex rugosus) took just about 2 % of the available seeds
(Rogers and Lavigne 1974).

On the other hand, species preferred by ants may lose a large proportion of their
seed crops to ants (e.g., Buckley 1982 and further literature therein). In Australia,
seed dispersal by ants is particularly important. More than 1,500 plant species are
myrmecochorous (Berg 1975). On the other hand, consumption of seeds by har-
vester ants (Messor sp.) may impede regeneration of certain tree species, such as
Victorian or mountain ash (Eucalyptus regnans, Eucalyptus delegatensis) for exam-
ple. About 60 % of the seeds are eaten by ants, with the exception of burned areas
(Ashton 1979). Experimental studies on the regeneration of brown stringybark
(Eucalyptus baxteri) and sheoak (Casuarina pusilla) in Australia’s southeast
(Andersen 1987), however, showed that the number of seedlings increased 15-fold
after ants had been removed. Most Eucalypt seedlings, however, died within their
first year. Obviously, such long-lived plants depend more on sites favorable for
seedling establishment than on the quantity of seeds. By contrast, ephemerals rely
directly on the amount of available seeds, and thereby on seed predation by ants.
Harvesting ants can be found all over the continent. They are usually omnivores and
consume seeds more occasionally, commonly those from woody plants. While out-
side Australia seeds are harvested almost exclusively by Myrmecinae, within
Australia Formicinae and Ponerinae are also involved. Altogether, seed harvesting
by ants is so common to all plant communities that it has been considered a key-
stone factor in Australia’s landscape (Andersen 1991).

2.5.2 Mammals

In Central European deciduous and mixed forests, birds consume up to 75 % and
squirrels almost 40 % of the annual seed production. Seeds lying on the ground are
usually eaten by small mammals. However, in years with good seed production
(mast years), seed consumption by granivores does not threaten forest regeneration.
On the other hand, in cases of low seed production, small mammals may consume
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all seeds on the ground, and natural regeneration may outright fail as a result (see
Sukachev and Dylis 1964; Castro et al. 1999; Dulamsuren et al. 2013).

In oak forests (Quercus mongolica var. grosseserrata) of southwestern Japan,
even in mast years, no seedlings can be found, as rodents and Asian black bears
(Selenarctos thibetanus japonicus) eat all acorns before they can germinate (Ida and
Nakagoshi 1996). Studies on the influence of herbivorous mammals on the regen-
eration of encina (Quercus oleoides) in Santa Rosa National Park (Costa Rica)
showed that only dense oak stands produce sufficient acorns to cover the food
demand of the many seed consumers (Agoutis, Dasyprocta punctata; variegated
squirrel, Sciurus variegatiodes; white-throated capuchin, Cebus capucinus; spiny
pocket mouse, Liomys salvisi) so as not to jeopardize the continued existence of the
forest. In solitary oaks, however, regeneration fails (Boucher 1981).

In Spanish dry forests, up to 96 % of Scots pine seeds that reached the ground
were eaten by rodents and birds (Castro et al. 1999). Seed removal by seed predators
was also the main reason for failure of Scots pine seedling emergence in the
Mongolian forest steppe. In the forest steppe, 66-92 % of the seeds were lost to seed
predators, while 52-76 % were removed at the forest edge (Dulamsuren et al. 2013).

In Californian conifer forests, the losses of seeds to the deer mouse (Peromyscus
maniculatus) amounts to 70—-100 % (Howard and Cole 1967). Similar results were
obtained from studies on natural re-forestation of clear-cuts in Douglas-fir forests
(Pseudotsuga menziesii) close to the coast of British Columbia (Sullivan 1979). At
an average medium seed production on clear-cuts in the Cascades, about 5 % of
Douglas-fir seeds are lost to mice, birds and chipmunks, whereas the seed losses in
western hemlock (Pseudotsuga heterophylla) amount to 25 %, and in western red
cedar (Thuja plicata) to 57 %. As many additional seeds get lost due to other fac-
tors, only a few are left for regeneration (Gashwiler 1970). In Rocky Mountain
forests, red squirrels (chicarees, Tamasciurus hudsonicus) harvest conifer seeds to
an extent that seed-based regeneration is possible in mast years only (Finley 1969;
Schimpf et al. 1980). Seed predators, however, may feed not only on seeds but also
fresh plantules. During seeding experiments in longleaf pine stands (Pinus palus-
tris, southwestern Alabama), almost all pine seeds and plantules fell victim to seed
predators within 3 months after seeding. Most of them were eaten by mice (58 %)
and birds (33 %) (Boyer 1964). In Bavarian mountain forests, bank voles
(Clethrionomys glareolus) and yellow-necked field mice (Apodemus flavicollis)
feed mainly on not yet lignified plantules of beech (Fagus sylvatica) and mountain
maple (Acer pseudoplatanus) from spring until summer, and may thereby prevent
any natural regeneration (Baumler and Hohenadl 1980).

In a review, Harmer (1994) comes to the conclusion that successful natural
regeneration of oak and beech can only be expected if seed predators are controlled,
probably most successfully by their natural enemies. By contrast, Potter (1978),
referring to studies in secondary deciduous forests of New Hampshire, holds the
view that seed predation by small mammals influences forest structures only during
the early successional stages, but not in mature forests.

Many small mammals (mice, voles, hamsters, dormice, squirrels, ground squir-
rels, etc.) and birds (e.g., nutcrackers, jays, nuthatches, tits, rooks) hoard seeds of
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Fig. 2.44 Distribution of whitebark pine (Pinus albicaulis) and use of its seeds by bears, differen-
tiated by the percentage (vol. %) of seeds in the bears’ droppings. The broken line shows the
eastern extent of maritime influence. Modified from Mattson and Reinhart (1994)

numerous forest tree- and shrub-species (Vander Wall 1990). Seed predators consume
the bulk of the seeds. Squirrels, for example, eat about 90 % of the seeds they cache.
Moreover, seed predators often plunder seed caches of other animals. Thus, in
the Rocky Mountain whitebark pine (Pinus albicaulis) forests, the middens of red
squirrels are an important food source of black bears and grizzly bears (Fig. 2.44),
in particular. Fully-grown grizzlies are too heavy to climb trees for harvesting pine
cones (e.g., Kendall 1983; Kendall and Arno 1990; Mattson and Jonkel 1990;
Mattson and Reinhart 1994, 1997).

In Yellowstone National Park and adjacent forest areas, grizzly bears, despite
being omnivores, depend first of all on the availability of fleshy berries (Vaccinium
scoparium, Vaccinium globulae, Shepherdia canadensis) and on the seeds of white-
bark pine (Mattson et al. 1991a). Seed production, however, fluctuates considerably.
In years with an abundant seed crop in whitebark pine, grizzly bears practically
consume nothing else. As whitebark pine is more common in continental regions,
the proportion of pine seeds in bear food is comparatively high compared to more
maritime areas (cf. Fig. 2.44). More than 90 % of the whitebark pine seeds con-
sumed by grizzly bears are from red squirrel middens (Mattson et al. 1991a; Mattson
and Reinhart 1994, 1997). As red squirrels use the same seed caches for many years,
bears retrieve them easily. It has been reported from the Yellowstone area that bears
excavate the seed caches year after year or even repeatedly within a single year.
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Bears pillage mainly the large middens (>100 m?), while they leave the smaller ones
untouched (Mattson et al. 2001). Thus, the bears save energy. In some areas, seed
predation by bears may threaten the existence of squirrels (Mattson and Jonkel
1990; Mattson et al. 2001; Reinhart and Mattson 1990a, b). In Siberia, brown bears
excavate seed caches of burunduks (Tamias sibiricus). These seed caches contain
between 1%2 and 2 kg of seeds, occasionally up to 6 kg.

Seed-hoarding animals often fail to retrieve their stored seeds. Seeds that were
cached in unfavorable sites gradually rot away. In favorable places, however, they
may germinate, provided no predators detect them. Kangaroo rats (Banner-tailed
kangaroo rat, Dipodomys spectabilis; Ord’s kangaroo rat, Dipodomys ordii,
Merriam’ kangaroo rat, Dipodomys merriami) are important dispersers of mesquite
bush (Prosopis spp.; Reynolds 1958; Storer and Usinger 1971; Van der Pijl 1972).
In the high-montane Oregon conifer forests, about 50 % of bitterbrush plants
(Purshia tridentata) emerge from seeds hoarded by the yellow pine chipmunk
(Tamias amoenus), Townsend’s chipmunk (Tamias townsendii) and mantled ground
squirrel (Citellus lateralis) (West 1968). This kind of seed dispersal is called synzo-
ochory. Synzoochory is particularly important in forest ecosystems. In case of abun-
dant seed production, small rodents usually cache more seeds than needed for food.
This may have a positive effect on forest regeneration. In other years, the rodents’
influence is of minor importance or even negative (Abbot and Quinck 1970). On the
other hand, the forest spiny pocket mouse (Heteromys desmarestianus), for exam-
ple, promotes natural regeneration in the tropical lowland forest of Belice (Central
America), despite consuming more than 95 % of the hoarded seeds. As the trees
may produce abundant seeds per year over a long period, the remaining seeds not
used by the rodents are sufficient for intense regeneration (Brewer and Remanek
1999). Jays (Garrulus glandarius) and squirrels (Sciurus vulgaris) may ‘plant’ a
second tree layer of oak in pine stands and also contribute to expansion of oak
beyond closed oak forests.

2.5.3 Birds

As to bird-mediated seed dispersal and seed hoarding, jays and nutcrackers are of
particular interest. They are widely distributed over Eurasia and North America,
where they (many species) may have a great influence on forests in the temperate
zone (Tomback and Linhart 1990).

2.5.3.1 Jays and Nutcrackers

Seed dispersal by jays and nutcrackers has been comparatively well studied. Jays
(Garrulus glandarius) were originally a forest species (Voous 1962; Goodwin
1976). In the forest, they are far less stressed by competition with other corvids (e.g.
carrion crow, Corvus corone; rook, Corvus frugilegus; magpie, Pica pica; jackdaw,
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Corvus monedula) than in the open landscape (Bossema 1979). Depending on sea-
son and availability, they feed on a multitude of fruits, cereal grains, conifer seeds,
acorns, and beech nuts. They also prey on insects, small mammals (mice) and young
birds. In Central Europe, acorns of native oak species (Quercus robur, Quercus
petraea) are their main food. They obviously prefer acorns of native oaks to those
of the American red oak (Quercus rubra) and also to beech nuts (Fagus sylvatica).
In autumn, each jay caches several thousand acorns.

Jays obviously prefer ripe and undamaged acorns, which have a high germina-
tion capacity. They usually cache seeds at a greater distance from the seed trees and
put the acorns into the litter or soil at about 4 cm depth, where they are relatively
safe from other jays and seed predators, such as pigeons, wild boars, roe deer, squir-
rels, and mice (Shaw 1968a, b; Bossema 1979). In the upper soil and litter layer,
conditions for germination are more favorable than on the surface under the seed
trees. Moreover, separately cached acorns are less likely to become infected by
fungi than acorns hoarded together in a larger seed cache. As the jays cache acorns
usually in open places, seedlings enjoy more favorable growing conditions than in
closed tree stands. Not least, they are less affected by leaf-eating caterpillars falling
off the tree canopies. Acorn hoarding is advantageous to both jays and oaks. In
southern Sweden, young oaks were found to be about ten times as many as beech
young growth in spruce forests. This has to be attributed to the jay’s clear preference
for acorns over beech nuts (Nilsson 1985). Altogether, a true mutualism between
jays and oaks is likely. Although jays consume large quantities of acorns and also
damage plantules by ripping off the cotyledons, they contribute to maintenance and
expansion of oak forests through seed hoarding.

In southern North America, about 50 oak species (e.g., Quercus palustris;
Quercus phellos, Quercus velutina) and beech (Fagus grandifolia) are spread by the
blue jay (Cyanocitta cristata) (Darley-Hill and Johnson 1981). Rapid spreading of
oaks and beech as well as of hazel, hickory and even chestnut during postglacial
times has been possible only with the help of the blue jay (Davis 1976; Johnson and
Webb 1989; Farmer 1997), while in Europe, the indigenous jay (Garrulus glan-
darius) was instrumental in bringing about expansion of oak, hazel and beech. Also,
Swiss stone pine (Pinus cembra) would not have so rapidly re-colonized its pre-
glacial area of distribution without seed dispersal by the European (thick-billed)
nutcracker (Nucifraga c. caryocatactes), and Siberian stone pine (Pinus sibirica)
would not have expanded from its refugial areas in the Altai mountains to its present
northern limit without the Siberian (slender-billed) nutcracker’s help (Caryocatates
c¢. macrorhyncos) (Mattes 1978).

Nutcrackers spread the heavy wingless seeds of several pine species (Table 2.4). A
true mutualism has developed between the nutcrackers and these pines (Mattes 1978,
1982, 1985; Lanner 1980, 1984, 1990, 1996; Vander Wall and Balda 1977; Tomback
1982, 1983, 1989, 1994a, 1998; Linhart and Tomback 1985; Tomback and Linhart
1990; Tomback and Schuster 1994). Lanner (1996) described this interdependence
briefly as ‘Tree feeds bird, bird plants tree’. The seeds of the above-mentioned pines are
the main food of nutcrackers. However, similar to jays, they also take insects, cereals,
kernels of berries, young mice and other small animals.
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Table 2.4 Wingless subalpine pine species with seeds mainly dispersed by nutcrackers at the
upper treeline. Modified after different sources from Holtmeier (1993)

Pine species Nutcracker species

Pinus cembra Nucifraga caryocatactes
Pinus sibirica Nucifraga caryocatactes
Pinus pumila Nucifraga caryocatatces

Pinus koraiensis | Nucifraga caryocatactes

Pinus albicaulis | Nucifraga columbiana
Pinus flexilis Nucifraga columbiana

Region

Alps, Carpathian Mountains, Northern
Mongolia

Siberia, northern Mongolia

Northeastern Siberia, Korea, Kamchatka, Japan

Southeastern Siberia, Eastern Manchuria,
Korea, Japan

North America
North America

Range of Clark’s Nutcracker

Pinus flexilis

Fig. 2.45 Distribution of the Clark’s nutcracker (Nucifraga columbiana) and pine species with
wingless seeds in North America. Modified from Tomback and Linhart (1994)

In the pinyon-juniper woodlands (Pinus edulis, Pinus monophylla, Juniperus
utahensis, Juniperus osteosperma) of the southwestern United States (Fig. 2.45),
pinyon jay (Gymnorhinus cyancephalus) is the most important disperser of pinyon
pine. Its seeds ripen around the end of August. Although the cones are still green
and resinous at this time, the seeds are well developed and highly nutritive. Pine
seed harvest continues throughout autumn. After the cones have dried and the scales
have opened, jays pick up the seeds from the cones still attached to the twigs. They
harvest only dark brown and fully developed seeds, leaving the light ones, which are
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usually empty. The jays carry up to 20 seeds in their sublingual pouch to their breeding
area over distances of up to 10 km (Lanner 1984). At sunny, and thus, early snow-
free places, such as the south-facing side of pinyon stems, the jays put one to two
seeds into the upper soil near to the surface (about 2 cm depth) after having loos-
ened it with the beak (Lanner 1996). By late autumn, the jays have established
thousands of seed caches in their breeding habitats upon which the sitting birds and
their brood rely for food in spring (February—April). Thus, pinyon pine provides
ample fat- and protein- rich food to the jays during the period when other food is
rare. On the other hand, the seed caches are favorable for germination, as after
snow-melt, relatively high soil moisture in the litter layer will last into the dry sum-
mer. In case the seeds are not eaten by the jays themselves (or seed predators), it is
very likely that the seeds will germinate and new pinyon pines become established.
By contrast, seeds that fall off cones still attached to the trees do not have any
chance of survival. They will be eaten by rodents or desiccate under the influence of
high temperatures before the radicle has found its way into the soil.

Pinyon pine seeds are also the most important food source for small rodents. The
latter store seeds in subterranean larders from which seedlings may occasionally
emerge. Due to their high olfactory perception, however, rodents are capable of
detecting and plundering seed caches of other rodents and jays (Howard and Cole
1967; West 1968; Lanner 1996). Consequently, good regeneration is likely only after
abundant seed production, sufficient soil moisture provided (Lanner 1981, 1996).

Other corvids, such as Steller’s jay (Cyanocitta stelleri), the scrub jay
(Aphelocoma coerulescens) and Clark’s nutcracker (Nucifraga columbiana) also
scatter-hoard pinyon seeds. In an Arizonan pinyon pine woodland, a flock of about
150 Clark’s nutcrackers cached about 1 ton of pine seeds within one autumn (Vander
Wall and Balda 1977). This quantity of seeds was estimated to exceed the winter
food requirement two to three times. Under such conditions, even great losses to
seed predators would not have impeded regeneration of pinyon pine stands.

The seeds of both pinyon pine species were a traditional food source of the
Indians living in the Great Basin. There are many cultural peculiarities that devel-
oped regarding the use of pinyon pine. Seed coats found in cliff dwellings in Nevada
are about 6,000 years old. The Indians not only used seeds but also wood and resin
of pinyon pine (Lanner 1981). However, millennia of human use had not seriously
threatened the existence of pinyon woodland. This situation, however, totally
changed after the Great Basin was colonized by the Europeans. Huge quantities of
pinyon pine were used for production of charcoal needed for melting silver ore.
Wood was the only energy source in this area in those days. During the silver boom
of the 1860s and 1870s, charcoal production was the second most important indus-
try in Nevada after silver mining. When silver mining and the demand for charcoal
had ceased, the pinyon pine could re-colonize large parts of its former area of distri-
bution, mainly with the help of jays and Clark’s nutcracker. In recent times, how-
ever, pinyon pine woodland is being turned into open pastures (Lanner 1984).

The Clark’s nutcracker (Photo 2.11; Fig. 2.45) plays an important role at the
altitudinal forest limit, where it supports establishment and expansion of limber
pine (Pinus flexilis) and whitebark pine (Pinus albicaulis). The nutcracker also car-
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Photo 2.11 Clark’s
nutcracker (Nucifraga
columbiana). Rocky
Mountains, Colorado.

F.-K. Holtmeier August 1974

ries and hoards viable seeds often far beyond the mother trees (Holtmeier 1993,
2012), thus influencing treeline dynamics. Not least, natural reforestation of burned
areas would take much longer without the nutcracker seed caching (Tomback 1986,
1989, 1994b; Rebertus et al. 1991). Adults and young nutcrackers were observed to
use about 55 % of cached seeds (Tomback 1982, 2001). If each nutcracker out of 25
individuals hoarded about 32,000 pine seeds, approximately 350,000 unused seeds
would be left in 95,000 caches. Even if only 1 % of these seeds germinated, regen-
eration would already be sufficient for maintenance of the pine stands.

On Kamchatka, zoochoric Siberian dwarfed pines (Pinus pumila) that developed
from seed caches of the Siberian nutcracker (Nucifraga c.macrorhynchos) are colo-
nizing fresh lava and volcanic ash blankets (Grishin and Del Moral 1996; Grishin
et al. 1996).

Another good example of the complex role of seed hoarding in the function and
development of forest ecosystems is the mutualistic relationship of the Swiss stone
pine (Pinus cembra) and the thick-billed nutcracker (Nucifraga c.caryoctatctes)
(Photo 2.12; Fig. 2.46) in the subalpine Swiss stone pine - larch forests of the
Central Alps. Swiss stone pine and larch form the forest limit and treeline in this
region. The nutcracker’s role in these forests has been studied in detail in the
Engadine (Switzerland) (Campell 1950; Holtmeier 1965, 1967a, b, 1974, 1993,
2009; Mattes 1978, 1982, 1985).

Since the Bronze Age, at the latest, and particularly during the Middle Ages, man
has increasingly influenced the high-elevation forests through the grazing of cattle
and clear-cutting. High-elevation forests were cleared for pastoral use and to
increase the alpine grazing area. In addition, extended forest stands were destroyed
by ore-mining, salt works, and charcoal production, especially during the Middle
Ages. On all fairly accessible terrain, forest was completely replaced by alpine pas-
tures. The extent of the treeline depression varied regionally and locally. A depression
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Photo 2.12 Thick-billed
(European) nutcracker
(Nucifraga c. caryocatactes).
Roseg Valley, Upper
Engadine. F.-K. Holtmeier, 8
June 2001
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Fig. 2.46 Distribution of the nutcracker in Eurasia (horizontal hatching=Nucifraga c. caryo-
catactes, vertical hatching=Nucifraga c. macrorhynchos and other subspecies). Modified from
Mattes in Glutz von Blotzheim and Bauer (1993)

of the treeline by 150-300 m compared to its position during the postglacial thermal
optimum can be accepted as an average value for the Central Alps (Holtmeier 1974,
1986a, 1994; Burga 1988; Tinner et al. 1996; Carcalliet et al. 1998; Burga and
Perret 2001; Kaltenrieder et al. 2005). The remaining forest stands were grazed by
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Photo 2.13 Succession in a former larch (Larix decidua) pasture forest after grazing ceased.
Swiss stone pine (Pinus cembra) has already formed a second tree layer under the light larch cano-
pies. North-facing slope of Muottas da Celerina, Upper Engadine. F.-K. Holtmeier, October 1967

cattle. Consequently, composition and structures of high-elevation forests changed
considerably. On slopes not too steep for grazing and exposed to the sun, pure larch
stands often developed (cf. Sect. 2.4.2).

Due to modern changes in economic structure — mass tourism has become the
main base of existence — grazing pressure on the forests declined, and natural suc-
cession from larch forests (pioneer) to Swiss stone pine forests (climax), which had
been interrupted by human disturbances for many hundreds of years, has been
revived. Succession is driven by scatter-hoarding nutcrackers in particular. In places,
a second tree layer of Pinus cembra has already developed under the open larch forest
canopy (Photo 2.13).

Similar to Clark’s nutcracker, a single thick-billed nutcracker may cache several
tens of thousands of seeds per season (e.g., Mattes 1978, 1982), as they are the main
food for the adults and nestlings in winter. The nestlings have already hatched by
April. Early brooding guarantees that the young birds will have enough time to learn
the special techniques of food-gathering. Thus, they may have already become inde-
pendent by July when insects are abundant. In autumn, the young nutcrackers
establish their own first seed caches (Mattes 1982).

The adults hoard seeds throughout the year, provided seeds are available. When
the present author fed nutcrackers with hazel nuts, they cached them immediately in
the litter and moss layer nearby. Maybe these were interim caches, from which the
inlying seeds were later stored in other places (see also Mattes 1982). As to Swiss
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Table 2.5 Seed dispersal by nutcrackers and wind. Modified from Holtmeier (2009)

Seed dispersal by nutcrackers Wind-mediated seed dispersal
Good quality of seeds harvested by nutcrackers Variable seed quality, small seeds, low
energy content
Distance of seed dispersal dependent on: Distance of seed dispersal dependent on:
The nutcrackers’ radius of action Height of the seed trees
Attractiveness of sites (terrain structures, plant Weight of the seeds

cover) for seed caching nutcrackers
Size of seed wings
Wind velocity
Weather (dry, humid)
Terrain structures
Plant cover

Selection of suitable sites for seed caching Landing of seeds accidental
Below-ground seed caches invisible to seed Seeds lying on the ground surface easily
predators visible to seed predators

Location of the seed caches relatively favorable for | Conditions for germination and seedling
germination and seedling growth growth highly variable

Comparatively favorable moisture and temperature | Seeds lying on the ground surface exposed
conditions for the seeds cached n the litter layer to highly varying moisture, high

and in the top soil temperatures, and desiccation

stone pine, seed hoarding becomes the most effective agent of dispersal when the
seeds begin to ripen.

Usually, both the thick-billed and the slender-billed nutcracker cache more seeds
than they need for survival. Unused caches may give rise to pine seedlings and seed-
ling clusters, relatively favorable conditions provided (e.g., Holtmeier 1966, 1967a, b,
2009; Tomback 1978; Mattes 1978, 1982; Hiller et al. 2002). The nutcrackers put
the seeds into the litter or topsoil at a depth of 2—4 cm. In general, seed caches in
loose or soft soils are larger than those established in hard, compacted soil.
Nutcrackers usually cache seeds one by one. However, seed caches containing
several seeds are also common. Despite a high retrieval rate (Mattes 1978, 1982)
and losses to members of the same species and other seed predators, in particular,
redback vole and squirrels, many seeds may germinate. As seeds of Swiss stone
pine, as well as those of other subalpine stone pines (Table 2.5), are rich in nutrients,
seedlings may rapidly develop.

During succession, larch will gradually be replaced by Swiss stone pine because
dense woolly reedgrass (Calamagrostis villosa), dwarf shrubs (e.g., Rhododendron
ferrugineum, Vaccinium spp.) and the deep raw humus layer prevent windborne
larch seeds from reaching a suitable seed bed. In addition, larch cannot successfully
compete with an increasing Swiss stone pine population for light. In the end, larch
may establish itself only in places where natural factors, such as avalanches, land-
slides, and uprooted trees, or special forest management, such as artificial removal
of the field layer and raw humus layer, have exposed the mineral soil, or where
competition has been reduced by selective cutting of stone pines (Campell 1944;
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Photo 2.14 Swiss stone pines (Pinus cembra), which have emerged from seed caches of the thick-
billed nutcracker (Nucifraga caryocatactes) on an abandoned alpine pasture at about 2,300 m.
Muottas da Celerina, Upper Engadine. F.-K. Holtmeier, 3 October 1997

Auer 1947; Holtmeier 1990, 1994, 1995a; Bott 1995). On the other hand, young
Swiss stone pines in the understorey (cf. Photo 2.13) may be seriously affected by
the caterpillars of the larch bud moth.

Nutcrackers cache seeds of Swiss stone pine not only within the mountain forest
but even far beyond the present, usually anthropogenic treeline. Thus, they can
considerably influence treeline dynamics (Holtmeier 1966, 2009, 2012). When har-
vesting seeds, nutcrackers may cover horizontal distances of more than 15 km and
differences in altitude of up to 700 m (Sutter and Amann 1953; Holtmeier 1966,
1974; Mattes 1978, 1982). Other seed consumers (e.g., woodpeckers, squirrels,
voles, mice) do not usually disperse stone pine seeds beyond the forest limit.

While dissemination by wind is usually rather accidental, nutcrackers carefully
select the sites for placing seed caches. Site selection for seed caches seems to be
influenced by local topography (microtopography), whereas seedling distribution of
larch and other anemochorous tree species is also accidental and not related to local
landforms in this way. Convex landforms, such as low ridges, spurs, knolls and
rocky outcrops appear to be particularly attractive for seed-hoarding nutcrackers
(Photo 2.14, Fig. 2.47). The nutcrackers™ preference for convex topography is par-
ticularly obvious in intensively sculptured terrain, while seed-caching is more
irregular on uniform topography (Holtmeier 1993, 2009; Mellmann-Brown 2005;
Photo 2.15). There, it seems to be related to surface microstructures (e.g., blocks,
rotten stumps or fallen trunks), as was locally observed by the present author on
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. Mature Swiss stone pine (Pinus cembra) e Young tree

Mature European larch (Larix decidua) 0Young tree

/\_ Contour line (Contour interval 20m) EKH 2012

Fig. 2.47 Distribution (schematic) of Swiss stone pine (Pinus cembra), European larch (Larix
decidua) and young growth of both species as related to the distance from the seed trees and to
local topography on a mountain slope. Modified from Holtmeier (1993)

wind-swept uniform terrain in the Rocky Mountain treeline ecotone. There, young
limberpines (Pinus flexilis) became established in close vicinity to bigger stones,
providing some shelter from the prevailing winds.

The reasons for the specific site selection are still obscure, however. One may
speculate whether convexities act as landmarks that help the nutcrackers to retrieve
their seed caches, particularly as the winter snowpack may level the terrain contours
(Mattes 1978, 1982). In addition, convex landforms would allow for surveying the
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Photo 2.15 Limber pines (Pinus flexilis) which have originated from seed caches of the Clark’s
nutcracker (Nucifraga columbiana) at about 3,490 m on Bald Mountain, Wheeler Peak, Great
Basin National Park, Nevada. F.-K. Holtmeier, 30 July 1994

surroundings more easily compared to gullies and depressions, and thus reduce the
risk of predators’ attacks (e.g., goshawk, great horned owl, peregrine falcon, fox;
Holtmeier 1974). After all, convexities may be particularly attractive to seed-
hoarding nutcrackers, because they would save energy looking for seeds cached at
sites with shallow snowpack and early melt-out in spring. Anyway, nutcrackers are
able to retrieve their seed caches even under a several decimeter deep snowpack
(e.g., Swanberg 1951; Burckhart 1958; Crocq 1974; Mattes 1982). This, however,
would be more advantageous within the closed forest with continuous snowpack
than in the open wind-swept terrain above which the winter snowpack is rather
irregular. Altogether, all these explanations are plausible. However, agglomeration
of stone pines on convex sites could just be the result of a higher survival rate of
seedlings and saplings. As convexities are usually covered sufficiently with snow
but only for a short time, they are relatively favorable for tree establishment, whereas
young growth that emerged from seed caches in snow-rich concave locations
(gullies, hollows, lee-slopes of convex microtopography) have comparatively little
chance of survival because of white snowblight infection (Phacidium infestans) or
abrasion and breakage by snow slides, snow-creep and settling snow (Holtmeier
2005a, 2009, 2012, for further reading).

However, on wind-exposed topography in dry high-mountain climates, as on
Beartooth Plateau (Montana, Wyoming), for example, Mellmann-Brown (2005)
found high concentrations of whitebark pine seedlings at the leeward edge of tree
groups and also in shallow depressions where snow usually lasts into early summer.
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Obviously, wind-shelter and prolonged soil moisture caused by the leeward
snowdrifts and snow accumulated in shallow depressions have facilitated seedling
establishment from Clark’s nutcracker seed caches. On the other hand, when the
present author observed hundreds of seed hoarding nutcrackers at treeline on
intensely sculptured terrain in the Swiss Alps, only a few of them were caching
seeds in convexities. This supports the hypothesis of the nutcracker’s preference for
convex topography.

Be that as it may, stone pine seedlings and saplings that originated from seed
caches on convex landforms enjoy relatively favorable conditions (cf. Table 2.5).
Moreover, the germination capacity of seeds hoarded by nutcrackers is compara-
tively high, as the birds harvest the seeds mainly below the forest limit (Holtmeier
1974; Mattes 1978, 1982). This also holds true for the Clark’s nutcracker (Tomback
1982). In addition, nutcrackers prove seed quality by so-called bill-clicking before
filling their sublingual pouch (Mattes 1978, 1982). Thus, the nutrient-rich stone
pine seeds allow for successful establishment and more rapid growth of seedlings
(e.g., Tomback 1978; Keane et al. 1990). This is advantageous to regeneration as the
growing season is short within and above the treeline ecotone.

As the open treeline terrain is often exposed to intense direct solar beam radia-
tion, moisture conditions in the underground seed caches are by far more favorable
for germination than if the seeds were lying on the surface, as larch seeds do, for
example. Dissemination of larch depends on the weather condition (dry or humid),
in particular on wind velocity and direction. Hence, it is very irregular, and the num-
ber of seeds drastically declines within a short distance from the mother trees
(Kuoch 1965; Holtmeier 1974), whereas concentrations of stone pine seedlings and
saplings can be found even far above the seed source (cf. Fig. 2.47), depending on
the nutcrackers’ radius of action (Holtmeier 1974, 1993, 2012; Miiterthies 2002).
Moreover, on previous alpine pastures, closing grass and dwarfshrub cover impedes
light larch seeds from reaching a suitable seed bed. Weight of 1,000 larch seeds is
about 90 times less than the weight of 1,000 stone pine seeds. Only during the first
years after abandonment of the pastures may greater numbers of larch seeds land
and germinate on a few open patches that were created by former cattle grazing and
trampling (Holtmeier 1995a). Soon, however, Swiss stone pine, which is usually the
climax tree species, will prevail and be a pioneer in natural reforestation of aban-
doned alpine pastures (Holtmeier 1967a, b). On the other hand, dense stone pine
clusters may gradually thin out due to competition and snowblight infection. As the
individual seeds hoarded in a seed cache may overly for one or more years, they
do usually not germinate simultaneously. Thus, individual trees in a pine cluster are
of different age. The taller and older trees causing local turbulences gradually
increase snow deposition (Aulitzky 1961). As a result, the younger and smaller
pines completely encased in the snowpack are often destroyed by white snowblight
(Photo 2.16; Holtmeier 1967b, 1974, 19864, b).

Not only on abandoned alpine pastures but also on the terminal and lateral
moraines of retreating glaciers (e.g., Morteratsch Glacier, Upper Engadine;
Photo 2.17), Swiss stone pine is often a pioneer, although larch could be expected
to become established first on open mineral substrate. Apparently, however, such
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Photo 2.16 Swiss stone pine cluster (Pinus cembra) ‘planted’ by the thick-billed nutcracker
(Caryocatactes caryocatactes) on the northwest-facing slope of the Upper Engadine main valley
at about 2,200 m. The taller and older trees gradually increased snow deposition. They became
infected by white snowblight (Phacidium infestans) and lost all their needles encased in the winter
snowpack. The younger pines were completely destroyed. F.-K. Holtmeier, September 1968

Photo 2.17 Swiss stone pines (Pinus cembra) on the 1850-lateral moraine of Morteratsch Glacier,
Upper Engadine. The pines originated from seed caching activities of the thick-billed nutcracker
(Nucifraga c. caryocatactes). F.-K. Holtmeier, 26 July 1988
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Photo 2.18 Swiss stone pines (Pinus cembra) which emerged from seed caches of the thick-billed
nutcracker (Nucifraga c. caryocatactes) on a terminal moraine of the Tschierva Glacier, Upper
Engadine. F.-K. Holtmeier, 8 June 2001

sites are too dry, particularly close to the moraine crest. While light wind-borne
larch seeds may accidentally get into a seed bed, providing sufficient moisture for
germination and seedling establishment, nutcrackers hoard pine seeds between
blocks or single seeds fall into clefts where fine mineral and organic material accu-
mulates, thus improving conditions for seed germination and seedling growth. On
the ice-free valley floor (basal till, in front of the glacier), however, larch is at an
advantage, as larger open patches of fine mineral have accumulated between blocks,
where larch seeds may land at greater numbers and germinate, profiting from higher
soil moisture. Moreover, these locations are possibly less attractive for seed hoard-
ing nutcrackers because of late-lying snowpack, unclear terrain and comparatively
great distances from seed trees (Holtmeier 1994, 1995a). However, in case of a
more variegated terrain in front of a glacier, concentrations of Swiss stone pines
can be found mainly on convexities (hillocks, drumlins, eskers, etc.; Photo 2.18),
whereas they are relatively rare on level ground and in concavities.

In the past, nutcrackers were considered to be a competitor for food, as the stone
pine seeds were a favorite diet of the mountain people. In addition, nutcrackers
often ripped off unripe cones, and therefore were blamed for preventing natural
regeneration of stone pine and harvest of sufficient quantities of seed needed for
high-altitude afforestation (e.g., Nather 1958). Seed predation by nutcrackers was
even considered to be the main cause of Swiss stone pine decline (e.g., Hess 1916).
Obviously, there were enough ‘reasons’ to kill nutcrackers whenever possible.
Premia were fixed for dead nutcrackers. Some hunters could even make their living
from killing nutcrackers (communication O. Bisaz). However, the public attitude
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has gradually changed. Jenny (cited in Campell 1950), for example, previously
wrote: ‘Swiss stone pine has stronger enemies than nutcrackers that we also must
not shoot, however’. Nowadays, the nutcracker is completely protected.

Foresters, however, occasionally complain of ‘too many’ nutcrackers, which
cause damage to tree nurseries by digging for recently sown stone pine seeds and
pulling plantules out of the ground to get the attached seed. The foresters’ aversion
to the nutcracker can be easily understood with regard to the absolutely essential
maintenance and/or restoration of high-elevation forests up to the potential climatic
tree limit. In case of poor cone production, relatively large amounts of viable seeds
that are needed to produce seedlings in tree nurseries may be lost to nutcrackers
(and other seed predators!). Killing nutcrackers, however, would not solve the prob-
lem, in particular because nutcrackers from the surrounding areas would rapidly
invade. In any case, natural reforestation of abandoned subalpine pastures and res-
toration of over-mature forest stands at the present, usually anthropogenic forest
limit would be considerably delayed without the nutcracker’s help. Hence, the situ-
ation at treeline is somewhat different from the Rocky Mountain treeline, for exam-
ple, because the distance between the closed mountain forest and the potential upper
limit of tree growth in the Central Alps is relatively great due to human impact for
many hundreds of years. Under such conditions, the nutcracker may be considered
to be a keystone species in high-elevation Swiss-stone pine-larch forests and in the
treeline ecotone.

By contrast, Kajimoto et al. (1998), who studied dwarf Siberian pine (Pinus
pumila) in the subalpine zone of Mt. Yumori (Oou Mountains, northern Honshu),
came to the result that nutcracker (Nucifraga c. japonica) seed hoarding does not
essentially support natural pine regeneration, as the nutcrackers cache seeds mainly
on open wind-exposed terrain near the seed trees. Seedlings may become estab-
lished only in case of sufficient summer precipitation.

2.5.3.2 Other Birds

Although endozoochoric dispersal of tree seeds is less effective when compared
with seed caching by nutcrackers, seeds defecated by fruit-eating (frugivorous)
birds may contribute to the distribution of certain tree species provided that the
seeds contained in the animals’ droppings have not lost their germination capacity
on the way through the digestive tract. This type of seed dispersal may support dis-
tribution of plants, such as black cherry (Prunus serotina), mountain ash (Sorbus
spp.) and juniper (Juniperus spp.). Black cherry which is native to Eastern North
America, was introduced to Europe as an ornamental tree in parks and gardens dur-
ing the seventeenth century. Since the 1920s it has been used for stabilization of
inland dunes, afforestation of heath land, establishment of wind breaks and improve-
ment of soil fertility (e. g., Kowarik 2003). Within closed forest, black cherry repro-
duces vigorously from root suckers and stump sprouts, whereas seedling density
decreases exponentially with increasing distance from the seed source. In Central
Europe, about 60 bird species consume black cherry fruits (Turcek 1967).
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The spread of mountain ash up to and even beyond the existing tree limit in the
Alps, the Scandinavian mountains, Scotland or the dry Himalayas can presumably
be ascribed to endozoochoric seed dispersal by fruit-eating birds such as fieldfares
(Turdus pilaris), ring ouzels (Turdus torquatus) (e.g., Mattes et al. 2005), and white-
backed thrushes (Turdus kessleri, Himalayas; Mauersberger 1995). The same holds
true for juniper trees growing on rocky sites at high elevation in the dry regions of
the Himalayas and in southern Tibet (Miehe and Miehe 2000). In addition to
thrushes, jackdaws (Corvus monedula) and choughs (Pyrrhocorax spp.) are dispers-
ers of ripe juniper berries (Schickhoff 1993, 2005). However, the seeds are often
destroyed or lose their germination capacity when passing through the digestive
track. Defecated viable seeds that have reached a suitable seedbed may germinate.

In some species, the germination capacity of undamaged seeds increase by
passing through the gut. In bilberry (Vaccinium myrtillus), for example, which
is dispersed by thrushes (Turdus spp.), this ‘pretreatment’ has turned out to be
advantageous as the germination capacity of intact seeds descreases during the
fruiting season. Moreover, the germination percentage of excreted seeds was
found to be higher than or similar to those of not ingested intact seeds
(Honkavaara et al. 2007).

The behavior of the seed dispersers plays an important role with regard to germi-
nation success of endozoochorically distributed plant seeds. When using rock out-
crops for feeding on berries, the birds also often defecate. Some droppings seeds fall
into rock crevices. Shelter from excess direct solar radiation (reduced evaporation
and photooxidative stress) and fine mineral and organic matter that accumulates in
such places increase soil moisture and nutrients. Thus, germination of still viable
seeds and seedling establishment may be facilitated. On pastures in New England,
for example, dwarfed juniper (Juniperus communis var. depressa) can often be
found close to big stones. American robin (Turdus migratorius), overwintering in
small groups in this area, use these stones for a short rest during searches for food.
Juniper berries are their main diet at this time of the year. The robins also defecate
on the stones. The droppings are washed down and accumulate in cracks and clefts
that were caused by freeze-thaw action between the stones and the fine material
around them. In such places, seeds are relatively safe from predators (mainly mice)
and grazing cattle (trampling, grazing). Moreover, permanent moist conditions
(run off from the stone surface, shading, reduced evaporation) support stratification
(Livingston 1972).

2.6 Influences of Animals on Soil, Land Surface and Other
Site Characteristics

The effects of animals on soils and microtopography have already partly been
touched upon in previous sections. Yet, this aspect especially needs to be considered
in more detail, as soil is influenced by animals in manifold ways and numerous
animal groups are involved. Some are living permanently (e.g., many invertebrates)
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or during certain development stages in the soil (e.g., some higher insects). Others
are living in the soil and on the surface as well (e.g., ants, termites, moles, voles,
aardvarks) or exclusively above ground (e.g., ungulates). The abundance of endo-
genic species even in a small area corresponds to the species richness of a coral reef
(Wallwork 1970) — and coral reefs are considered to be the ecosystems richest in
species. Very likely, more species are living in the soil than on the ground. Their
biomass and influence on soil probably exceed the biomass and impact of the ani-
mals living above-ground (Hole 1981).

Apart from selected examples integrated into the general context, a presentation
of the manifold, complex and only partly known effects of the real soil fauna
(macro-, meso-, micro-fauna) on soil cannot be given within the limitations of this
book. Therefore, the reader may refer to the soil-zoological and soil-ecological spe-
cial literature (e.g., Trolldenier 1971; Edwards and Lofty 1977; Ghilarov 1978;
Hole 1981; Topp 1981; Satchell 1983; Gisi et al. 1997; Schrader 1999). Only a few
examples will be considered later in this book, among them mound-building ter-
mites, which may conspicuously influence landscape physiognomy (Sect. 4.2.1).

Animals influence soil directly by bioturbation, burrowing, digging for roots,
bulbs or prey animals, trampling (compaction, erosion) and, not least, by excreta. In
addition, animals have indirect effects on soil resulting from their influence on com-
position and structure of the plant cover, and thereby on microclimates (tempera-
ture, humidity), moisture, litter quality and supply and mineralization.

2.6.1 Effects of Burrowing, Digging and Trampling

Trampling, burrowing and digging (e.g., for roots or prey animals) often initiate or
enforce soil erosion. This is probably the most conspicuous and lasting animal
effect on the landscape surface. Bioturbation mainly influences the pedosphere. In
addition, it may modify local surface structures. Almost half of the present 800
mammalian genera are involved in bioturbation (Mitchell 1988). Some of them are
living permanently or temporarily in the soil (e.g., moles, mulls, pocket gophers,
kangaroo rats), while others dig burrows for resting, refuge and breeding (e.g., rab-
bits, marmots, ground squirrels, prairie dogs, batchers, foxes, warthogs, aardvarks)
and/or also for overwintering (e.g., ground squirrels, marmots). Moreover, ungulate
herds and even birds may be involved in bioturbation. In southwesten Australia, the
males of the superb lyre bird (Menura novaehollandiae; Robinson and Frith 1981;
Mitchell 1988), for example, create large open display platforms of bare soil. The
Australian brush turkey (Alectura lathami) living in the tropical and subtropical
forests of eastern and northeastern Australia builds large nests of leaves, thin twigs
and earth on the ground (Seymour 1992). Other birds, such as Magellanic penguins
(Spheniscus magellanicus), breed in self-made burrows. Burrowing wedge-tailed
shearwaters (Puffinus pacificus) on Rottnest Island (Sect. 2.1.2) have been estimated
to displace about 210 t soil ha™! (Bancroft et al. 2004). This exceeds the amount of
soil excavated and spread on the surface by fossorial mammals.
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2.6.1.1 Bioturbation (Soil Mixing, Aeration, Translocation
of Soil Material)

While burrows of badgers or foxes are usually not very conspicuous, burrowing
rodents, such as prairie dogs, ground squirrels or pocket gophers often have a
marked influence on the physiognomy and ecological conditions of their habitats by
excavating large quantities of soil and spreading it on the ground surface. The
rodents may move many tons of soil per hectare. However, such figures are usually
based on data measured or estimated over small areas. They are often hard to com-
pare because different methods were used for calculation, and it is often left open as
to whether they refer to wet or dry weight of soil.

Prairie dogs and pocket gophers are probably the most active burrowing rodents
in North America. In contrast to pocket gophers, prairie dogs, however, are social
animals living in colonies (‘towns’) usually inhabited by several thousand individu-
als. In general, they prefer gently sloping terrain (<7°) with deep fertile soils and
safe from flooding (Dahlstedt et al. 1981). The size of their subterranean burrows
varies in dependence on the local conditions. Their vertical tunnels (diameter
10-15 cm) extend from 1-3 or even 5 m depth (Sheets et al. 1971). There, side tun-
nels branch off from the vertical tunnels, with the nests in broadenings. The nests
are padded with hay. The excavated soil is accumulated on the ground surface,
forming a mound similar to a truncated cone (Photo 2.19). The total tunnel system
of a typical prairie dog burrow system measures about 15 m in length, and the
weight of the excavated soil amounts to 200-250 kg (Whicker and Detling 1988a,
1988b). Thus, in a colony with 100 burrows per hectare (in literature densities of
50-300 burrows are reported) more than 20 t ha™!' of excavated loose material might

Photo 2.19 Entrance of a black-tailed prairie dog (Cynomis ludovicianus) burrow in the short-
grass prairie, Colorado. F.-K. Holtmeier 26 July 1998
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be accumulated on the ground. This would correspond to the amount of soil brought
to the surface by voles and moles in an oak-beech forest in the Luxembourg
Ardennes (Imeson 1976). Just as active are pocket gophers (Geomyidae) and Arctic
ground squirrels (Citellus undulates, syn. Spermophilus parryii).

However, such extrapolations give only a rough idea of the possible magnitude
of soil excavated by burrowing rodents and should not be taken for a mean value, as
the local conditions such as, substrate, plant cover, population density and fluctua-
tions may vary considerably. In the Wasatch Range (3,000 m, Utah), for example,
Ellison (1946) came to the conclusion that 10-40 pocket gophers per hectare exca-
vate about 11-14.5 t ha™!, whereas in the alpine tundra of the Colorado Front Range
4-6 t ha™' may be expected at a density of 11 gophers ha! (Burns 1979, 1980).
Occasionally, however, even 28 t ha™! were estimated (Thorn 1982). Schiitz (1998)
measured the soil material spread by pocket gophers (Thomomys talpoides) on the
ground surface of snow glades in ribbon forests on the Colorado Front Range. This
material, converted into excavated material per hectare, would amount to 13-30 t.
On grazing areas in the Wasatch Mountains, with a pocket gopher density of
about 70 individuals per hectare, an amount of excavated soil of 94 t ha™! year™' is
not uncommon (Richens 1966). By contrast, in the semi-deserts of the Caspian
Lowlands, little sousliks (little ground squirrel, Citellus pygmaeus) translocate only
about 1.5 t ha™! to the surface (Abaturov 1972). Data on souslik density, however,
were not provided. Moles (Talpa europaea) excavate between 8 t ha™! in conifer
forests and 35 t ha™! on meadows, depending on the local conditions (usage, earth-
worm density, larvae, bulk density, moisture conditions) (Abaturov 1972; Goszynska
and Goszynski 1977). On wooded slopes in Belgium, rabbits at high population
density may excavate almost 72 t of soil material per hectare, whereas in a case of
low rabbit density, only half a ton is brought to the surface (Voslamber and Veen
1985). Imeson (1976) ascribes the bulk of loose material accumulating on the valley
bottoms in the Luxembourg Ardennes to the activities of small burrowing mammals
(moles and voles), earthworms and other invertebrates.

The effects of pocket gophers on soils and microgemorphology are no less spec-
tacular than those of prairie dogs, even though gophers are solitary animals. Grinell
(1923) was so deeply impressed by their effects on the soils on the semi-arid slope
of Sierra Nevada (California) that he compared them in a way to the effects of earth-
worms that Darwin (1881) had described almost dramatically: ‘It may be doubted
whether there are many other animals which have played so important a part in the
history of the world, as have these lowly organized creatures’.

Pocket gophers belong taxonomically to three genera (Thomomys, Geomys,
Cratogeomys), with 16 species in total (subspecies included). Eight of them belong
to the genus Thomomys, seven to Geomys. The genus Cratogeomys is represented
by only one species. The distribution area of pocket gophers roughly coincides with
the grasslands and shrub steppes of North America (Mielke 1977; Fig. 2.48).
Gophers at high densities may severely damage forest plantations by gnawing roots
and fresh shoots (cf. Photo 3.17), by girdling the stems of seedlings, and, not least,
by intense burrowing (Dingle 1956; Ronco 1967; Hooven 1971; Barnes 1973,
1974). On mountain land (about 2,7000 m) of Arizona, for example, numerous
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Fig. 2.48 Distribution of the three genera of pocket gophers in the United States. Modified after
Teipner et al. (1983)

aspen clones (Populus tremuloides) associated with rocky outcrops are surrounded
by mountain meadows. These are characterized by deep soils that provide suitable
habitat conditions for Botta’s pocket gophers (Thomomys bottae). The gophers
cause serious below-ground injury to aspen root suckers, and thus prevent expan-
sion of aspen into the meadows. The gophers have therefore been considered a
‘keystone species’ in the mountain meadow ecosystem (Cantor and Whitham 1989).

Moreover, pocket gophers often cause losses of agricultural crops by feeding on
above-ground and below-ground parts of useful plants. Not least, their mounds may
cover the agricultural plants and also impair machine harvest. In grazing areas,
gophers may compete with cattle for food, and they may also reduce cattle’s food
source by covering vegetation with excavated material (Turner 1973; Andersen and
MacMahon 1981; Teipner et al. 1983, ample further references therein; Reichman
and Smith 1985; Huntly and Inouye 1988).

In the following paragraphs, the focus is on the northern pocket gopher
(Thomomys talpoides). Pocket gophers live almost exclusively in the soil. During
the snow-free season, they leave their tunnel system with usually just the front part
of their body for food uptake (Photo 2.20). In winter, they forage on the ground
vegetation under the snowpack.

Each individual has its own burrow with a multiple-branched tunnel system. The
tunnels measure 5-6 cm in diameter and reach a total length of several tens of
meters. Most tunnels extend to a depth of 10-30 cm below the surface. Some tun-
nels at a depth of 40—60 cm are connected with the upper tunnels by a vertical link.
The nest, padded with dried grass and herbs, and hoarded food are located at the
lower level. Loose excavated material is accumulated at the tunnels’ exit. Pocket
gophers constantly modify their tunnel system. They excavate new tunnels and use
the older usually near-surface tunnels to dump excavated mineral and organic (nest)
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Photo 2.20 Northern pocket
gopher (Thomomys talpoides)
at burrow entrance in the
treeline ecotone on Niwot
Ridge at about 3,180 m,
Colorado Front Range. The
gopher is feeding on alpine
avens (Acomastylis rossii).
H.-U. Schiitz, 25 September
1990

material from the lower tunnels (Wilks 1963; Thorn 1978; Teipner et al. 1983), as
moles are also known to do (Johannesson-Gross 1996). The tunnel-fillings are usu-
ally more compacted than mound material (Turner 1973).

Pocket gophers also construct extended tunnel systems inside the snowpack.
There, they are protected from low temperatures and can move with relative safety
from their many predators (e.g., owls, red-tailed hawks, goshawks, falcons, coyote,
weasels, ermine, foxes, bobcats, badgers, skunks, and others). The snow tunnels
also enable the gophers to travel longer distances and to cross barriers, such as
streams, paludified terrain, rocky surfaces and block debris, and to colonize new
habitats (Vaughan 1963; Hansen and Reid 1973). After snowmelt, the fillings of the
snow tunnels form a net of tube-like ‘eskers’ (winter casts; Photo 2.21) on the
ground (Holtmeier 1982, 1987b, 2012; Delella-Benedict 1991; Schiitz 1998, 2005).
Up to 50 % of a pocket gopher habitat may be covered by ‘mounds’ and ‘eskers’
(Buckner 1977; Holtmeier 1982).

In addition, so-called plugs can be found on the ground. Plugs (diameter 5 cm -
6 cm) consist of soil material that pocket gophers push out of the tunnel entrance to
forage or to remove excavated material. After having entered the burrow again, the
gophers use the plugs to close the tunnel entrance. This habit may help us to find out
whether a burrow is still being used. If it is used and one removes the plug, it will
not take long until the gopher will close the entrance again. Otherwise, the plugs
remain on the ground surface.

When pocket gophers are enjoying favorable habitat conditions and gopher den-
sity is high, more than a quarter of their habitat may become covered with excavated
loose soil material within as little as a year (e.g., Hooven 1971; Turner 1973). In
general, however, only 5-15 % are covered with earth (Grinell 1923; Buechner
1942; Ellison 1946). In some ‘ribbon forests’ on the Colorado Front Range (cf. Photo
3.16, Fig. 3.15), the present author found 14—-16 % of the ‘snow glades’ covered
with loose mound material and tunnel fillings dating from the previous winter
(1986/1987), while only a few fresh mounds could be attributed to gopher activity
in early summer 1987 (Holtmeier 1987b). However, excavated material may
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Photo 2.21 Pocket gopher ‘eskers’ (snow tunnel fillings) and their remains covering subalpine
meadow vegetation on Caribou Hill at about 3,180 m, Colorado Front Range. F.-K. Holtmeier, 10
July 1997

occasionally cover up to 50 % or even more of the glades (cf. Photo 2.21; see also
Buckner 1977; Schiitz 1998). Vegetation covered with excavated material decom-
poses more rapidly than litter on the surface (Bowman et al. 1993). In the long-term,
carbon content in the topsoil and soil fertility are lowered (Cortinas and Seastedt
1996; Litaor et al. 1996). Some mounds and eskers erode within as little as a few
days, while others may continue to exist for several years. An example of extremely
long-lived terrain structures created by gophers are the so-called ‘Mima mounds’,
which were mentioned in the introduction. They are perhaps several hundred years
old. Mounds and eskers often become covered with fresh material several times
(see also Turner 1973). In the long-term, the total snow glade may be influenced by
the pocket gophers. No mounds can be found inside the dense tree stands of the
‘ribbons’ (Picea engelmannii, Abies lasiocarpa) nor at their edges, which often are
formed by shrub willows (Salix spp.) and gooseberry currant (Ribes montigenum).
The same holds true for waterlogged areas. Fillings of snow tunnels, however,
which crossed these areas during the winter, may occasionally be found.

Tree seedlings are often affected or even killed when completely buried under
excavated material. On the other hand, such open patches occasionally facilitate
seedling establishment (e.g., Kallio and Lehtonen 1973; Holtmeier 1974; Butler
et al. 2004). Nevertheless, other animals (e.g., American elk, Cervus canadensis;
mule deer, Odocoileus hemionus), climatic injuries, an abbreviated growing sea-
son, snow fungus infection (e.g., Herpotrichia juniperi; Phacidium infestans), lack
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Fig. 2.49 Influence of prairie dogs and pocket gophers on translocation of soil material in the
prairie, Colorado. Modified from Thorp (1949)

of moisture and downslope translocation of excavated soil by heavy rainfall and
needle ice solifluction (Hall et al. 1999) may have opposite effects. Anyway, the
number of open microsites caused by burrowing rodents appears to be insufficient
to explain the much higher number of seedlings that have become established
above the mountain forest (Butler et al. 2004). Thus, climate warming is suggested
as the driving factor.

Burrowing and digging animals influence soil’s physical and chemical proper-
ties. Normally, fine material and dissolved substances are translocated by water
from the soil surface to greater depth, with the exception of semiarid and arid
regions, where, under the influence of intense evaporation, soil water with minerals
dissolved in it may ascend to the soil surface. Excavated soil material, however, also
contains relatively coarse and barely soluble substances from greater depth. In this
way, the animals enrich the upper soil horizons with almost unweathered primary
material from the substrate (e.g., carbonates, gypsum) and reduce leaching. In the
tallgrass prairie of northwestern Minnesota, for example, ‘Mima-type mounds’
became accumulated on impermeable clay-rich and silty ground overlying a
carbonate-enriched horizon at about 60 cm depth. Under the mounds, this horizon
is fragmented and the silty mound material is re-enriched in carbonates, which has
been ascribed to the burrowing rodents’ activities (Ross et al. 1968). In the prairie of
Colorado, where chernozem and chestnut-colored soils occur, prairie dog mounds
contain much sandy-gravel material, which is buried under a 180-200 cm thick
loess cover, whereas the mounds of the gophers that burrow less deeply consist of
silty loam (Fig. 2.49; Thorp 1949).

Bioturbation usually has a homogenizing effect on soil material. Occasionally,
however, bioturbation may result in stratification (formation of different layers)
(see also Hole 1981; Mitchell 1988). In places where ground squirrels or pocket
gophers, for example, excavate stone-rich material and spread it on the ground
surface (Photos 2.22 and 2.23), the amount of coarse material relatively increases
when the finer particles are washed away or blown off (see also Cox et al. 1987). A
similar process can be observed in areas with a high density of the giant earthworm
(Lumbricus badensis), such as in the southern Black Forest (SW-Germany), where
moles accumulate fine skeletal material and stones from the subsoil (Stahr 1979)
on the soil surface. Due to erosion of the finer particles, coarse material also
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Photo 2.22 Columbian
ground squirrel
(Spermophilus columbianus)
at its burrow entrance,
Glacier National Park,
Montana. F.-K. Holtmeier,
1998

Photo 2.23 Soil excavated and spread by ground squirrels on a subalpine meadow. Burrow
entrance in the foreground. Glacier National Park, Montana. F.-K. Holtmeier. 1998

enriches relatively. Mole action and selective erosion obviously disguise the effects
of bioturbation by this large earthworm species (Lamparski 1985). Normally, the
intensive bioturbation by Lumbcricus badensis is the main cause of the particularly
thick Ap-horizon (humus layer) of the humus-rich brown soils of the southern
Black Forest. On grazed plots, earthworm tubes were found down to a depth of
1V2meters (Broll et al. 1996).

By contrast, in the Mount St. Helens area, deposition of tephra on the original
soil profile and subsequent coverage with the old soil by pocket gophers and ants,
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which had survived the eruption (18 May 1980) under a 25 cm deep ash blanket,
resulted in distinct layers still recognizable even after a long time (cf. Cox et al.
1987, see also Fig. 2.55). As the old soil, which was brought to the surface after the
tephra had cooled, contained original viable mycorrhizal fungi, conditions for plant
growth improved (Allen et al. 1984; Andersen and MacMahon 1985; Allen and
Grisafulli 1994) and a new organic horizon developed. In western Colorado, pocket
gopher mounds were found that consisted of volcanic ash mixed with top soil,
whereas eskers and soils devoid of gophers did not contain ash, and so were not
affected by bioturbation (Hansen and Morris 1968).

In North- and Northeast-Thailand, Loffler (1996) found bioturbation by termites
to be a cause of ‘pseudo-stratification’. As the termites convey permanently fine
material of weathering conglomeratic sandstone to the surface, coarse gravel and
pebbles relatively enrich the lower section of the soil profile, with the sand and other
fine soil fractions on top.

On lime stone, moles bring stone fragments to the surface, and thus partly com-
pensate for leaching of calcium (Watt 1974). In mixed forests near Moscow, mole
hills contain material from the illuvial horizon located 30-40 cm below the ground
surface. This material has been translocated from the topsoil to greater depth by
leaching. In the mole hills, the contents of sesquioxides, calcium, magnesium- and
phosphate-oxides, as well as the content of exchangeable calcium and magnesium,
were considerably higher compared to the A, horizon of the buried soil profile,
whereas the amount of humus and nitrogen enriched in the mole hills was lower
than in the A;, horizon (Abaturov 1972). Similar results are reported by other studies
on mole hills. Not without reason, the mole has been called a ‘zoological base
pump’ (Graff and Makeshin 1979). Pocket gopher burrowing activities have compa-
rable effects (Mielke 1977; Huntly and Inouye 1988). In the view of Mielke (1977),
pocket gophers really control soil chemical properties in the North American prai-
rie. In the Chihuahuan desert (New Mexico), banner-tailed kangaroo rats (Dipodemus
spectabilis; cf. Sect. 4.2.3), when excavating burrows, break through the hardpan
(“caliche’, calcium carbonate) close to the surface, and thus allow creosote bush
roots access to water and nutrient at greater soil depth (Eldridge et al. 2009).

On hummocky pastures created by the yellow meadow ant (Lasius flavus) and
occasionally by the common black garden ant (Lasius niger) (Schreiber 1969,
1980a; Feldmann 1991; Russow and Heinrich 2001), the physical and chemical
properties (e.g., humus content) of the soil of the approximately hemispherical nest
hills (height 40 cm - 50 cm) differ from those of the surrounding terrain and from
the A;, horizon of the underlying soil. Humus content, for example, is considerably
lower in the nest hills. In nests of the yellow meadow ant, increased concentrations
of available P and K have been found, while total N, Ca* and Mg?* were lower than
in control plots (Dostal et al. 2005). Soil was homogenized. In the upper 18 cm, soil
nutrient concentrations were similar in four consecutive layers, whereas in control
plots, nutrients decreased and bulk density dramatically increased (see also Lobry
de Bryn and Conacher 1994). Ant mound soils showed a loose structure with par-
ticles (0.02-0.1 mm) prevailing. Bulk density was low due to chambers and tunnels
(see also Woodell and King 1991).
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In nests of harvester ants (Pogonomyrex barbati) in the dry North American
southwest (Chihuahuan desert, Sonoran desert), concentrations of nitrate, ammo-
nium, phosphorus and potassium are significantly higher than in soils not influenced
by ants. The high density of micro-arthropods and protozoa is particularly obvious
(Wagner et al. 1977). The ants’ activities have caused a high heterogeneity of site
conditions and vegetation diversity.

The development of so-called ‘krotovina’ (from Russian for ‘mole hill’) has
been ascribed to the activities of moles, marmots, prairie dogs, ground squirrels,
pocket gophers and other burrowing rodents, which partially fill their burrows
with humic or loose mineral material. In light soils, these fillings usually appear
as dark spots, whereas they are noticeable as light patches in dark soils (see also
Fig. 2.49).

Mounds of the little ground squirrel (souslik, Citellus pygmaeus) in the semi-
deserts of the northern Caspian Lowlands differ from their surroundings by enriched
gypsum, carbonates and calcium- and magnesium-oxides. In these regions espe-
cially, where no dissolved substances can ascend from the deep ground water table to
the soil surface, ground squirrels, bobaks (Marmota bobak) and several invertebrates
(ants, termites) are the most important agents of mineral supply from the deeper soil
horizons. While readily soluble substances are rapidly washed out afterwards, gyp-
sum and carbonates enrich in the topsoil. The material excavated by sousliks amounts
to only 1.4-1.6 t ha™! year. This is less than that brought to the surface by moles. In
the long-term, however, large areas may be covered (Abaturov 1972). The compara-
tively small amount of soil translocated by sousliks can be ascribed to their foraging
behavior. Sousliks graze on the ground surface, while moles search below-ground for
earthworms and other invertebrates, and thus have to move comparatively more soil
(Graff and Makeshin 1979).

In the deep black soils of the Russian meadow- and forest steppes, the greater
mole rat (Spalax micropthalmus) plays an important role in bioturbation, along with
other burrowing rodents. Similar to pocket gophers and ground squirrels, greater
mole rats also fill old unused tunnels with excavated soil. Although most of the
excavated material comes from the upper 30 cm of the humus horizon, many light
patches of loam rich in calcium carbonates that come from the illuvial horizon
below are distributed over the entire humus horizon. The highest calcium contents
are found in the tunnel sections next to the nests. In contrast, material that was
brought to the surface usually has a lower calcium content than the mounds of
ground squirrels and bobaks, of which the burrow systems reach down to much
greater depth. Nevertheless, greater mole rats play an important role in the calcium
supply of the rooting zone (Zlotin and Khodashova 1980; therein further refer-
ences). They translocate about double the amount of calcium taken up by the plants
per year from the illuvial horizon to the rooting zone. Thereby and by their feces
and urine, which are rich in plant-available nitrogen (ammonium- and nitrate ions),
they considerably influence the turnover rate in the steppe soils. Zlotin and
Khodashova (1980) estimated that, in the steppe, great mole rats inhabiting their
colonies for many generations would have ‘worked through’ the entire topsoil
within a period of 2,000-5,000 years.
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In the subalpine zone of the eastern Pamir mountains (at about 4,000—4,500 m
elevation), long-tailed marmots (Marmota caudata), in particular, may completely
alter soil profiles (humus content, texture, bulk density, nutrients; see also Tadzhiyev
and Odinoshiyev 1987). In all soil types, upward transport of stone- and debris-rich
loose material by marmots from lower horizons results in considerable salt, chalk
and gypsum enrichment in the upper soil, provided that these substances are not
washed out. In some places, Solonchaks may develop. In high-mountain deserts,
marmots prevent crust formation on the soil surface, which is typical of terrain not
influenced by marmots. A similar effect can be observed in the lowland deserts, as
in the Karakum, for example. In places where rodents have broken up the clay crust
of takyr soils, shrubs may become established that would otherwise be missing
(Walter and Breckle 1986).

Burrowing animals not only move fresh loose mineral material to the upper soil
horizons and to the surface but also translocate organic matter to deeper levels. The
organic material comes partly from the litter layer, from nests and hoarded forage.
Black steppe soils, often characterized by very deep A, horizons (often >1 m), are
probably the most impressive example. Numerous invertebrate groups (earthworms,
larvae, etc.), as well as soil-dwelling mammals such as squirrels, marmots, hamsters
and others, are involved in extending the humus horizon to greater depth. Bioturbation
by pocket gophers, kangaroo rats and gerbils (Gerbillidae), the latter living in the
deserts and steps of Asia, has a comparable effect.

Bioturbation and loosening the soil also influence thermal and hygric soil condi-
tions. Bioturbation improves aeration and drainage conditions, particularly in soils
rich in clay and/or heavily compacted by grazing. At least locally, as, for example,
in rodent colonies, burrowing and digging animals are hardly less important than the
permanently (e.g., earthworms, termites) or temporarily soil-dwelling (terricolous)
invertebrates. Therefore, bulk density in soils influenced by prairie dogs, ground
squirrels, kangaroo rats, moles and mole rats, for example, differs considerably
from bulk density in undisturbed soils (Ellison and Aldous 1952; Ross et al. 1968;
Laycock and Richardson 1975; Graff and Makeshin 1979; Lee 1986; Moorhead
et al. 1988; Mun and Whitford 1990; Heth 1991; Laundre 1993; Cortinas and
Seastedt 1996).

Reduced bulk density and the resultant improvement in permeability, aeration
and drainage positively influence nutrient turnover. The magnitude of these
changes, however, depends on the local conditions (e.g., soil texture and content
of skeletal material). This may explain contradictory findings. Soils in Utah and
Colorado, for example, influenced by pocket gophers were drier at 5—15 cm depth
than undisturbed soils in close vicinity. This was attributed to a higher portion of
fine material in the excavated soil, which had silted up (‘sealing effect’) the soil
surface and reduced infiltration (Julander et al. 1959). Contrary to that, on sites
intensely influenced by burrowing. infiltration was higher compared to undis-
turbed terrain (Ellison 1946). The same holds true for steppe soils of Idaho, where
meltwater infiltration was considerably higher in places with ground squirrel
activities, and therefore lower bulk density than in sites unaffected by the rodents
(Laundre 1993).



2.6 Influences of Animals on Soil, Land Surface and Other Site Characteristics 139

In the tall-grass prairie of Iowa, soil moisture was higher for many years in places
where American badgers (Taxidea taxus) in search of food digged for 13-lined
ground squirrels (Citellus tridecimlineatus) and other soil-dwelling animals.
However, soil moisture gradually decreased again parallel to re-colonization of the
open patches by vegetation, which took about 20 years (Platt 1975). A loss of the
badgers and their digging activities will have lasting effects on ecosystem function
and on the distribution pattern of annual plant mosaics (Platt 1975; Elddrige and
Whitford 2009).

In general, the tunnel systems of fossorial animals improve aeration. Lower soil
moisture around mole tunnels, for example, has been ascribed to aeration by tunnels
(Skoczen et al. 1976). However, when pocket gophers, for example, plug their tun-
nels after returning to their burrows, air circulation will be interrupted (Turner
1973). Relatively high soil moisture was found below the tunnels, probably due to
occasional run off on their bottom.

Thermal conditions inside burrows also differ from the surrounding undisturbed
terrain as a result of changed physical conditions in the soil (bulk density, aeration,
moisture and air humidity) and decomposition of accumulated organic matter. In
mounds of the Mount Kenya mole-rat (Tachyoryctes rex), for example, in high-
elevation valleys of Mount Kenya at about 3,800 m altitude, soil temperatures of
12 °C were measured, whereas normal soil temperatures of the mounds ranged
between 5 and 7 °C. The high temperatures inside mole-rat burrows result from
decomposition of excreta and already disintegrated plant material. Warmth and food
provide optimal conditions for the development of beetle larvae, which were found
inside burrows in large numbers (Coe and Foster 1972). Abandoned hills of mole
rats are often occupied by groove-toothed rats (Otomys orests oreste, Otomys tropi-
calis tropicalis). It may be added that Darlington (1985), referring to her extensive
studies in Kenya, holds the opinion that lenticular soil mounds in the savanna were
not built by burrowing rodents (‘African mole rat, Tachyoryctes splendens), but by
termites (Odontotermes spp.) (see also Martin 1988). This view, however, is contra-
dictory to the observations and hypotheses of other authors (e.g., Cox and Gakahu
1983; Midgley and Musil 1990; Cox at al. 1989; Cox and Scheffer 1991).

Mound-building by gregarious burrowing animals also considerably influences
microclimates of the ground surface. The distribution of soil temperatures, in par-
ticular, is related to microtopographic structures. In the subalpine belt on Niwot
Ridge (Colorado Front Range), for example, the south-facing side of unvegetated
gopher mounds is more than 3 °C warmer at 10 cm depth than the north-exposed
side. Moreover, the mean temperature of mounds is usually 1-2 °C higher com-
pared to the lower vegetated terrain between them. The diurnal temperature ampli-
tude is also greater on the south-facing mound side than on the northern exposure
and on the lower vegetated sites between the mounds. Higher temperatures acceler-
ate decomposition of the older litter layer buried under excavated material (Cortinas
and Seastedt 1996). On hummocky pastures in the Swiss Jura, Schreiber (1969)
observed that yellow meadow ants prefer the sunny slope of their nest hills during
summer and cover it partly with fresh soil. As a result, the nest hills gradually
elongate (oval shape).
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However, not only microtopography created by burrowing animals but also
animal-caused patchy vegetation patterns may cause locally varying soil tempera-
tures. In the steppe, for example, diurnal fluctuations in surface temperature and soil
moisture considerably increased in places where the common vole (Microtus arva-
lis) had thinned out the grass vegetation (Zlotin and Khodashova 1980). Changes of
plant cover density by prairie dogs, pocket gophers and many other burrowing ani-
mals have similar effects (Grinell 1923; Brown and Heske 1990; Hawkins and
Nicoletto 1992).

Compared to the effects of ground squirrels, prairie dogs and larger burrowing
animals, the influences of the naked mole rats (Heterocephalus glaber, Bathyeridae)
are less conspicuous (Jarvis 1981). Naked mole rats live in the semideserts of
Kenya, Ethiopia and Somalia. Contrary to most naked moles, which usually dig
individual tunnels, the East-African moles are ‘teamworkers’. About 20-30 indi-
viduals usually work together. They use their tunnels to search for fleshy tubers rich
in carbohydrates, roots and insects. The tunnel system, usually located close to the
soil surface, may be very large. In an area of 10 ha in Kenya, a group of 87 naked
mole rats had ‘chiselled’ a tunnel system of about 3,000 m in total length through
the hardened desert soil (Brett, cited in Sherman et al. 1992). These rodents also
bring excavated material to the surface, though at lower quantities compared to
pocket gophers or termites, for example. In the desert environment, however, the
influence of the naked moles on mineralization of the below-ground organic sub-
stances appears to be more important. In the tunnels, temperatures range between
30 and 32 °C. Relative air humidity is 90 %. In addition, similarly to termites, naked
moles may consume not easily digestible plant material. Completely digested food
of hard consistency is excreted in latrines. By contrast, feces consisting of only
partly digested food are soft. Young animals, the only female animal in the group
and a few other ‘non-working’ individuals rely on this pre-digested food (Niethammer
1988; Sherman et al. 1992).

Altogether, many effects of burrowing animals on the physical and chemical
properties of soil generally correspond to each other. However, they are usually
more or less modified by local and regional conditions (e.g., substrate, vegetation,
climate, animal species, etc.). Thus, each case requires specific consideration.

On pastures and other cultivated land, burrowing rodents are often considered
to be noxious animals enhancing soil erosion and destroying agricultural plants,
particularly in the case of eruptive population dynamics. The mass-outbreaks of
Brandt’s voles in the central Mongolian steppe (Zhong et al. 1999) has already
been mentioned in this book. In addition, pikas (Ochotona curzioniae) and pla-
teau zokors (Myospalax baileyi) on the Tibetan Plateau should be mentioned
(Fan et al. 1999). They are controlled by all possible means, partly by rodenti-
cides that are also poisonous to other animal species and humans. More recently,
there have been attempts to develop control measures that are less harmful to
other members of the biocoenoses and human beings (Fan et al. 1999), or to limit
population growth of pest animals through pasture management according to
natural control mechanisms (Zhong et al. 1999).
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2.6.1.2 Geomorphic Effects

The role of animals as geomorphic agents has been reviewed by Butler (1995/2008).
In this section, a few examples of mammals and seabirds that may considerably
influence the land surface are considered in more detail.

2.6.1.2.1 Mammals

In most cases, excavated material brought to the surface by burrowing animals is
susceptible to erosion by water and wind. The magnitude of erosion, however,
depends on local conditions, such as landforms, exposure, distribution of the winter
snowpack, precipitation regime, plant cover, and the amount and composition
(texture, humus and moisture content) of the loose material.

From studies on surface runoff and translocation of sediments on limestone
slopes in the arid Negev Highland (northern Israel), it has become apparent that in
the driest areas white-tailed porcupines (Hystrix indica) are the only geomorpho-
logically effective animals. Searching for plant bulbs, they break up the compacted
and encrusted loess soil surface. The loosened material may become translocated
downhill even at low runoff intensity. In more humid areas, desert isopods
(Hemilepistus reaumuri), the feces of which consist exclusively of mineral mate-
rial, are more important than white-tailed porcupines in this respect. In the most
humid sites, mole rats move twice as much loose material upwards to the ground
surface than porcupines and desert isopods in the arid areas (Yair 1974; Yair and
Rutin 1981).

In the Karoo (South Africa), the South-African porcupine (Hystrix austro-
africane) and bat-eared fox (Otocon megalotis), which are able to burrow through
hardened soil crusts, create microsites with fine loose material on the surface.
Higher soil moisture facilitates germination and plant establishment in such micro-
sites (Dean et al. 1999).

Moreover, thaw may cause rapid downslope translocation of loose material. In
the Giant Mountains (Czech Republic/Poland), for example, mole hills on grazed
slopes eroded under such circumstances (Jonca 1972). The same holds true for the
mounds and eskers produced by pocket gophers or soil material excavated by
ground squirrels, especially when the loose material accumulated in natural drain-
age channels. Studies on the Wasatch Plateau (Utah), however, found pocket gophers
not to be the primary cause of soil erosion, although they can enforce it. There also
was no evidence that pocket gopher tunnels initiate gully erosion. By contrast, loos-
ening of the soil by gophers has been considered to reduce erosion as it increases
infiltration, and thus decreases runoff (Ellison 1946). In other regions, however,
meltwater flow through the tunnels was found to be an effective erosive agent. As
was observed by the present author in the upper subalpine and alpine zone of the
Colorado Front Range, abandoned and approximately downhill-oriented burrows
were often so intensely washed out that they had collapsed. Small terraces have
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Fig. 2.50 Development of
miniature terraces in the
alpine zone of the Colorado
Front Range under the
influence of northern pocket
gophers (Thomomys
talpoides). Modified from
Thorn (1978)
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remained (Fig. 2.50). These are relatively common on alpine terrain with a closed
plant cover (Thorn 1978, 1982). Paradoxically, the dense plant cover that provides
abundant forage for the pocket gophers is the cause of enforced biogeomorphic
activity. However, in other densely populated colonies of burrowing rodents, such as
ground squirrels or marmots, erosion usually starts on terrain undermined by tunnel
systems (see also Photo 2.24).

In high-mountains, such biogeomorphic structures are often quite similar to
those created by solifluction. On the Quinghai-Xizang Plateau (Tibet), for
example, large herds of both wild and domesticated yaks (Bos mutus, Bos grun-
niens) grazing on mountain slopes at elevations between 2,800 and 3,200 m
have destroyed the closed turf layer. Subsequent needle ice formation has
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Photo 2.24 Marmot (Marmota marmota) burrows on the south-facing slope of the Languard
Valley at about 2500 m, Upper Engadine. F.-K. Holtmeier, 29 September 1998

enhanced erosion (Miehe 1994). Erosion has partly resulted in numerous
landslides. Their partly overlapping arch-shaped slip scars give the appearance
of ‘lobes’ (Hall et al. 1999).

Price (1971) presented a detailed study on arctic ground squirrels (Citellus undu-
latus) involved in microgeomorphic processes in the Ruby Range (southwestern
Yukon Territory, Alaska). The burrows concentrate on south-exposed terrain charac-
terized by solifluction lobes (Fig. 2.51). Conditions of life are more favorable in
such places compared to other exposures. During summer, temperatures are higher,
and during winter, relatively greater snow accumulates at the downwind edge
(tongue) of solifluction lobes. The snowpack provides shelter from low tempera-
tures and dry winds. Ground squirrels prefer the downwind side of lobes that are
between 1 and 3 m high, as the winter snowpack melts earlier compared to deep
snow that accumulates downhill (leeward) of the fronts of higher lobes. In such
sites, vegetation profits from meltwater supply far into the summer and prospers
correspondingly. Soil fertilization by ground squirrels and mixing of mineral and
organic substances by bioturbation promote the development of a comparatively
rich vegetation, which again provides ample forage for the ground squirrels. In
addition, the root mat stabilizes the soil, and thereby the ground squirrels’ burrows.
Among the burrowing rodents in this area, ground squirrels are the most important
soil-influencing agents. They remove the plant cover and bring loose excavated
material to the ground surface where it soon erodes. When burrowing, the ground
squirrels also translocate loose material from the burrow entrance downhill.
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Fig. 2.51 Distribution of burrows of Arctic ground squirrels (Citellus undulatus) on a southeast-
exposed slope in the Ruby Range, southwestern Yukon Territory, Alaska. Most burrows are located
at the wind-protected steep front of solifluction lobes, where snow melts relatively late and ground
squirrels enjoy favorable conditions. Modified from Price (1971)

Moreover, they undermine bigger stones that may slide downslope afterwards.
Meltwater running down in the tunnels may destabilize the lobes (cf., pocket
gophers). These processes, however, interfere with intensive solifluction in this area.

In the Colorado Front range, which is influenced by strong and persistent winds
from western directions (Holtmeier 1978, 1996), we also found burrows and pocket
gopher activities concentrated in particularly snow-rich sites. In this area, more than
90 % of the burrows are located at the downwind front of high solifluction terraces
(Burns 1979), which characterize local topography to a large extent.
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Table 2.6 Gross energy Food item Kcal/g
of army cutworm moth

(Euxoa auxiliaris) compared Blue berries 4.47
with other bear food White clover 4.83
(Pitchard and Robbins 1990) Ground squirrels 5.28
Cutthroat trout 5.71
Pinyon pine nuts 6.48
Deer 7.32
Army cutworm moth 791

Not only may burrowing animals enforce soil erosion, but also animals that
excavate soil when in search of food. Grizzly bears, for example, dig deep holes and
shovel big blocks away when digging for bulbs, tubers, subterranean food stores of
rodents, or when hunting for marmots, ground squirrels, pikas, and pocket gophers
(Mattson et al. 1991a; Craighead et al. 1995). In some Rocky mountain areas, griz-
zly bears also dig for aggregations of ladybird beetles (Coccinella, Hippodamia)
and adult army cutworm moths (Euxoa auxiliaris and others) on steep alpine debris
slopes. These invertebrates are a fat-, and thus, very energy-rich diet (Table 2.6)
(Pitchard and Robbins 1990; Chapman et al. 1955; Mattson et al. 1991b; French
et al. 1994). The adult moths move during summer to high elevations to escape sum-
mer heat in the plains. In autumn, they return to the lowlands (Burton et al. 1980).

In present grizzly habitats, as, for example, in Glacier National Park (Montana),
such effects of grizzly bears can be found in many places of the forest-alpine tundra
ecotone and in the alpine zone. On sufficiently steep terrain, grizzly bears may be a
relevant geomorphic agent, moving boulders, stones and large amounts of other
excavated material downslope by several meters. Excavations by grizzly bears are
usually soon filled with loose material sliding down from the slope above. On the
other hand, erosion often starts in such places. Above the treeline in the Canadian
Rocky Mountains (Hall et al. 1999), the effects of grizzly bears on soil erosion was
found to be even more efficient compared to the influence of voles, ground squirrels
and marmots. Grizzly bear diggings in the Alaskan alpine tundra turned out to have
lower species richness compared to adjacent mature tundra. The overall richness of
mature tundra plant communities combined with bear diggings, however, is higher
than species richness of mature tundra alone (Doak and Loso 2003). However,
bears’ overall impact on soils and also on plant community structure (Doak and
Loso 2003) is spatially very restricted. Nevertheless, grizzly bears have possibly
played a major role as geomorphic agents before they almost became eradicated by
the Europeans (Butler 1992).

In general, loose excavated material on sloping terrain becomes rapidly translo-
cated downhill (Jonca 1972; Imeson 1976), and it is a matter of time and local
conditions (substrate, exposure, runoff, frost action, etc.) as to when the geomorphic
surface structures caused by burrowing and digging will be levelled. Even on steep
slopes, where densely spaced entrances of the burrow systems of marmots encour-
aged soil erosion (Photo 2.24; see also Bibikov 1996), the animals’ geomorphic
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Fig. 2.52 Translocation of loose termite hill material by termites in the Central African Highland.
Modified from Tardy and Roquin (1992)

impact can still be seen for a long time. Terracettes resulting from erosion of pocket
gopher tunnel systems (cf. Fig. 2.50) on sloping terrain may also exist for several
decades and even much longer. On level terrain, zoogenic structures consisting of
relatively fine material, such as mole hills or pocket gopher mounds, remain clearly
visible for several years, although they usually collapse a little. Under dry condi-
tions, strong winds may remove the loose material. In this context, the very long-
lived ‘Mima mounds’ may be mentioned once again.

In context with the role of animals as geomorphic agents, translocation of loose
material from termite hill termites must also be considered (Sect. 4.2.1 for more
details). Under certain conditions, loose material may be relocated over much larger
distances and in much greater quantities than material excavated by burrowing
mammals. Drummond (1888) reminds us of the Greek historian Herodotus (about
484-425 BC), who had called Egypt a ‘gift of the Nile’, adding that if Herodotus
had the present geographical knowledge, he would have attributed the river’s sedi-
ment load at least partially to the termite activities in the area between Lake Nyasa
(Lake Malawi) and Lake Tanganyika (East Africa). Such relocation of termite-hill
material has more recently been described by Tardy and Roquin (1992) from the
Central African plateau, where termite hills are very common. The plateau is cov-
ered by lateritic crusts of varying depth. Termites carry fine material (clay, silt, sand)
from the soil horizons underneath the lateritic crust to its surface, where it piles up
(see also Tricart 1972). When the termite mounds erode, relocated material usually
accumulates downhill upon the laterictic crust (Fig. 2.52).

In general, destruction of the plant cover is the primary cause of erosion initiated or
enforced by animals. Besides burrowing and digging, trampling is often an important
factor. Trampling by gregarious ungulates, in particular, when staying regularly and for
a longer time in an area, is most effective. Damage increases parallel to ungulate num-
bers. In many regions, erosion as a result of trampling has started after domestic and/or
wild ungulates were introduced. New Zealand is a classic example, especially the
mountain ranges (e.g., Schweinfurth 1966; Kitching 1995; Sect. 5.1.3.1).
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Fig. 2.53 Wildlife paths leading to a drying water hole (W) in Tsavo National Park. Black dots
represent shrub, tree groves and solitary trees. Drawing by F.-K. Holtmeier after an aerial photo in
Leuthold (1977)

Wild ungulates regularly concentrate at water holes and salt licks, for example
(Fig. 2.53). Although the soil around the water holes is usually trampled all over, erosion
is of minor importance, with the exception of river banks. Salt licks, however, may also
be located on steep terrain, where intense trampling by bighorn sheep, for example, or
mountain goats and ibexes may considerably enforce slope erosion (Photo 2.25; see also
Butler 1993). Erosion often starts from beaten pathways that cover savannas, steppes
and tundra, as well as high-mountain grassland and heath, like a net. Rhino pathways,
for example, become gradually deepened by surface runoff. However, only on steep ter-
rain and loose substrate is major washout likely (Lock 1972).

Once the plant cover has been destroyed, the litter layer is removed and the top-
soil loosened up. The soil beneath, however, is often compacted by permanent tram-
pling. As a result, the ungulate pathways in humid regions are engraved into the
ground surface by up to 30 cm. Due to compactation by trampling and reduced
water-holding capacity, surface runoff increases and relocates loose material. The
effects are particularly spectacular on mountain slopes. In most mountain regions,
over-grazing by cattle and sheep has mainly enhanced soil erosion. The influence of
wild gregarious ungulates, however, should not be underestimated. Ibex re-
introduced to their original habitats in the Upper Engadine (Switzerland), for exam-
ple, have considerably enhanced local slope denudation on steep southwest-facing
mountain slopes (for details, see Sect. 5.2.2).
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Photo 2.25 Bighorn sheep (Ovis canadensis) at a salt lick in Rocky Mountain National Park,
Colorado. Soil erosion initiated by trampling is quite common in such places. F.-K. Holtmeier, 5
March 1990

After destruction and removal of the plant cover, exposed soil may be highly
susceptible to deflation. Prairie dogs, for example, remove plants around their bur-
rows systems for a better overview (e.g., Whicker and Detling 1988a, b), thus
exposing the soil to precipitation and wind. Bison, which prefer such places for dust
wallowing, enforce this effect. Sexually mature males wallow more frequently dur-
ing the rut (Lott 2002). In the past, when bison were roaming in huge numbers
through the prairie (Sect. 3.2.2), this combined action of prairie dogs and bison was
probably a major agent of denudation. Bison, as well as other wild or domesticated
ungulates, also create dust wallows by themselves. In the dry mountain regions of
northern Pakistan or on the Tibetan Plateau, wild and domestic yaks are very
important agents in this respect (Photo 2.26). In many places, the terrain is literally
dotted with dust wallows. In semideserts, deserts and dry woodland of Eurasia (e.g.,
Kazakhstan, Turkistan, Uzbekistan, Mongolia), jerboas (Dipodidae), such as the
comb-toed jerboa (Paradipus ctenodactylis), destroy the plant cover and foster
denudation (Walter and Breckle 1986).

In high-mountains and high latitudes, needle ice formation often increases defla-
tion at sites where the soil is exposed (e.g., Holtmeier 1969, 1987a, 1996, 2012;
Hall et al. 1999). This probably also applies to dust wallows of yak (communication
F. Lehmkul; see also Miehe 1994) and to places where deer, ibex, wild sheep,
mountain goats or other wild animals have fragmented or completely destroyed the
plant cover (Photo 2.27; see also Photos 5.11 and 5.12). In the afro-alpine zone of
Mount Kenya, for example, soils freeze to greater depth at night after hyrax
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Photo 2.26 Yaks (Bos mutus) in dust-wallows at about 4,300 m in northern Pakistan. Frequent use
of the wallows prevents plant cover and makes these places highly susceptible to wind erosion.
G. B. Schaller 1974
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Photo 2.27 Destruction of subalpine vegetation by American elk (Cervus canadensis) and
mule deer (Odocoileus heminonus) on the wind-facing side of convex topography at about
3,450 m, Colorado Front Range. Needle ice, typically occurring in such disturbed sites, pro-
motes wind erosion. The crescent-like wind scarps clearly reflect strong wind action.
F.-K. Holtmeier, 21 August 1977
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(Procavia johnstoni mackinderi) and groove-toothed rats (Otomys oreste oreste)
have removed vegetation. Consequently, needle ice formation increases, and on
sloping terrain >5°) needle-ice solifluction regularly occurs. After the loose mate-
rial, uplifted by needle ice, has dried, it becomes relocated by wind, and blow-outs
develop (Mahaney and Boyer 1986). The activities of Slogget’s rat (ice rat, Otomys
slogetti) in the mountain land of Lesotho (South Africa; Hall et al. 1999) have simi-
lar effects, often resulting in complete destruction of alpine vegetation.

Altogether, the effects of wild animals on denudation are certainly often very
spectacular (e.g., Butler 1995), but usually restricted in space, like, for example,
severe erosion in the Olympic Mountains (Washington). Erosion has been ascribed,
at least partly, to the introduction of mountain goats (Oreamnos americanus; Sect.
6.1). However, trampling effects of mountain goats are by far less important than
those of cattle and sheep.

2.6.1.2.2 Seabirds (and Other Birds)

Comparatively little is known about the effects of seabird colonies on soil erosion.
Many of these bird species are hole breeders which dig nesting holes into the
ground. The breeding colonies may reach a considerable size and have long-term
effects on geomorphic surface structures. Up to three nesting holes per square
meter are not exceptional (Furness 1991). Most studies and observations refer to
Subantarctic islands and the Antarctic coastal areas (Miiller-Schwarze 1984). The
so-called ‘mutton birds’ (petrels and shearwaters) are one example of nest hole
digging seabirds.

In the drainage area of the Kowhai river (Seward Kaikoura Range, east coast the
New Zealand South Island), several colonies of the Hutton’s shearwater (Puffinus
huttoni) were found on very steep slopes covered with snow tussock grasses
(Chionocloa pallescens and Chionochloa flavescens) (Evans 1973). The substrate is
fine material and possibly of eolian origin. Its maximum depth is greater than else-
where on the South Island. The densely spaced shearwater burrows are in the loess-
like material within the rooting zone of the tussock grasses. About 700 nesting holes
were found in a colony in an area of 1,000 m? Each burrow measures 1-3 m in
length and has a diameter of 1015 cm. The birds remove the roots from the burrow
and pad it with leaves of the nearest tussocks. The excavated material accumulates
downhill of the burrow entrance at the front of the grass tussocks and is rapidly
removed by water and wind. Once the tussock grass has died off as a result of root
damage and recurrent browsing by the shearwaters, the nesting holes collapse and
soil erosion takes its course. Chamois, deer and goats (Sect. 5.1.3.1) introduced by
the Europeans enforce soil erosion by trampling. When the slopes are riddled with
holes, the shearwaters must leave their nesting colonies to establish new ones on
undisturbed slope terrain. 