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Abstract

The aim of the thesis was to assess the ecological impacts of wild boar rooting for up
to three years on above and belowground community attributes and processes in semi-natural
habitats in southern England. The research tested the hypothesis that wild boar are important
allogenic ecosystem engineers.

Plant species richness, percentage cover and diversity were significantly
greater from rooted than non-rooted treatments across woodland, grassland and woodland
ride habitats. Abundance of various plant functional groups was differentially affected by
rooting within different habitats. Protection from re-rooting by fencing had a significant
positive impact on recovery of several plant functional groups and total plant cover.

Numbers of Hyacinthoides non-scripta individuals and flowering stems were
significantly lower in rooted than non-rooted treatments in woodland, although the
proportional change in H. non-scripta cover over three growing seasons was significantly
greater in rooted than non-rooted treatments, illustrating substantial recovery. Rooting had no
impact on H. non-scripta seed weight although seed viability and total numbers of seeds per
capsule and per plant were significantly greater from rooted than non-rooted treatments.

Rooting significantly altered the viable seed bank in terms of overall abundance,
species richness, diversity and functional group responsiveness measured by seedling
emergence from soil of woodland and grassland habitats. It was suggested that the seed bank
density was greater in rooted than non-rooted soil and, through altered soil properties,
dormancy breaking mechanisms and germination were increased. It was suggested that
emergence from the viable seed bank could largely contribute to the re-establishment of
plants in rooted areas.

Leaf litter decomposition rate in woodland, soil NO3- concentration in woodland and
grassland, soil NH4+ concentration in grassland were significantly greater from rooted than
non-rooted soil. Further, belowground live plant biomass was significantly reduced in rooted
than non-rooted soil in woodland and grassland. These belowground community attributes
are fundamental determinants of productivity, performance and dynamics of the whole
community.

It was concluded that the ecological impacts of rooting are patchy and fluctuate in
distribution. Rooting transforms biotic and abiotic material from one physical state to another
and fundamentally contributes to modifying the structure and dynamics of the whole
community. It was concluded that wild boar are important allogenic ecosystem engineers.
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Chapter 1

General Introduction

1.1 Introduction

Extinct in Britain for at least three hundred years (Yalden, 1999; Goulding, 2003a),
wild boar (Sus scrofa) have re-established a free-living population within the Weald of Kent
and Sussex, in southern England. Once an integral feature of British woodlands, this former
native animal has returned to a profoundly different environment. Around six and a half
thousand years ago, Britain was covered by a vast expanse of wild woodland, and home to
the wild boar (Rackham, 1997). By approximately two thousand years ago, little wild wood
remained, and the majority of woodland present was actively managed as, for example,
coppice or wood pasture (Rackham, 1997; UK Agriculture, 2006). With the advancement of
civilisation, modern woodland has become extremely fragmented and is actively managed,
covering only around 11% of England (Rackham, 1997). This novel situation has only
previously occurred in Sweden where, as in Britain, a wild boar population that became
extinct (around the turn of the 17" century) re-formed from captive escapees during the
1970’s (Welander, 2000a). The environmental impact of the current population in southern
England is visually dramatic although localised and seasonal (Goulding, 2003b; Wilson,
2005; pers. obs.), but ecological repercussions are likely to be significant. Although un-
quantified, the overall proportion of ground disturbed by boar is likely to be small, but where
it does occur, the impact can be severe. This novel situation now poses a very important and
interesting question: what effects are these animals having on the ecology of semi-natural

habitats in Britain?



1.2 Ecosystem Engineers

Animals that have large and widespread impacts on the environment could act as
ecosystem engineers. Whilst direct ecological interactions such as competition and predation
have been the subject of much research effort for over a century, the role of organisms in the
creation, modification or maintenance of habitats had rarely been defined, identified or
studied. Consequently Jones et al. (1994) proposed a concept of how species, by shaping their
habitats to their own needs, change the availability of resources and thus dictate the fates of
other species. They called this process °‘Ecosystem Engineering’ and the organisms
responsible ‘Ecosystem Engineers’ (Jones et al., 1994; Lawton, 1994; Lawton and Jones,
1995; Gurney and Lawton, 1996; Jones et al., 1997; Alper, 1998; Thomas et al., 1999).
Ecosystem engineers are defined as ‘organisms that directly or indirectly modulate
availability of resources (including, in some cases themselves) to other species by causing
physical state changes in biotic or abiotic materials. In so doing, they modify, maintain and/or
create habitats (Jones et al., 1994). Ecosystem engineers have been shaping our ecosystems
since life began. Jones et al. (1994) suggested ecosystem engineers might be so fundamental

to ecology that all habitats on earth support them and are influenced by them.

Two types of ecosystem engineer have been characterised. Autogenic engineers ‘change the
environment via their own physical structure’ (living or dead tissue) that remain as part of the
engineered environment. Allogenic engineers change the environment by transforming biotic
or abiotic materials ‘from one physical state to another, via mechanical or other means and

are not necessarily part of the permanent physical ecosystem structure’ (Jones et al., 1994,

1997).



Trees epitomise the autogenic engineer. The development of a forest results in physical
structures that change the environment and modulate distribution and abundance of resources.
Trees alter nutrient cycles, soil stability and hydrology, temperature, humidity, wind-speed
and light levels. The many occupants of forests are largely dependent on physical conditions
modulated by autogenic engineers and on resource flows that they influence (Lawton and
Jones, 1995; Jones et al., 1997). A good example of an allogenic engineer is the beaver
(Castor canadensis) (Lawton and Jones, 1995; Pollock et al., 1995; Nummi and Poysa, 1997;
Alper, 1998; Wright et al., 2002; Wright et al., 2003; Baily et al., 2004). C. canadensis take
materials from the environment such as trees and engineer them from one physical state
(living trees) to another physical state (dead trees in a dam). The dam creates a pond, which
has profound effects in modulating a whole series of resource flows used by other organisms.
Dams alter biogeochemical cycles, nutrient retention, geomorphology, biodiversity,
community dynamics and structural complexity of the environment. Both the biotic and
abiotic influences of the C. canadensis dam are spatially and temporally extensive, sometimes
lasting for centuries (Lawton and Jones, 1995; Pollock et al., 1995; Nummi and Poysa, 1997;

Alper, 1998; Wright et al., 2002; Wright et al., 2003).

Ecosystem engineers can have positive and negative effects on the diversity and abundance
of other species, ranging from extremely small to very large. A C. canadensis pond for
example may create habitats for many species to live, but its transformation from a stream
may equally remove habitats from many organisms such as stream dwelling organisms or
species that lived in trees (Jones et al., 1997). The impact on the entire ecosystem can be
extremely complex and only some species will benefit from the changes. However, on a

larger temporal and spatial scale, the net effect of engineering may enhance species richness



via a net increase in habitat diversity (Wright et al., 2002). The net effect of physical
ecosystem engineers across a range of habitats is likely to increase species richness (Jones et

al., 1997).

The size of the impact of the ecosystem engineer can vary enormously depending on the
magnitude and types of changes that occur, the resources that are controlled, the number of
species in the habitat that depend on these resources, and the extent to which these resources
are adequate to support these species in the new habitat (Jones et al., 1997). Organisms that
engineer rivers, streams, soil and sediments tend to have some of the largest impacts. Water,
soil and sediments incorporate many resources such as nutrients and living space within one
engineered context, thus modifying them has big effects. Therefore, ecosystem engineers can
intrinsically create and shape environments and the energy that flows through them by

providing the elemental resources, which underlie entire food webs.

1.3 Rooting

A previously unrecognised example of a possible important allogenic ecosystem
engineer is the wild boar. Its rooting activities represent an important manifestation of
ecosystem engineering. Rooting is the term given to the wild boar’s foraging activity, which
occurs within surface layers of soil. Visually analogous to ploughing, this ‘rototiller-like’
foraging activity (Ray, 1988; Moody and Jones, 2000) can be viewed as a severe form of soil
disturbance. Rooting can result in the translocation of large amounts of earth. For example, in
one year, in the eastern part of the Bialowieza Forest, 430m? of earth were translocated to
different regions within mixed coniferous and deciduous forest (Falinski, 1986). Rooting
fluctuates in area, depth and intensity and, because boar tend to root in patches, the effects on
soil are likely to be heterogeneous (Welander, 2000b). Consequently, the structural

4



complexity of the soil surface can be increased as rooting exposes a variety of substrates
(such as humus, mineral soil, belowground plant biomass, rocks and stones) in a patchy
manner (Milton et al., 1997; Welander, 2000b). However, the structural complexity of the
soil surface can also be decreased because like ploughing, rooting can destroy distinct soil
horizons and can homogenise soil. Through mixing soil horizons, rooting can reduce vertical
heterogeneity, over-turn leaf litter (reducing surface build up through incorporation into soil)
and remove or redistribute vegetation in a patchy manner (Spatz and Mueller-Dombois, 1975;

Bratton, 1975; Singer et al., 1984).

Evidence of rooting can be seen within different habitats in and around my study area
in Beckley, East Sussex (see section 1.4.2). Although rooting is typically seen as small
patches of overturned soil (~1m?) (Fig 1.1 a-c) (Kotanen, 1995; Goulding, 2003b), these
patches often overlap forming larger areas of rooted soil of up to a hectare (Kotanen, 1995)
(Fig 1.2 a-c). The depth of rooting also varies. A typical rooting depth can be between 5-
15cm (Kotanen, 1995; Goulding, 2003b; Mohr et al., 2005) (Fig 1.1 a-c). However,
occasionally rooting depths can be as great as 30cm or more (Fig 1.3 a-b). The location,
depth, distribution and abundance of rooting is largely determined by boar population
density, the proximity to cover, vegetation and soil type and food availability, farrowing
activity, frequency of rocks, and soil-moisture levels (Belden and Pelton, 1975; Falinski,
1986; Hone, 1988). For example, Falinski (1986) found that rooting was shallowest in
deciduous forest (8cm), coniferous and mixed forest (6-16cm), and deepest in grassland
ecosystems (up to 22cm). Rooting can be distinguished into three general categories
(Falinski, 1986). The first level involves cutting of the field layer along the animal’s path.
The second type of rooting entails cutting and fragmentation of the field layer by tearing it up

from the ground, translocation and returning. The third category is the mixing of the field



layer fragments with the soil and litter, destruction of tree stems and up-rooting of small trees

with shallow roots (Falinski, 1986).

Wild boar frequently re-root the same specific or general areas of woodland,
grassland and woodland rides within their home range (Groot Bruinderink and Hazebroek,
1996; Goulding, 2003b) and therefore can be considered a major disturbance, one that
English woodland has not seen for hundreds of years, since boar became extinct. However,
pannage, the practise of driving domestic pigs into woods and wood pasture in autumn to
fatten on acorns (or beech mast if any) before being slaughtered and salted down, is a similar
disturbance regime that can still be seen the New Forest today (Rackham, 1997). The acorn
crop cannot be relied upon as the crop size can vary substantially every year, and
consequently, although once a common practice in woodland and wood pasture, pannaging

was in considerable decline by 1086 AD (Rackham, 1997).

However, domestic pig and wild boar husbandry is a traditional feature of natural or
semi-natural woodland management throughout Europe today. Although this is not yet
reflected in the UK, there is considerable interest in a more widespread practical application
of pigs in the use of woodland management (Brownlow, 1994). Pigs are used for not only
pannage, but also used as silvicultural tools for ground preparation, weeding and pest control,
which enhances the regeneration and growth of young coniferous trees by removing
competing vegetation from occupied areas and invertebrate pests (Brownlow, 1994). For
example, herds of pigs are rotationally grazed, (particularly during the period of acorn
production) over vast areas of southern Iberia; pigs are used not only to exploit the acorn crop
and provide meat, but control scrub reinvasion and nutrient cycling, and have become part of

the traditional landscape (Brownlow, 1994).



b)




c)

Fig 1.1 a-c: Examples of rooting in relatively small
isolated patches in three out of the four grassland sites
within the study area. Rooting depth here is normal,
between 5-15cm. a) = site G4, b) = site G1, c) = site G4
(Table 1.1, Fig 1.5). Photos taken 2002.




b)

Fig 1.2 a-c: Examples of extensive rooting covering large

areas. a) and b) = grassland site G2, c) = woodland ride site
R5 within the study area (Table 1.1, Fig 1.5). Photos taken
2002.



b)

Fig 1.3 a-b: Examples of rooting at a greater than average depth (approx.

15-35cm) in a) = woodland ride site R5 and b) = grassland site G2 (Table
1.1, Fig 1.5). Photos taken 2003.
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Rooting causes direct and indirect impacts on plants at the community, functional
group and individual species level, which could generate repercussions that spread
throughout food webs. For example, rooting is known to directly increase (Bowman and
McDonough, 1991; Kotanen, 1994, 1995; Welander, 1995; Onipchenko and Golikov, 1996;
Milton et al., 1997; Arrington et al., 1999; Welander, 2000a) and decrease (Bratton, 1974,
1975; Hone, 1980; Howe et al., 1981; Alexiou, 1983; Singer et al., 1984; Ralph and Maxwell,
1984; Arrington et al., 1999) plant cover and species richness. Rooting also directly affects
the relative abundance of functional groups such as annual forbs (Kotanen, 1994, 1995;
Boeken et al., 1998; Welander, 2000a) and woody species (Andrezejewski and Jezierski,
1978; Lipscomb, 1989; Peart et al., 1994; Groot Bruinderink and Hazebroek, 1996). Some
individual plant species may directly benefit from the disturbance whilst others, more
sensitive to disturbance, could suffer a reduced population density (Kotanen, 1995), or

localised extinction in more extreme cases.

Most of our knowledge of wild boar derives from studies of populations on the
European continent and non-European countries. Little scientific literature currently exists on
ecological impacts of rooting in Britain (Goulding, 2003a, 2003b). Among existing literature
on wild boar populations abroad, contradictory research results relating to the effects of
rooting on plant cover, species richness and functional group and individual species
responsiveness make it difficult to predict the impacts of rooting on plants in Britain.
Variation in climate, geology and ecosystem and community structure could lead to different
responses of belowground soil attributes and above ground plant communities to rooting in
different countries. It is therefore important to scientifically research the effects of rooting on

plant re-establishment in Britain to gain a greater understanding into the effects of rooting on
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the above ground plant community under specific British climatic and environmental
conditions.

Indirectly, rooting could affect the plant community via altering soil properties and
processes. Properties include physical agents such as soil aeration, light levels and
temperature (Singer et al., 1984; Kotanen, 1994), soil chemistry (Lacki and Lancia, 1983;
Groot Bruinderink and Hazebroek, 1996; Mohr et al., 2005) and biological attributes such as
the belowground invertebrate community and the seed bank (Vtorov, 1993; Kotanen, 1994;
Mohr et al., 2005). Processes include soil decomposition and nitrogen transformation systems
(Lacki and Lancia, 1983; Singer et al., 1984; Mohr et al., 2005). Significant change in the soil
environment is likely to impact on the organisation and performance of both plant and animal
elements of the community. Physical properties and soil processes underlie nutrient cycling
and net primary productivity, which govern plant growth and thus the dynamics of the
community. As with above ground impacts, little is known of the effects of rooting on
belowground community attributes and processes, and that which does exist, is largely
contradictory (Singer et al., 1984). For example, soil nutrient content has both been reported
to have significantly increased in rooted areas (Lacki and Lancia, 1983; Singer et al., 1984;
Kotanen, 1994), be unaffected by rooting (Groot Bruinderink and Hazebroek, 1996; Moody
and Jones, 2000; Mohr et al., 2005) and decreased by the disturbance (Mohr et al., 2005). It is
therefore necessary to carry out further work of this nature in Britain to gain an understanding
into the effects of rooting on important belowground community attributes under specific

British environmental conditions.

The potentially large and widespread impacts of rooting provide great scope for
studying the potential role of wild boar as an allogenic ecosystem engineer (Jones et al.,

1994; Brown, 1995; Gurney and Lawton, 1996; Jones et al., 1997; Alper, 1998; Wright et al.,
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2002). The direct and indirect impacts that rooting has on the physical, biological and
chemical structures of soil, on cover, species richness and distribution of plants and
associated fauna and the creation of heterogeneity (Welander, 2000b), may change the
physical structure of the community and therefore modulate the availability of resources to
other species. This complies with Jones et al. (1994) definition of allogenic engineering
whereby rooting transforms living and non-living material from one physical state to another
without being part of the permanent physical ecosystem structure. Since boar inhabited
British woodlands for thousands of years, (Rackham, 1980; Marren, 1990) their engineering
activities would probably have fundamentally helped shape past woodland structure. It is
therefore proposed that wild boar, are important allogenic ecosystem engineers and their

rooting is ecosystem engineering.

1.4 The Study System

1.4.1 Wild Boar

Wild boar are native on the European continent and live freely in large numbers
within a great diversity of habitats (Kurz and Marchington, 1972; Dardaillon and Beugnon,
1987; Falinski, 1986; Meriggi and Sacchi, 1992, 2000). They are known to have adapted to
living in swamp and marshland environments, mountains, coastal areas, deciduous and
coniferous woodland, and can withstand extremely cold climates (Mauget, 1980; Falinski,
1986; Gerard et al., 1991; Cargnelutti et al., 1992; Boitani et al., 1994; Spitz and Janeau,
1995; Russo et al., 1997). Wild boar have also been successfully introduced into non-native

countries such as dry arid and tropical regions of Australia and the USA (Bratton, 1975;
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Singer et al., 1981; Baber and Coblentz, 1986; Saunders and Kay, 1996; Caley, 1997; Gabor
et al., 1999). Radio tracking however reveals their high dependence on woodland habitats,
which provide the greatest food availability and protective cover especially in highly
disturbed environments (Kurz and Marchington, 1972; Singer et al., 1981; Baber and

Coblentz, 1986; Falinski, 1986; Caley, 1997; Goulding, 2003b).

Six thousand years ago, Britain was covered by extensive woodland (Ingrouille, 1995;
Rackham, 1980; Marren, 1990). Approximately four million boar were thought to have
inhabited these wildwoods of oak, ash, lime and hazel (Marren, 1990; Yalden, 1999;
Goulding, 2003a). Habitat loss, over-hunting and finally absorption into domestic herds
ultimately caused their extinction in Britain (Rackham, 1980; Goulding, 2003a). The exact
date that wild boar became extinct in Britain is unclear due to subsequent attempts to
reintroduce the animals from the continent (Goulding, 2003a). However, it is generally
believed that free-living wild boar became extinct in England at around the turn of the 14"
century and during the 16" century in Scotland (Yalden, 1999; Goulding, 2003a). By the end
of the 17" century, all native and introduced wild boar in Britain had died out. Until recently,
no free-living wild boar (native or introduced) had been present in Britain for the last 300

years (Goulding, 2003a).

The possible reintroduction of wild boar into Britain has been speculated on in recent
years (Yalden, 1986; Howells and Edwards-Jones, 1997; Leaper et al., 1999). However, a
free-living population has become established in southern England during the past eighteen
years and is thought to have originated from several accidental releases from domestic wild
boar farms in Kent. The presence of wild boar in England has provoked considerable

controversy (Goulding, 2003b), and probably the most controversial aspect of their presence
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for conservationists and farmers, is rooting. However, the more widespread issues of public
safety and disease are of the greatest concern for the public and DEFRA (Department for
Environment, Food, and Rural Affairs). The most prominent issue of public safety is the fear
of wild boar attacks on people although no confirmed reports in the literature of wild boar
making unprovoked attacks on people exist (Goulding and Roper, 2002). This is consistent
with knowledge that wild boar are known to be shy, and typically avoid contact with people
whenever possible (Genov, 1999; Goulding, 2003a; pers. obs.). The main concern relating to
disease, focuses on the possibility that wild boar populations could act as a reservoir or means
of spreading disease to livestock, predominantly domesticated pigs (Wilson, 2005). Those
diseases of most concern are Classical Swine Fever, African Swine Fever, Foot and Mouth
Disease, Aujeszky’s Disease and Trichinosis (Wilson, 2005). Such concerns have led
agriculturists and some landowners to class wild boar as economic pests and call for their
eradication, whilst others have been advocating their deliberate reintroduction into this

country (Leaper et al., 1999).

The snout of wild boar is narrow, long and straight, well designed for foraging among
surface layers of soils. Boars are generally larger than sows, and the adults have tusks that
protrude from the side of the jaw, an adaptation also utilised whilst foraging (Genov, 1999;
Goulding, 2003a) (Fig 1.4 a-b). Wild boar are omnivorous and consume a large variety of
food depending on seasonal availability (Henry and Conely, 1972; Wood and Roark, 1980;
Genov, 1981; Falinski, 1986; Dardaillon, 1987; Massei et al., 1996). Their diet consists
principally of above and belowground plant parts’ that vary between approximately 90%
(Henry and Conely, 1972; Genov, 1981) and 97% of total consumption (Massei et al., 1996).
The remaining portion chiefly consists of invertebrates and small vertebrates (Massei et al.,

1996).
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a)

b)

Fig 1.4 a-b: Wild boar (Sus scrofa). a) A typical adult male showing the

strong snout and tusks, which are adapted for rooting. b) An adult sow

with her piglets in woodland within the study area.
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Wild boar are primarily nocturnal (Boitani et al., 1994) and spend daylight hours resting,
hidden in dense vegetation (Abaiger et al., 1994). Boar typically spend between four and eight hours
feeding at night (Spitz, 1986) within their home range, predominantly rooting. Home range size varies
depending on food availability and habitat type (Falinski, 1986), sex of the animal, human disturbance
and population density. The potentially large area encompassed by a boar’s home range, illustrates
how extensive the effects of rooting can be. For example, Singer et al. (1981) recorded a mean
seasonal home range of male wild boar as 3.5km? and 3.1km? for females in Tennessee, USA.
However, during a year with poor beech mast, home ranges of some animals increased to 10.7km?,
implying that home range size varies inversely with resource abundance and density (Caley, 1997).
Russo et al. (1997) recorded small home range sizes between 0.029-1.081km? in the hunt-free
Maremma National Park, central Italy. Saunders and Kay (1996) determined larger home ranges of
35km? for males and 11.1km? for females in a more highly disturbed area in New South Wales,
Australia. Dardaillon and Beugnon (1987) reported home range sizes of between 20-68km?* in
Camargen, south-east France indicating the ability of boar to travel very large distances, particularly

in disturbed environments.

1.4.2 Study area

The region of East Sussex surrounding the study area is predominantly arable and
grazing farmland interspersed with villages and woodland. The study area is within and
around Bixley and Beckley woods, East Sussex (Fig 1.5 a-d); owned and managed by the
Forestry Commission and Sussex Wildlife Trust and comprises conifer plantations, oak and
mixed deciduous and sweet chestnut coppice (Fig 1.6 b, Table 1.1). Woodland rides (Fig 1.6
a) and agricultural and semi-natural grassland (Fig 1.6 c) are also present within the study

area and used for my research (Table 1.1). Differences exist between sites within habitats in
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terms of predominant sub-classification of habitat type, management and dominant

vegetation (Table 1.1).

The area represents the centre of the East Sussex population of wild boar and is where
all previous research has been carried out on this population of animals (Goulding, 2003b). It
is the largest out of three current breeding populations in England, with an estimated
population density of around 200 animals, covering an approximate range of 175km?
(Wilson, 2005). In contrast, the second largest population in west Dorset is estimated to be
around 30 animals, covering an approximate range of 27km? (Wilson, 2005). The size and
range of the smallest population within the Forest of Dean is unknown, although an alleged
illegal release of at least 25-30 animals is suspected to have increased the population in spite

of several being shot (Wilson, 2005).

Within the study area, individual study sites were selected based on spatial distinction
of districts across the three different habitat types coupled with the presence of rooting. The
distribution of rooting within the study area, although un-quantified, varies considerably
within and between sites. Some sites, such as a relatively small field could be extensively
rooted throughout (Fig 1.2), whereas in contrast, a neighbouring site could be completely
non-rooted. More typically, rooting occurs in patches over many sites with a relatively small
coverage (Fig 1.1) relative to the size of the site. Overall, in the study area, in relation to the
current population density and available space, the ratio of rooted to non-rooted ground is
likely to be small. This suggests that the severity of rooting as a disturbance is regional and
localised, which should be considered when viewing overall impacts of rooting within

relatively large areas.
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Fig 1.5 a-d: Four tiers of maps showing the approximate location of the
study area in relation to a = Great Britain, b = South East England and ¢ =
Kent and East Sussex. d = the study area showing individual study sites
(1:25 000, Ordnance Survey, 1998). G1-G4 = Grassland sites 1-4, W1-
W5 = Woodland sites 1-5, R1-R5 = Woodland Ride sites 1-5, See Table
1.1.
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a)

b)

c)

Fig 1.6 a-c: Examples of different habitat types

within the study area. a) = woodland ride site R5,
b) = woodland site W4, c) = grassland site G2.

Photos taken in 2002.
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Habitat

Woodland

(W)

Grassland

(G)

Woodland
Rides

(R)
1

Sites

Sweet chestnut

Sweet chestnut

Beech Woodland

Mixed deciduous

Mixed deciduous

Woodland

Semi-wild

Agricultural

Agricultural

Flanked by coniferous plantations

Flanked by coniferous plantations

Flanked by coniferous plantation
and mixed deciduous woodland
Flanked by coniferous plantation
and mixed deciduous woodland
Flanked by mixed deciduous

saplings

Grid

Reference

22.5:

22.4:

22.2:

22.2:

22.6:

21.8:

21.6:

21.7:

21.7:

21.8:

22.1:

22.0:

22.3:

21.9:

85.9

85.8

85.6

85.4

85.7

85.5

85.7

85.0

85.3

86.2

85.9

86.1

86.4

85.7

Dominant Vegetation

Dense bluebell and mixed
ground flora

Dense bluebell and mixed
ground flora

Sparse bluebell population
and mixed ground

Dense bluebell and mixed
ground flora

Dense bluebell and mixed

ground flora

High diversity grassland
plant community
High diversity grassland
plant community
Low diversity grassland
plant community
Low diversity grassland

plant community

High diversity grassland
plant community
High diversity grassland
plant community
High diversity grassland
plant community
High diversity grassland
plant community
High diversity grassland

plant community

Management

Coppicing

Coppicing

Occasional
thinning
Occasional
thinning
Occasional

thinning

Occasionally
grazed by sheep
Never grazed,

unmanaged

Frequently grazed

by sheep

Frequently grazed

by sheep

Edges cut back
once a year
Edges cut back
once a year
Edges cut back
once a year
Edges cut back
once a year
Edges cut back

once a year

Table 1.1. Summary of the fourteen sites used in this research. NVC

classification derived from Rodwell (1991, 1992).

Closest
NVC

W10a

W10a

W14

W10a

W10a

MG9b

MG10

MG7b

MG7b



1.4.3 Importance of habitat types

The habitats of the greatest importance to this research are those that are most affected
by rooting and those that hold the greatest conservation value. These are various types of
woodland, grassland and woodland rides (Table 1.1, Fig 1.5 a-d). With only relatively small
fragments of lowland British woodland remaining in southern England today, the
conservation and aesthetic value attached to this habitat type is high. Most ancient woodland
was managed by coppicing during the last one thousand years (Peterken, 1993). By 1965,
coppice management was largely abandoned over most of Britain and much reduced in the
south-east; remaining practice today is predominantly carried out in south-east England
(Peterken, 1993). Due to its management regime, coppiced woodland is home to a specific
array of open-habitat plant species (Fuller and Warren, 1993; Gondard et al., 2001; Mason
and McDonald, 2002). Recently coppiced woodland tends to have a significantly greater
diversity and abundance of ground flora than after the closure of the canopy in the years
following this disturbance (Ash and Barkham, 1975; Ford and Newbould, 1977; Gondard et
al., 2001; Mason and McDonald, 2002) and when compared with mature woodland. The
open, brighter conditions encourage germination of open-habitat species (Fuller and
Whittington, 1993; Mason and McDonald, 2002), which would be far less abundant or non-
existent in shadier deciduous woodland (except during early spring before canopy growth). A
major disturbance such as coppicing, in part initiates secondary succession (Reade-Runkle,
1982; Sousa, 1984; Niemela, 1999; Mayer et al., 2004; Rydgren et al., 1998). Initially, the
number of plant species (particularly annuals) greatly increases but only perennials tend to
persist and most open-habitat species become excluded after ten years (Ash and Barkham,
1975; Gondard et al., 2001, Mason and McDonald, 2002). Light levels and natural

disturbance on the mature deciduous woodland floor are less than in actively coppiced
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woodland (Mason and McDonald, 2002). These low disturbance and light levels may support
a lower ground floral diversity than coppice woodland. Growth of shade tolerant plants and
those sensitive to disturbance may be encouraged under such conditions, and these support

their own unique set of fauna (Peterken, 1993).

Also of conservation importance, are woodland rides (Warren and Fuller, 1993) (Fig
1.6 a). These habitats cover relatively small proportions of the overall woodland size but
support relatively high levels of wildlife and tend to develop different flora and fauna to
surrounding woodland (Warren and Fuller, 1993; Peterken, 1993; Sparks et al., 1996). Rides
provide semi-permanently open, light habitats; for many species, rides represent the only part
of the woodland where they can exist (Peterken and Francis, 1999). Rides within conifer
plantations are important as they contain the majority of deciduous trees and shrubs and
associated fauna in the whole woodland, and thus increase ecosystem diversity (Sparks et al.,
1996). The plant communities within rides can represent important relics of unimproved
pasture, 95% of which have disappeared from surrounding countryside over the previous fifty
years (Warren and Fuller, 1993; Peterken and Francis, 1999). Plants, such as common bird’s-
foot trefoil (Lotus corniculatus) and many grasses, typical of unimproved pasture, cannot
tolerate the shade of closed-canopy woodland and thrive in open sunny conditions of rides
(Warren, 1985). Other plant species such as hedge woundwort (Stachys sylvatica), wood
speedwell (Veronica montana) and common figwort (Scrophularia nodosa) are much more
common on rides than any other habitat (Warren and Fuller, 1993). Diversity is one of the
most frequently cited criteria for site selection by conservationists (Prendergast et al., 1993)
and rides are often the most diverse habitats within entire woodland ecosystems (Warren and

Fuller, 1993; Peterken, 1993; Peterken and Francis 1999).
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Most plant-feeding insects are host specific so the greatest numbers of such species
can be found in ecosystems with the greatest plant diversity (Warren, 1985; Warren and
Fuller, 1993) such as woodland rides (Warren and Fuller, 1993; Peterken, 1993; Peterken and
Francis, 1999). The diversity of flowers in rides provides nectar and pollen to a great variety
of adult insects (Warren and Fuller, 1993; Sparks et al., 1996). Some insects, including the
majority of butterflies, rely solely on open, sunny areas such as rides for their life cycle due
to the provision of a warm microclimate (Warren, 1985; Warren and Fuller, 1993; Sparks et
al., 1996). A large proportion of moths breed on specific tree and shrub species, and thus
shrubby margins of rides are important for moths (Warren and Fuller, 1993). A diverse plant-
feeding invertebrate community is likely to support a greater range of bird species (Hunter,

1999).

Breeding migrant birds such as the common nightingale (Luscinia megarhynchos) are
attracted to shrubby edges of rides, which are also a favoured nest site of the chiffchaff
(Phylloscopus collybitus) (Fuller and Whittington, 1988). Other bird species use open rides
for feeding such as the European robin (Erithacus rubecula), the song thrush (Turdus
philomelos) and the common blackbird (Turdus merula) (Fuller and Whittington, 1988).
Predatory bird species such as the sparrow hawk (Accipiter nisus) and the kestrel (Falco
tinnunculus) use ride margins for hunting smaller birds and mammals (Fuller and
Whittington, 1988). Rides can be beneficial to most small mammals such as some bat species

(Chiroptera) which use rides for hunting grounds (Warren and Fuller, 1993).

Many semi-natural grassland ecosystems are valued for their relatively high
biodiversity (Ingrouille, 1995). An increase in agricultural area and intensity, particularly

over the past fifty years, has inevitably resulted in loss, through fragmentation and
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simplification, of semi-natural grassland communities throughout south-east England
(Ingrouille, 1995). The subsequent and inevitable decline in grassland plant species has
probably contributed to the overall reduction of biodiversity across grassland ecosystems

(Ingrouille, 1995).

1.5 Aims

A continued presence of wild boar in southern England will unquestionably have
ecological repercussions. Woodlands today are highly fragmented. Major disturbance
regimes like rooting, although once a fundamental part of a natural management regime could
now have far reaching consequences. With no current scientific literature focussing on effects
of rooting on British woodland ecology, | aimed to fill this gap. The aim of my research was
to assess the ecological impacts of rooting for up to three years on aspects of above and
belowground population and community attributes and processes in semi-natural habitats in
south-east England. The research tested the hypothesis that wild boar are important allogenic

ecosystem engineers.

1.6 Hypotheses

e Chapter 2: Plant community attributes in rooted and non-rooted, exclosed and open
plots were compared. It was hypothesised that, other than the initial effects of rooting,
plant species richness, total plant cover and diversity across different woodland,
grassland and woodland ride habitats would be significantly greater from rooted than
non-rooted and fenced than unfenced treatments for up to two years. It was also
hypothesised that rooting and fencing would differentially affect plant functional

groups for up to two years in different habitats within rooted and non-rooted, exclosed
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and open plots, depending on the life history strategies that different functional groups
and individual species exhibit. Site differences were hypothesised to significantly

affect plants at the community and functional group level.

Chapter 3: The study on bluebells (Hyacinthoides non-scripta) was carried out in
woodland habitats over three growing seasons in exclosed and open plots. It was
hypothesised that the number of H. non-scripta individuals and flowering stems
would be significantly lower in rooted than non-rooted treatments. Further, it was
hypothesised that the proportional change in H. non-scripta cover would be
significantly greater from rooted than non-rooted treatments after one and two years.
Fencing was hypothesised to aid the recovery of the H. non-scripta population after
the affects of rooting. The number of H. non-scripta seeds were hypothesised to be
unaffected by rooting, and the viability and weight of seeds were hypothesised to be
greater from rooted than non-rooted treatments. Site differences were hypothesised to

significantly affect all measured aspects of the H. non-scripta population.

Chapter 4: It was hypothesised that species richness, number of individuals and
diversity of emerging plant individuals would be significantly greater from rooted
than non-rooted soil from the viable seed bank, from woodland and grassland habitats.
It was also hypothesised that rooting would differentially affect various plant
functional groups depending on different dormancy breaking and germination
adaptations exhibited by seeds from different functional groups from woodland and
grassland. Site differences were hypothesised to significantly affect emergence from

the woodland and grassland seed bank at the community and functional group level.
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Chapter 5: It was hypothesised that decomposition rate of leaf litter and levels of
nitrate and ammonium nitrogen would be significantly greater from rooted than non-
rooted soil, and belowground live plant biomass would be significantly lower in
rooted than non-rooted soil in woodland and grassland habitats. Site differences were
hypothesised to significantly affect all measured belowground community attributes

and processes.
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Chapter 2

Impacts of wild boar rooting on plants at the community,
functional group and individual species level

2.1 Introduction

Due to the high intensity of soil disturbance created by rooting, it was expected that
the initial effects (within two months of rooting) of any rooting event would decrease
percentage cover (a surrogate measurement of biomass) and species richness of the plants
present. However, single (or annual) rooting events were expected to lead to an increased
plant cover and species richness in the short-term (between two months and two years) and
medium-term (between two and three years), although diminish over the long-term (more
than three years) as the plant assemblage recovers. Further, repeated rooting events
(occurring at least twice per year) were expected to decrease the cover and species richness of
plants in the short and medium-term compared to non-rooted environments. Long-term
effects of frequently applied rooting are difficult to predict without long-term research,
although based on Connell’s intermediate disturbance hypothesis, diversity of the community
as a whole would likely to become low (Connell, 1978, 1979). Intermediate levels of
disturbance in terms of frequency (such as annual rooting events) are known to maximise
species richness and diversity, whereas very low (such as never rooted) or high levels of
disturbance (such as repeated rooting events) over both relatively short and long temporal

scales can cause species richness and diversity to be low (Connell, 1978, 1979).
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Rooting causes a visually dramatic and widespread impact on the environment with
apparently large consequences for the plant community. Exposure of the seed bank from
lower to upper soil layers after rooting may affect re-establishment of the plant community
through increased germination (Chapter 4). A typical rooting depth between 5-30cms will
expose both the transient and long-term seed banks (Thompson and Grime, 1979; Thompson
et al., 1997) leading to germination and emergence of elements of the exposed seed bank
(Kotanen, 1994), which could substantially alter the structure and size of the plant
community. Other propagule sources that potentially contribute to plant community re-
establishment after rooting include the seed rain and clonal fragments. The mixing of soil
horizons through rooting modifies soil properties and processes (Lacki and Lancia, 1983;
Singer et al., 1984; Lacki and Lancia, 1986; Vtorov, 1993; Groot Bruinderink and
Hazebroek, 1996; Bialy, 1996; Moody and Jones, 2000; Mohr et al., 2005) (Chapter 5),
which could significantly affect re-establishment of the plant community. Resources made
available by ecological disturbances are likely to be exploited by colonists and regenerating
survivors in the course of post disturbance succession (Mclintyre et al., 1995; Davis and
Pelsor, 2001). For example, increased nitrates (NO3’) and light in rooted areas (Lacki and
Lancia, 1983; Singer et al., 1984) (Table 5.1, Fig 5.6) could promote competitive dominance
by plants requiring higher resource levels resulting in an increased overall plant biomass and

leading to reduced species richness (Davis and Pelsor, 2001).

Conversely, Kotanen (1994, 1995) in California, Welander (1995, 2000a) in Sweden,
and Milton et al. (1997) in central Germany found an increased plant species richness in
rooted areas across grassland habitats less than one year after rooting. Bowman and
McDonough (1991), Onipchenko and Golikov (1996) and Arrington et al. (1999) found

species richness had increased in areas that were rooted less than one year previously within a
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monsoon forest-wetland transition, northern Australia, alpine heath in the Teberda Reserve,
Russia, and in marshland ecosystems in central Florida respectively. The increase in species
richness could be explained by the intermediate disturbance hypothesis (Connell, 1978,
1979). Intermediate levels of rooting frequency in the short-term may have modified

resources (such as nutrients, light and space) to levels that maximised the number of species.

Specific conditions produced through rooting are likely to favour some plants (such
as disturbance-tolerant species) but not others (such as species sensitive to severe
disturbance) and therefore some functional groups but not others (Aplet et al., 1991). For
example, Kotanen (1994, 1995) found annuals proliferated within one year after boar rooting
in a Californian prairie. Welander (2000a) found that the large numbers of small sized, wind-
dispersed seeds of annuals from the seed rain were ideal for the rapid establishment of
recently rooted soil across several habitat types in Sweden, due to their relatively superior

dispersal capacity.

The aim of this study was to investigate the short-term effects of rooting on plants at
the community and functional group level in woodland, woodland rides and grassland in

order to understand the impact of wild boar on plant communities.

2.1.1 Hypotheses

2.1.1.1 Community Level Effects

Between two and seventeen months after rooting, plant species richness and diversity were
hypothesised to be higher in rooted than non-rooted and in fenced than unfenced plots within

the three habitat types, corresponding to Connell’s (1978, 1979) intermediate disturbance
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hypothesis. Due to the initial, relatively high levels of light and space in rooted plots, owing
to the removal of plants, evenness of plant species abundance was hypothesised to be greater
in rooted than non-rooted and in fenced than unfenced plots within the three habitat types
within one year. After one year however, following the potential increase in competitive
dominance, related increased biomass and the reduction of resources, it was hypothesised that
there would be no significant difference between treatments in evenness, although species
richness was predicted to be high in fenced rooted plots. Fencing was primarily to protect
areas from further rooting disturbance such that the effects of single rooting events (from
fenced rooted treatments) and potentially frequent rooting events (from unfenced rooted
treatments) could be compared with the non-rooted controls. Boar tend to re-root the same
areas every year (Falinski, 1986; Welander, 2000b; Goulding, 2003b; pers. obs.), hence
rooted unfenced plots are particularly vulnerable to re-rooting. Although no quantitative
assessment of the amount of re-rooting in rooted unfenced plots was carried out, | observed
that the majority of these plots had been re-rooted to some extent at least once during this
study. Species richness, diversity and evenness were predicted to be lower in unfenced than
fenced plots due to the severity of the disturbance that potentially occurs from frequent
rooting events.

| hypothesised that between two and seventeen months after rooting, total plant cover
would be greater in rooted than non-rooted (Bowman and McDonough, 1991) and in fenced
than unfenced plots within the three habitat types. Percentage cover in unfenced plots (due to
their susceptibility to rooting) is predicted to be lower than in fenced plots in the short-term.
Relatively higher levels of resources in rooted than non-rooted areas such as soil nitrate (NO3
) (Lacki and Lancia, 1983; Singer et al., 1984) (Table 5.1, Fig 5.6) could promote
competitive dominance in plants requiring higher NO3™ levels and thus lead to increased

overall plant cover.
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| hypothesised that there would be fewer numbers of ancient woodland indicator
(AWI) species in rooted than non-rooted plots. AWI species have a low dispersal potential
(Rackham, 1980; Hermy et al., 1999; Bossuyt et al., 2002; Wulf, 1997) therefore tend to be
confined to permanent mature woodland sites and are thus indicative of them (Buckley et al.,
1997). Woodland sites used here are comparatively recent, thus relatively small numbers of
AWI species were expected (Appendix 1). AWI species are characterised by a stress tolerant
strategy (Hermy et al., 1999; Wulf, 2003), therefore are not adapted for coping with severe
disturbance such as boar rooting. Unfenced plots are more susceptible to greater disturbance

than fenced plots and so were predicted to have fewer AWI species.

| hypothesised that site differences would significantly affect all measured elements
of plants at the community level within each habitat type. Different forms of management
imposed on the different sites across the three habitat types (Table 1.1) could potentially
have large impacts on plants at the community level. For example in woodland, coppiced
sites W1 and W2 (in comparison to those that are occasionally thinned (W3 — W5)) are likely
to have greater light levels penetrating the woodland floor, which could substantially affect
plant diversity. The diversity of plant communities on the woodland floor with high light
levels (such as recently coppiced woodland) is known to be greater than more mature, shadier
woodland (Ash and Barkham, 1975; Ford and Newbould, 1977; Gondard et al., 2001; Mason
and McDonald, 2002). Further differences that could potentially affect the plant community
exist due to the geographical distinction of each site within the three habitat types (Table
1.1). Different plant community or habitat types flank each site, hence the neighbouring plant
communities, through differences in seed dispersal such as seed rain could affect the overall

plant abundance and diversity of the neighbouring study sites. Further, potential
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inconsistencies between sites could exist in the soil environment, such as available nutrients
to plants and, determined in part by differences in topography (Table 1.1); relative moisture

levels.

2.1.1.2 Functional Group Level Effects

Rooting is likely to favour plants that are successful in severely disturbed
environments. Grime classifies such plants as ruderals: weedy species with short life cycles
and high reproductive outputs that cope well in highly disturbed environments (like ploughed
fields) such as many annual forbs (Grime, 1974; Grime, 1979; Grime et al., 1989) (Appendix
1). Therefore, | predicted that rooting would favour the establishment of this plant functional
group in the short-term (Kotanen, 1994, 1995; Milton et al., 1997) in fenced and unfenced
rooted plots within grassland and woodland rides.

I hypothesised that the cover of perennial graminoids would be less in rooted than
non-rooted and in fenced than unfenced plots in the short-term within grassland and
woodland rides. Graminoids include many adaptive strategies (Grime, 1974; Grime, 1979;
Grime et al., 1989) (Appendix 1) and therefore some are not specifically adapted for
tolerating disturbance. It is therefore likely that other plant functional groups that are more
disturbance-tolerant (particularly annual and perennial forbs) and thus with greater relative
competitive ability in rooted areas, will establish in addition to graminoids in rooted plots and

thus substantially reduce the monopoly of graminoids in grassland communities.

The frequency of occurrence of perennial forbs was hypothesised to be higher in
rooted than non-rooted and in fenced than unfenced plots in the short-term within the three

habitat types. Many perennial forbs have persistent seed banks (Fenner, 1992); germination
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from which was predicted to be relatively high due to the exposure of the seed bank to
increased light, oxygen and temperature (Kotanen, 1994) in rooted patches. Many perennial
forbs are ruderal in strategy (Appendix 1); therefore, these have a greater chance of
colonising disturbed areas than other strategists. Establishment of such perennial forbs in
rooted areas could therefore arise from both the exposed persistent seed bank and from the
efficient dispersal of the smaller sized, wind-dispersed seeds in the seed rain (Welander,

2000a).

It was hypothesised that the coverage of moss would be greater in rooted than non-
rooted and in fenced than unfenced plots in the short-term within woodland and woodland
ride habitats. Wild boar have been reported to aid the dispersal of moss fragments to different
rooted patches in their fur and hooves (Heinken et al., 2001). Although the newly exposed
rooted soil is likely to favour the establishment of mosses in the short-term since some are
typically early successional colonisers (Rose, 1981), the potentially drier, brighter soil
conditions of more frequently applied rooting (Brownlow, 1994; Kotanen, 1994) could
reduce the growth of some mosses that require moist conditions for their life-cycles.
Therefore, unfenced plots that are susceptible to frequent rooting were predicted to have a

lesser cover of moss than fenced plots.

Woody species are characterised by persistent seedling banks (Grime, 1979; Grime et
al., 1989) through the production of small numbers of large seeds as and when recourses are
available (Crawley, 1997) and when juvenile, are highly susceptible to disturbance (such as
rooting and trampling by boar) and predation. Large seeds such as acorns are at higher risk of
predation (Crawley, 1997) and are likely to be consumed by boar whilst rooting (Henry and

Conley, 1972; Baber and Coblentz, 1987; Groot Bruinderink and Hazebroek, 1994; Massei et
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al., 1996; Goulding et al., 1998; Goulding, 2003b). Therefore, 1 hypothesised that the
coverage of woody species would be lower in rooted than non-rooted and in unfenced than

fenced plots in the short-term within the three habitat types.

| hypothesised that site differences would significantly affect the relative abundance
of all plant functional groups within each habitat type. The different forms of management
across sites create varying levels of disturbance that plant functional groups are differentially
sensitive to in relation to germination and growth (Grime, 1979; Grime et al., 1989). For
example, in grassland, G1, and in particular G2 are relatively undisturbed sites compared to
G3 and G4, which are frequently grazed and thus have relatively high levels of disturbance
(Table 1.1). Annual and biennial forbs tend to be ruderal in strategy (Grime, 1979; Grime et
al., 1989) (Appendix 1) and thus proliferate in disturbed environments. Whereas, perennial
graminoids, which represent a range of combinations of adaptive strategies (Grime, 1979;
Grime et al., 1989) (Appendix 1), are less likely to proliferate in the more disturbed
environments. Additionally, the neighbouring plant communities to the study sites are likely
to contribute to differences in the relative abundance of functional groups through dispersal
from the seed rain. For example, seeds of annual forbs tend to be wind dispersed and so the
relative abundance of annual forbs in neighbouring plant communities is likely to greatly

affect their abundance in the neighbouring study sites.
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2.2 Materials and Methods

2.2.1 Study Area

This study was undertaken within the fourteen sites (W1-W5, R1-R5, G1-G4) across
the three habitat types (Table 1.1) within the study area (Fig 1.5 a-d). The study sites were
surveyed for recent rooting evidence. The rooted patches utilised in the study were at least
0.5m x 0.5m, and rooted no greater than three months previously to the start of the study in
order that surveying could encompass the early changes that took place after rooting had

occurred.

2.2.2 Experimental Design

During April 2002, 50cm x 50cm fenced plots forming secure exclosures were set up
around newly rooted and non-rooted patches. Each of the five woodland sites and four
grassland sites were assigned twenty plots, divided into four treatments; fenced and un-
fenced, rooted and non-rooted areas, five per treatment per site. Thus, there were twenty-five
replicates of each treatment in woodland and twenty replicates in grassland. Each of the five
woodland ride sites was assigned five rooted and five non-rooted unfenced plots. Plots were
marked with fluorescent painted wooden stakes at each corner (Fig 2.1 a-c). Reinforced steel
mesh cages (L80cm x W80cm x H50cm) made from 0.6cm reinforced steel mesh with 20cm
x 10cm apertures (Fig 2.1 a-c) was used for fencing. The mesh size enabled all small
mammals (including small badgers) to move freely through the cages. Small wild boar piglets
could potentially move through the cages but they tend to stay with their mothers that cannot

enter. No evidence of wild boar was found inside the fenced plots; | concluded that the
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caging was successful in excluding the boar. There was a 15cm buffer zone between the plot

in the centre and the steel mesh surround. Fences were fixed in place with 50cm steel pegs.

All rooted treatments across the three habitats, were set up on soil that had been
rooted within the previous three months. All rooted treatments were comparable in that no
living plants were present when the plot areas were designated treatments, and almost no
living plants were present at the beginning of the study. In contrast, all non-rooted treatments

had a full coverage of plants, normal for the local area.

Although boar may be arbitrarily selecting areas to root, the selection process could
be choice-based and dependent on information such as available food present hence the areas
that become rooted could have been fundamentally different from the non-rooted areas at the
beginning of the study. Therefore, the possibility exists that the non-rooted fenced and

unfenced plots did not effectively control for the rooted fenced and unfenced plots.

a)
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b)

Fig 2.1 a-c: Examples of treatments used in this study within the study area. a) =
rooted fenced treatment in grassland site G3, b) = non-rooted fenced treatment

in grassland site G2, and c) = rooted unfenced treatment in woodland ride site

R5. Photos taken 2002.

There were 230 plots in total within the three-habitat types: 45 rooted and 45 non-
rooted fenced plots and 70 rooted and 70 non-rooted unfenced plots. There were 100 plots in
woodland, 80 plots in grassland and 50 plots in woodland rides. The discrepancy in the
number of plots per habitat type was because | was not allowed to use fenced exclosures in
woodland rides for public safety reasons. In addition, | was unable to establish permission for

use of more than four grassland sites.
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Data collection was carried out during May and August/September 2002 and 2003.
Plant species were identified using Phillips (1980), Rose (1981), Garrard and Streeter (1983)
and Fitter (1987). The percentage cover of each plant species within each plot was assessed
independently, ignoring overlaps, so that each species had a potential maximum of 100%

cover, and was estimated by eye within each of the 0.5m x 0.5m plots.

Data were analysed in three ways:

1. Community level variables measured were:

e Total percentage cover per plot per treatment per habitat per season.

e Species richness (number of plant species) per plot per treatment per habitat
per season.

e Frequency of AWI species per plot per treatment per habitat per season.

e Shannon Weiner Diversity Index (H’ = =2 p; log pi) and Shannon Evenness
(E = H” / log S) per plot per treatment per habitat per season. (p; =
proportion of total sample belonging to the ith species. H’ = index of species

diversity, S = number of species, E = evenness), (Magurran, 2004).

2. Functional group level variables measured were:
e Percentage cover or frequency of occurrence of annual and perennial forbs,
perennial graminoids, mosses and woody species per plot per treatment per

habitat per season. Where possible mean percentage cover was used for
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analysis. Frequency of occurrence was used where percent covers were too
small for analysis such as presence of several typically small species with

tiny percentage covers.

2.3 Statistical Analysis

For data collected within woodland and grassland habitats, data were analysed with
three-way ANOVA (Eddison, 2000; Dytham, 2003). For data collected within woodland
rides, data were analysed with two-way ANOVA where data were normally distributed, and
where data were not normally distributed and could not be transformed, the Scheirer Ray
Hare test was used instead (two-way ANOVA equivalent for non-parametric data) (Eddison,
2000; Dytham, 2003). Data were log (Logl0 x +1) or square root transformed to achieve
normality where possible (specified Table 2.1, 2.2, 2.3, 2.4, 2.5, 2.6). For data analysed from
woodland and grassland, rooting and fencing were two fixed factors, site was the third and
random factor and the interaction effect was analysed between rooting and fencing. For data
analysed from woodland rides, rooting was the fixed factor and site was the second and
random factor. All data were analysed using sequential sum of squares. Seven of the
unfenced non-rooted plots became rooted before the spring 2003 data collection, hence the
General Linear Model was used for analysis due to its ability to account for an unbalanced

design (Eddison, 2000; Dytham, 2003).
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2.4 Results

2.4.1 Community Level Effects

There were consistent highly significant rooting effects for total plant cover in
woodland, during spring 2002 and summer 2003 in woodland rides, and spring 2002 and
spring and summer 2003 in grassland (Table 2.1, 2.2, 2.3, Fig 2.2). In woodland and
grassland, one year after rooting (and after seventeen months in grassland) there was
significantly greater plant cover in fenced rooted than both unfenced treatments, and after
seventeen months in woodland there was significantly greater plant cover in both rooted than
non-rooted treatments (Appendices 2-4, Fig 2.2). By summer 2003, plant cover was

significantly greater in rooted than non-rooted treatments in woodland rides.

Highly significant fencing effects in spring 2002 and during 2003 in grassland shows
that plant cover is the community level attribute most highly affected by fencing, and
moreover, grassland is the only habitat in which fencing has an effect at this level (Table
2.3). Highly significant site effects during spring 2002 and summer 2003 in woodland, during
spring and summer 2002 in woodland rides and consistently in grassland, show that site

differences affect the abundance of plants independently of rooting.
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Fig 2.2. Effects of rooting and fencing on total plant cover in a) woodland, b) woodland rides and c) grassland
over spring and summer during 2002 and 2003. Differences between treatments (indicated by letters on the
graphs) refer only to within each sampling period and were analysed using Tukey tests (significance level
p<0.05). Error bars indicate standard error of the means. Woodland: n = 25, Woodland rides: n = 25,

Grassland: n = 20. For ANOVA results see Tables 2.1, 2.2, 2.3.
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Consistently significant and highly significant rooting effects in the three habitat
types, show that rooting had a large impact on the species richness of plants (Table 2.1, 2.2,
2.3). Plant species richness was significantly greater in both rooted treatments in woodland,
woodland rides and grassland. In grassland, in summer 2002 there was significantly greater
plant species richness in fenced rooted than non-rooted treatments, and in 2003 there was
greater species richness in both rooted than non-rooted treatments. There is a similar trend in
woodland (Fig 2.3), although in spring 2003, multi-comparison tests show a significant
difference between both rooted, and non-rooted unfenced treatments. A significant fencing
effect in spring 2002 and summer 2003 indicates that fencing has some affect on species
richness but only in grassland (Table 2.3). There are highly significant site effects during
2002 in the three habitat types, in spring 2003 in woodland, and spring and summer 2003 in
grassland, which indicates that site differences across the three habitat types strongly affect

plant species richness independently of rooting.

Fig 2.3. Effects of rooting and fencing on plant species richness in a) woodland, b) woodland rides and c)
grassland over spring and summer during 2002 and 2003. Differences between treatments (indicated by letters
on the graphs) refer only to within each sampling period and were analysed using Tukey tests (significance
level p<0.05). Error bars indicate standard error of the means. Woodland: n = 25, Woodland rides: n = 25,

Grassland: n = 20. For ANOVA results see Tables 2.1, 2.2, 2.3.
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Fig 2.3 continued
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The Shannon diversity index shows consistently highly significant treatment effects in
grassland, woodland rides and in 2002 and summer 2003 in woodland (Table 2.1, 2.2, 2.3).
After the initial effects of rooting, Shannon diversity was significantly greater in rooted than
non-rooted treatments in grassland and woodland rides, and after one year in woodland.
During summer 2003 in woodland, plant diversity was significantly greater in fenced rooted
than unfenced non-rooted treatments (Fig 2.4). Significant site effects in 2002 and summer
2003 in woodland, spring 2003 in woodland rides, and in 2003 in grassland show that site

differences strongly affect the diversity of plants independently of rooting.
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Fig 2.4. Effects of rooting and fencing on Shannon diversity in a) woodland, b) woodland rides and c) grassland
over spring and summer during 2002 and 2003. Differences between treatments (indicated by letters on the
graphs) refer only to within each sampling period and were analysed using Tukey tests (significance level
p<0.05). Error bars indicate standard error of the means. Woodland: n = 25, Woodland rides: n = 25,

Grassland: n = 20. For ANOVA results see Tables 2.1, 2.2, 2.3.
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Evenness did not respond consistently to rooting. Significant rooting effects in 2003
in woodland rides and in spring 2002 in woodland shows that evenness was most notably
unaffected by rooting in the short-term (Table 2.1, 2.2, 2.3). Significant site effects during
2003 in woodland and grassland, reveals that site differences affect evenness independently
of rooting. Multi-comparison tests however show that in summer 2003 in grassland, evenness
was higher in rooted than non-rooted treatments, and in woodland in 2003, evenness was

significantly greater in fenced rooted than unfenced non-rooted treatments (Fig 2.5).

Fig 2.5. Effects of rooting and fencing on Shannon evenness in a) woodland, b) woodland rides and c) grassland
over spring and summer during 2002 and 2003. Differences between treatments (indicated by letters on the
graphs) refer only to within each sampling period and were analysed using Tukey tests (significance level
p<0.05). Error bars indicate standard error of the means. Woodland: n = 25, Woodland rides: n = 25,

Grassland: n = 20. For ANOVA results see Tables 2.1, 2.2, 2.3.
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Other than the initial effects of rooting, there was no difference in the frequency of
occurrence of AWI species between treatments (Fig 2.6). Significant site effects in spring
2002 and during 2003 show that site differences had the greatest influence on the abundance
of AWI species (Table 2.1, 2.2). A solitary interaction effect however in spring 2003 shows
that rooting affects the abundance of AWI species, although this effect is determined by site.

Fig 2.6. Effects of rooting and fencing on AWI species in woodland over spring and summer during 2002 and
2003. Differences between treatments (indicated by letters on the graphs) refer only to within each sampling
period and were analysed using Tukey tests (significance level p<0.05). Error bars indicate standard error of

the means. Woodland: n = 25. For ANOVA results see Table 2.1.
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Source

Total Plant Cover (%)
Site

Fencing

Roating

Fencing*Rooting

Species Richness
Site

Fencing

Roating
Fencing*Rooting

Shannon Diversity
Site

Fencing

Raating
Fencing*Roating

Shannon Evenness
Site

Fencing

Rooting
Fencing®Roating

A.W.i Species (Freq. Do)
Site

Fencing

Rooting

Fencing*Roating

Effects of Rooting, Fencing and Site on Plants at the Community Level in Woodland

Transform _ F value & df _ P Transform| F value & df P ._.wm:wm_uw:.__ F value & df P
Spring 2002 Summer 2002 Spring 2003
Logys (x+1) MNane MNone
Fig=96% |20001 Figa=136 |0256 Fig=078 |0539
0853 _u.__mmno.j 0,741 _n.__munobo 0323
< 0.001 Fiox=865 |0.004 Fia2=1786 |=0.001
0909 Fie2=020 |0B53 Fia2=048 |0489
Lomg (a+1) MNane MNane
Faae=8231 < 0,001 Fiop =281 |0.007 Fage=151 (0196
Fi ga=004 0.850 Fi, g2 =0.01 03923 Fiaa=247 (0119
Fy a2 = 8266 |<0.001 Fie2=437 0039 Fy82= 1518 (20,001
Fy 02 = 0.09 0.769 Fiop=0562 |0463 Fioz=017 |0683
Square Root RO RG]
Fia2=287 (0024 Fqaa=420 |0.004 Fa,a2=0177 |0.143
Fy,02 =007 0.792 Fi a2 =011 0740 Fy o2 =070 (0195
Fi,2=48.77 |20.001 Fie2=119 0278 Fiaz=2742 |20.001
Fi o2=033 0569 Fioaz=185 0177 Fia=115 (0287
MNone MNone MNaone
Fiaa2=402 |0.005 Fiop=102 (0400 Fa oz =452 (0,002
Fiaa=127 0262 Figa=022 |0644 Fi =028 |0601
Fi92= 734 |0.008 Fyga=044 0511 Fi g2 =035 (0555
Fi gz =010 0.752 Fia=224 (0138 Fiae =051 0476
MNone MNene MNone
Fqa2=448 0,002 Faaz=132 Fy a2 =261
_H.__mmHD.D,_ 0924 _H.__mmHD.DM _H.__mmHD.hm
Fia2=727 |0.001 Figz=002 Fiaz=025
Fie2=075 |0.380 Fige=338 |0069 Fy g2 =408

Transform| F value & df
Summer 2003
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Fi e =100
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Fi, a2
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_H,__mn =0.307

—U

0.006
02949
<0.001
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< 0.001
0358
<0.001
0968

0.001
SRE=l8]
< 0.001
0.958

0,027
0638
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0127
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Tahle 2.1, Throeway AMOWVA test results at

ignificance levels, Non-Sig

cant: p =005, 5i

p = 005, p = .01, Highly Signi

Cpos 0.0, Data wars

analysed using sequential sum of squares for tests. F = test statistic. P = probability associated with F-test. Plant data collected in woodland during spring and
surnmar 2002 and 2003, Significant P values shown in bold. Site = randorm factor. Fencing and Rooting = Fixed factors. Fencing*Rooting = Interaction. Freg. Oce =
Fraquancy of Occurrence, Transfarm = mathod of narmalising data
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Effects of Rootina and Site on Plants at the Communitv Level in Woodland Rides

Source Transform |Fvalue &df| P [ |Transform|Fvalue &df| P [ [Transform|Fvalue&df| P | |Transform |Fvalue&df| P
Spring 2002 Summer 2002 Spring 2003 Summer 2003

Total Plant Cover (%] | None Mone Mone None

Site Fs4e=597 {0,001 Fsaa=872 [<0.001 Fasa=215 (0091 Faaa=154 0207
Ranting Fi.46=9301 [<0.001 Fieg=233 (0134 Fiag=021 [0647 Fi4s=238 [0.036
Species Richness Square Root Mahe MNaone Mane

Site Foqs=456 (0.004 Fyqa=12.22 |<0.001 Foqs=186 [0.134 Foqs=205 (0104
Rooting F1 44 = 2748 |<0.001 Fi44=430 |0.044 Fis=713 0011 F1 44 =12.36 |0.001
Shannon Diversity  |MNone Maone Maone Maone

Site Foqe=213 |0.092 Fia=197 |0.167 Foa=351 |0.014 Foa=213 |0.092
Raoting Fi.4e= 1257 |0.001 Feas=776 |0.001 Fi 44 = 1264 |0.001 Fi 4= 1857 [<0.001
Shannon Evenness  |MNone Maone MNone Maone

Site Faas=129 |0.287 Fogq=134 [0270 Fogs=047 [0756 Fyes=059 (0672
Rocting F144=036 |0550 Fi44=0898 |0328 Fi44=7.16 |0.010 Fi4=648 (0014

Tahle 2.2. Two-way ANOWA or Scheirer Ray Hare test results, at significance levels: Non-Significant: p > 0.05, Significant: p < 0,08, p < 0.01, Highly Significant: p < 0.001.
Data were analysed using sequential sum of squares for tests. Red data indicates Scheirer Ray hare test results. F = test statistic. P = probability associated with F-test.

Plant data collected in rides during spring and surmmer 2002 and 2003. Significant P values shown in bold. Site = random factor. Rooting = Fixed factor. Transform = method
of normalising data.
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Source

Total Plant Cover (%)

Site
Fencing
Rooting

Fencing*Rooting

Species Richness
Site

Fencing

Rooting

Fencing®Raoting

Shannon Diversity
Site
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Rooting

Fencing®Rooting

Shannon Evenness
Site
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Rooting

Fencing®Raoting

Effects of Rooting, Fencing and Site on Plants at the Community Level in Grassland

Transform| F value & df P Transform | F value & df P Transform | F value & df i P Transform | F value & df P
Spring 2002 Summer 2002 Spring 2003 Summer 2003
Mone Mone Mone MNone
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Tahle 2.3. Three-way ANOWA test results, at significance levels; Mon-Significant: p = 0.05, Significant: p < 0.08, p < 0.01, Highly Significant: p < 0.001. Data were analysed
using sequential sum of squares for tests. F = test statistic. P = probability associated with F-test. Plant data collected in grassland during spring and summer 2002 and 2003
Significant P values shown in bold. Site = random factor. Fencing and Rooting = Fixed factors. Fencing®Rooting = Interaction. Transform = method of normalising data.

o1



2.4.2 Functional Group Level Effects

Consistent highly significant rooting and site effects in grassland and woodland rides,
show that both rooting and site differences substantially affects the frequency of occurrence
of perennial forbs in these habitats (Table 2.4, 2.5, 2.6). Other than the initial effects of
rooting, there were a significantly greater number of perennial forbs in rooted than non-
rooted treatments in grassland and woodland rides (Fig 2.7). There appears, from the graph
and from significant rooting effects in spring 2002 and during 2003, to be a similar trend for
woodland (Fig 2.7), although multi-comparison tests show there to be no significant
difference between treatments. Significant site effects in spring 2002 and summer 2003 in
woodland show that site differences also affect the numbers of perennial forbs, but not as
significantly as rooting in this habitat type. Additionally, and similarly with community level
effects, a highly significant fencing effect exists in summer 2002, but only in grassland

(Table 2.6).

Fig 2.7. Effects of rooting and fencing on perennial forbs in a) woodland, b) woodland rides and c) grassland
over spring and summer during 2002 and 2003. Differences between treatments (indicated by letters on the
graphs) refer only to within each sampling period and were analysed using Tukey tests (significance level
p<0.05). Error bars indicate standard error of the means. Woodland: n = 25, Woodland rides: n = 25,

Grassland: n = 20. For ANOVA results see Tables 2.4, 2.5, 2.6.
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The opposite trend to perennial forbs can be seen for perennial graminoids, whereby
consistent highly significant rooting effects in grassland, and during 2002 in woodland rides,
show that there was a substantially lesser percentage cover of perennial graminoids within
rooted than non-rooted treatments within these habitats (Table 2.5, 2.6). The percentage
cover of perennial graminoids in grassland was significantly lower in rooted than non-rooted
treatments in 2002, and in unfenced rooted than non-rooted treatments in spring 2003, and
unfenced rooted than all other treatments in summer 2003 (Fig 2.8). In woodland rides, there

was a significantly smaller cover of perennial graminoids in rooted than non-rooted
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treatments during 2002, but not in 2003 although there was a similar trend (Fig 2.8).
Consistent significant site effects in grassland show that site differences strongly affects the
cover of perennial graminoids in this habitat type. A single significant site effect in spring
2003 in woodland rides indicates that site differences affect perennial graminoid distribution
independently of rooting, but this effect is not consistent and suggests the influence of some
transient aspect of site difference. Additionally, and similarly with community level effects,
highly significant fencing effects exist in summer 2002 and during 2003, but only in

grassland (Table 2.6).

Fig 2.8. Effects of rooting and fencing on perennial graminoids in a) woodland rides and b) grassland over
spring and summer during 2002 and 2003. Differences between treatments (indicated by letters on the
graphs) refer only to within each sampling period and were analysed using Tukey tests (significance level
p<0.05). Error bars indicate standard error of the means. Woodland rides: n = 25, Grassland: n = 20. For

ANOVA results see Tables 2.5, 2.6.
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Although it appears from the graph (Fig 2.9) and from significant rooting effects in
spring 2002 and 2003 and summer 2003 (Table 2.4) that the percentage cover of woody
species in woodland was greatly affected by rooting, multi-comparison tests reveal little
overall impact from rooting. There was no significant difference between treatments except
for summer 2003, where there was significantly less cover of woody species in non-rooted
fenced than all other treatments. The large standard errors (Fig 2.9) are indicative of
substantial variation within the data; many woody species have a small percent cover (as
seedlings), whilst a few have large percentage covers (as saplings). Significant site effects in
spring 2002 and during 2003 in woodland show that site differences substantially affect the

cover of woody species (Table 2.4).

Fig 2.9. Effects of rooting and fencing on woody species in woodland over spring and summer during 2002 and
2003. Differences between treatments (indicated by letters on the graphs) refer only to within each sampling
period and were analysed using Tukey tests (significance level p<0.05). Error bars indicate standard error of

the means. n = 25. For ANOVA results see Table 2.4.
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Mosses were among the pioneer colonisers of bare soil after rooting in woodland.
There were significant rooting effects in spring 2002 and summer 2003, and highly
significant rooting effects during summer 2002 and spring 2003 for the percentage cover of
moss in woodland (Table 2.4). However, although it appears that the graph reflects these
results, multi-comparison tests reveal that the only remaining significance lies during summer
2002 and spring 2003, reflecting the highly significant results. The percentage cover of moss
in woodland was significantly greater in rooted fenced than all other treatments during
summer 2002 and spring 2003, but there was no significant difference between treatments in
spring 2002 and summer 2003 (Fig 2.10). A solitary significant fencing effect exists in spring

2003, which is reflected in Fig 2.10. It is the only fencing effect to occur outside grassland.

Fig 2.10. Effects of rooting and fencing on moss in woodland over spring and summer during 2002 and 2003.
Differences between treatments (indicated by letters on the graphs) refer only to within each sampling period
and were analysed using Tukey tests (significance level p<0.05). Error bars indicate standard error of the

means. n = 25. For ANOVA results see Table 2.4.
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There were consistent significant and highly significant rooting effects in grassland,
and highly significant rooting effects in summer 2002 and during 2003 in woodland rides
(Table 2.5, 2.6). Other than initial effects of rooting, it appears that the graphs reflect these
results showing that the frequency of occurrence of annual forbs was significantly greater in
rooted than non-rooted treatments within grassland and woodland ride habitats (Fig 2.11).
However, in grassland, multi-comparison tests reveal that there was no significant difference
between treatments during spring 2002 and most notably during summer 2003. Significant
site effects in 2003 in grassland show that site differences predominantly affect the frequency
of annual forbs compared to rooting during this time. Conversely, significant site effects in
woodland rides during 2002 shows that the effects of site on annual forbs are more short-term
in this habitat type. A solitary fencing effect in spring 2002 in grassland shows that fencing
has only a small and immediate impact on the frequency of occurrence of annual forbs. There

was not sufficient data within woodland habitats for analysis.

Fig 2.11. Effects of rooting and fencing on annual forbs in a) woodland rides and b) grassland over spring and
summer during 2002 and 2003. Differences between treatments (indicated by letters on the graphs) refer only
to within each sampling period and were analysed using Tukey tests (significance level p<0.05). Error bars
indicate standard error of the means. Woodland rides: n = 25, Grassland: n = 20. For ANOVA results see Tables

2.5,2.6.
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Source

Perennial Forbs (Freq COcc.)
Site

Fencing

Rooting

Fencing"Rooting

Moss (% cover)
Site

Fencing

Rooting

Fencing™Rooting

Woody Species (% cover)
Site

Fencing

Rooting

Fencing®Rooting

Effects of Rooting, Fencing and Site on Plants at the Functional Group Level in Woodland

Transform | F value & df |
Spring 2002
Sguare Roat
Fogp=427
Fia=003
Fi a2=5841
Fig=043

Mone
Fqg=179
Fig=000
Fia2=585
Fi5=000

Logyg (1)
Fqg=3893
Figz=1.84
Fia=973
Fya=0.11

P

0.003
0.871
<0.001
0513

0138
0.961
0018
0.961

0.005
0179
0.002
0742

._.Bzmﬂo_._.:_ F value & df _ P Transform | F value & df _ P Transform| F value & df P
Summer 2002 Spring 2003 Summer 2003
Mone Mone MNone
Fqg=227 0068 Fag=234 |0.061 Fegz=328 (0015
Fya=000 |1.000 Fie=121 (0274 Fya=0001 0931
Fie=077 |0382 Fiag=418 ]0.044 Fi =634 [0.014
Fi =003 |0361 Fia=040 |0531 Fi g2= 061 0437
Mone Mone MNone
Fyg2=213 0083 Fia=046 (0763 Foege=108 (0372
Fig2=037 0546 Fi14=888 |0.004 Fig=086 |0.329
Fie=929 |0.003 Fia2=2486 |<0.001 Fie2=584 |0.018
Fia2=021 0645 Fi2=784 |0.006 Fi =093 0337
Mone Mone MNone
Fq =212 (0084 Fqs0x=964 [<0.001 Fege=282 |0.029
Fia2=028 |0B01 Fi4=002 |0886 Fig=000 (0860
Fia=136 |0246 Fie=507 ]0.027 Fia=1208 ]0.001
Fra=123 0271 F15=002 |0386 Frg=112 (0293

Tahle 2.4. Three-way ANOWA test results at significance levels = Non-Significant: p = 0.05, Significant: p < 0.03, p < 0.01, Highly Significant: p < 0.001. Data were analysed
using sequential sum of sguares for tests. F = test statistic. P = probability associated with F-test. Plant data collected in woodland during spring and summer 2002 and 2003.
Significant P values shown in bold. Site = random factor. Fencing and Rooting = Fixed factors. Fencing®Rooting = Interaction. Transfarm = method of normalising data.
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Source

Perennial Graminoids (% cover)
Site
Footing

Perennial Forbs (Freq Ooc. )
Site
Footing

Annual Forbs (Freq. Oce)
Site
Footing

Effects of Rootina and Site on Plants at the Functional Group Level in Woodland Rides

Transform |F value &df | P

Transform |F value &df| P

Transform| F value & df | P

Transform |F value & df| P

Spring 2002 Summer 2002 Spring 2003 Summer 2003

Logyp (1) Square Root Mane Mane

Fgaa=119 1033 Fgaa=149 (0222 Fs40=341 10016 Faaa=228 |0075

Fi 44=4423 |<0.001 F1 44=2040 |<0.001 F144=215 {0149 Fi49= 166 0204
Square Root Mone Mone Mone

Feaq=7.86 |<0.001 Fy49=21.03 |<0.001 Fg4e=681 <0001 Fs44=6.04 |0.001

Fy 44=11.71 {0,001 Fi44=896 |0.005 F144=7.16 |0.01 Fi 44= 1355 0,001
Mone None None None

Fgqe=409 |0.007 Fq =444 0,004 Fi40=079 [0535 Fy49=242 0062

Fi40=014 |0708 Fi44=10210.003 F1.44= 1317 {0.001 Fy 49=18.94 |<0.001

Table 2.5, Two-way ANOVA test results at significance levels = Non-Significant: p > 0.08, Significant: p < 0,05, p < 0.01, Highly Significant: p < 0.001. Data were analysed using
sequential sum of squares for tests. F = test statistic. P = probability associated with F-test. Plant data collected in rides during spring and surmmer 2002 and 2003. Significant P values
shown in bold. Site = random factor. Rooting = Fixed factar. Transform = methad of normalising data.
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Source

Perennial Graminoids (% cover)
Site

Fencing

Roating

Fencing*Roating

Perennial Forbs (Freq. Occ.)
Site

Fencing

Rooting

Fencing*Raating

Annuai Forbs (Freq Ooc)
Site

Fencing

Roating

Fencing*Rooting

Effects of Rooting, Fencing and Site on Plants at the Functional Group Level in Grassland

._.qm_._ﬂoqi F value & df _ P Transform i F value & df i P Transform _ F value & df i P Transform| F value & df | P
Spring 2002 Summer 2002 Spring 2003 Summer 2003
Mone Mone MNone Mane
Fz73=3.13 (0031 Fa3=528 |0.002 F:73=698 |<0.001 Fz73=3.10 0,032
Fi73=206 (0155 Fi73=11.72 |0.001 F73=932 |0.003 Fy73=14.17 |<0.001
Fy 73=785.05 |< 0.001 Fy73=12431 |<0.001 Fy73=16.52 |<0.001 Fy 73=3569 |<0.001
Fi73=003 |0584 Fi7:=308 |0.084 Fi73=035 (0555 Fi73=011 (0736
MNone Souare Root Suare Root MNone
Fs73=13.78 (<0001 Fs73=2122 |<0.001 F373= 1454 |<0.001 Fs73=17.89 |<0.001
Fi7:=259 (0112 Fy73=16.37 |<0.001 Fi ;=088 |0.352 Fi7:=259 |0.112
Fi73=32.80 |<0.001 Fi73=21.37 |<0.001 Fy73=47.62 |<0.001 Fi73=37.74 |<0.001
Fi73=013  [0.727 Fi73=000 ]0.975 Fi73=026 |0615 Fi73=0423 [0514
Mone None Square Root MNone
Fizz=202 (0119 Fi7:=027 (0349 F:7z=421 |0.008 Fz7z=4.12 |0.009
Fi73=506 (0027 Fi23=014 |0.708 Fi73=018 (0670 Fi73=012 (0728
Fi73=352 |0.045 Fy73=3463 |<0.001 Fy73=31.84 |<0.001 Fy73=440 |0.039
F173=225 (0138 Fi73=039 0533 Fi73=242 0124 Fi 73=000 |1.000

Table 2.6. Three-way ANOVA test results, at significance levels = Non-Significant: p = 0.05, Significant. p < 0,05, p < 0.01, Highly Significant: p < 0.001. Data were analysed using
sequential sum of squares for tests. F = test statistic. P = probability associated with F-test. Plant data collected in grassland during spring and summer 2002 and 2003. Significant P
wvalues shown in bald. Site = random factar. Fencing and Rooting = Fixed factors. Fencing®Rooting = Interaction. Transform = method of normalising data.
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2.5 Discussion

2.5.1 Community Level Effects

As hypothesised, total plant cover was significantly greater in rooted than non-rooted
treatments in woodland rides in 2003 and woodland, summer 2003. Further as hypothesised,
plant cover was greater in fenced rooted than unfenced treatments in woodland spring 2003,
and grassland spring and summer 2003 (Appendices 2-4, Table 2.1, 2.2, 2.3, Fig 2.2).
Highly significant fencing effects for total plant cover during spring 2002 and during 2003 in
grassland reflect this. The protection that fencing provides from further rooting and trampling
by boar has an important positive impact on overall plant cover after rooting in grassland.
Bowman and McDonough (1991) found plant cover to be greater in rooted than non-rooted
treatments after approximately one year in a monsoon forest-wetland transition in northern
Australia. However, Bratton (1974, 1975), Howe et al. (1981) and Singer et al. (1984) found
that plant cover was reduced in rooted compared to non-rooted areas in deciduous woodland
in the Great Smoky Mountains, U.S.A after approximately one year. Alexiou (1983), and
Ralph and Maxwell (1984) also found plant cover to be lower in rooted than non-rooted areas
across forest habitats in Smokers Gap, Australia and Hawaii respectively. Hone (1980) and
Arrington et al. (1999) found reduced plant cover in rooted than non-rooted areas after one
year in grasslands New South Wales, Australia and marshland ecosystems in Florida, U.S.A

respectively.

Apart from Bowman and McDonough (1991), these studies are not consistent with

my methodology or results. No fencing or method of protecting rooted and non-rooted
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treatments from rooting were utilised throughout the duration of the above studies, whereas
both excluded and un-exclosed treatments in this study resulted in the relatively high level of
plant cover after one year (Fig 2.2). Additionally, different climates of the countries where
studies found that rooting decreased plant cover compared to the British climate, may have
contributed to the different results. Further, differential temporal scales could also explain
discrepancies in results. Studies that found rooting reduced plant cover were usually carried
out within one year of rooting, whereas | believe that it is more helpful to investigate
recovery from disturbances over a longer time-period in order to gain a wider perspective of
changes that take place. In this study, after the initial effects of rooting, the most significant
difference in plant cover between treatments occurred between twelve and seventeen months
after rooting, showing that post-rooting changes in the plant community are modified over the

short-term.

As hypothesised and corresponding to the intermediate disturbance hypothesis
(Connell, 1978, 1979), after the initial effects of rooting, plant species richness was greater in
rooted than non-rooted treatments to a highly significant extent in woodland rides, woodland
in summer 2003, and in grassland 2003 (Appendices 2-4, Table 2.1, 2.2, 2.3, Fig 2.3).
Corresponding with plant cover, species richness was highest in fenced rooted than unfenced
non-rooted treatments within woodland and grassland in spring 2003. This further
corresponds with studies by Kotanen (1994, 1995) in California, Welander (1995, 2000a) in
Sweden and Milton et al. (1997) in central Germany, who found that species richness was
greater in rooted than non-rooted plots in grassland habitats after approximately one year.
Bowman and McDonough (1991), Onipchenko and Golikov (1996) and Arrington et al.
(1999) also found that species richness was greatest in rooted than non-rooted plots within

one year in a monsoon forest-wetland transition, northern Australia, alpine heath in the
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Teberda Reserve, Russia, and in marshland ecosystems in central Florida respectively.
Bratton’s results (1974, 1975) however were atypical in that species richness was
significantly lower in rooted than non-rooted areas in beech forest in the Great Smoky
Mountains, U.S.A. As with plant cover, this result could be explained by the short temporal
scale of the study, which was carried out less than one year after rooting, coupled with
differences in methodology, whereby no fencing, or method of preventing re-rooting was

utilised in the research.

Falinski (1986) observed patterns of re-rooting in the Bialowieza Forest in Poland.
Seasonally based patterns of re-rooting were noted whereby corresponding areas were re-
rooted at a similar intensity within the same seasons over seven years (Falinski, 1986). In
Poland, intensive rooting begins in the phase of geophyte emergence in early spring and
reaches its maximum level between mid June and mid July, coinciding with the substitution
of the spring geophytes by summer hemicryptophytes. Geophytes are plants with
subterranean organs such as tubers, rhizomes and bulbs. Examples of geophytes in my study
area include the bulb bearing Hyacinthoides non-scripta, and Anemone nemorosa, which
have rhizomes. Hemicryptophytes include the majority of vascular plants identified in my
study area (Appendix 1) where the above ground portion dies back in adverse conditions and
buds develop at ground level. The third peak in rooting intensity occurs between August and
October but subsequently becomes considerably reduced in winter due to substantial snow
cover and frozen ground (Falinski, 1986). This correlates with observed re-rooting patterns in
East Sussex in that the same areas (but not necessarily the same patches) were re-rooted each
year (Goulding, 2003b; pers. obs.). In contrast, however, in East Sussex, summer is the
season with the lowest rooting intensity due to the hard, impenetrable soil at this time.

Further, winter is a time of high rooting intensity along with autumn and spring, when the soil
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tends to be moist and easily penetrable. Distinct patches of plant biomass in the field layer
demonstrate rooting patterns in Poland. The plant biomass as a whole was negatively
correlated with the rooted surface area and frequency of rooting, which correlates with most
research in other countries (Alexiou, 1983; Ralph and Maxwell, 1984; Bratton, 1974, 1975;
Howe et al., 1981; Singer et al., 1984, Hone, 1980; Arrington et al., 1999). However,
although the above ground biomass was reduced within intensely rooted areas, the
belowground portion of geophytes increased with rooting intensity. Falinski (1986)
concluded that the segments of fragmented root systems of geophytes (such as the rhizome
root system of Anemone nemorosa and the tuber root system of Ranunculus ficaria) gave rise
to new individuals, stimulated their growth and enhanced vegetative reproduction. This
corresponds with observed estimations of A. nemorosa cover across all the plots within the
five woodland sites (W1- W5) in my study area (Table 1.1). Initially, the percentage cover of
A. nemorosa was considerably reduced by rooting, but after both one and two years, cover

had greatly exceeded that in non-rooted treatments (Appendix 5).

Studies researching the short-term effects of less extreme mechanical soil disturbance
than rooting support this study in that plant species richness was significantly greater in areas
with disturbance (removal of vegetation and litter) in grassland (Armesto and Pickett, 1985;
Lavorel et al., 1994) and mixed mountain forest (Mayer et al., 2004). Although these
disturbances are much less severe than rooting, this indicates that the effects of mechanical
aspects of rooting are likely to largely contribute to the relatively high levels of species
richness found across several studies. Further, the effects of rooting as a form of mechanical
disturbance can be compared with pit and mounds in primeval forests. Uprooting, or tree-fall,
has a major influence on the formation of areas of pit and mound topography, which is an

important process in the creation of micro-topographic variation and like rooting, small-scale
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heterogeneity (Beatty and Stone, 1986; Peterson et al., 1990) and can play key roles in
determining a regenerating forest community’s composition and structure (Beatty, 1984). The
influence on the immediate physical environment can, like rooting, be substantial, including
the inversion of soil horizons (Beatty and Stone, 1986), exposure of buried seed (Putz, 1983)
and the subsequent provision of important micro-sites for plant establishment (Sousa, 1984;
Pickett and White, 1985). The presence of pits can increase localised litter accumulation,
elevate nutrient concentration, increase soil moisture levels (Beatty, 1984; Beatty and Stone,
1986) and enhance plant species richness and total biomass (Peterson and Pickett, 1990).
These effects can be directly related to similar elevations recorded within rooted compared to
non-rooted patches Lacki and Lancia, 1983; Singer et al., 1984; Bowman and McDonough,
1991; Kotanen, 1994; 1995; Welander, 1995, Onipchenko and Golikov, 1996; Milton et al.,
1997; Arrington et al., 1999; Welander, 2000a; Mohr et al., 2005). However, in contrast to
the effects of rooting, pits, mounds and fallen trees can have an additional role in the
protection of regenerating plant species against harsh microclimatological conditions and
browsing where there are high densities of mammalian herbivores (Peterson and Pickett,
1995) due to their more extreme topographic variation compared with rooting. Illustrative of
this, recorded in the southern Appalachians, an average pit depth, length and width is 1m,
1.5m and 3m respectively, and average mound thickness, height and width is 1m, 2m, and 3m
respectively (Clinton and Baker, 2000), compared with the typical rooting depth of 5-15cm
(Kotanen, 1995; Goulding, 2003b; Mohr et al., 2005). However, during rooting, boar can
uproot small trees with shallow roots, which can form similar topography to pit and mounds,
although less extreme at depths of between approximately 20-30cms (Fig 1.3a) (Falinski,

1986).
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A further useful comparison to rooting can be made with ground preparation for
forestry. Soil handling is believed to be a critical activity in determining the success of land
reclamation in forestry (Ramsay, 1986). Lack of soil aeration, and soil compaction are the
main physical limiting factors that determine vegetation performance during land reclamation
in woodland (Carey and Hendrick, 1986; Moffat and Bending, 2000). The main objective to
ground preparation is to break up the soil surface in a way similar to ploughing (or replace
the soil surface with loose soil) and to increase the nutrient levels, both of which also occurs
through rooting (Lacki and Lancia, 1983; Singer et al., 1984; Welander, 2000a; Mohr et al.,
2005). Vegetation re-establishment is substantially improved using ground preparation
techniques in woodland (Ramsay, 1986; Carey and Hendrick, 1986; Moffat and Bending,

2000), which is therefore analogous to the effects of rooting (Table 2.1).

As hypothesised, other than the initial effects of rooting, plant diversity measured by
the Shannon Diversity Index was significantly greater in all rooted than non-rooted
treatments in grassland and woodland rides, and woodland in spring 2003. In woodland in
summer 2003, diversity was greater in fenced rooted than unfenced plots (Table 2.1, 2.2, 2.3,
Fig 2.4). The relatively high levels of diversity in rooted patches in the short-term could be
explained by the intermediate disturbance hypothesis (Connell, 1978, 1979). Intermediate
levels of rooting result in modifications in resource availability, levels of which may have
promoted maximum levels of diversity. These high diversity patches may lead to an overall
greater between-patch, medium-scale spatial heterogeneity in the environment (Ricklefs,
1977; Boeken et al., 1995; Harrison, 1997), which could provide a greater diversity of niches
and thus enhance the potential establishment of greater plant diversity at this scale (Stewart et

al., 2000; Wiens, 2000).
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As hypothesised, site differences significantly affected all measurements of plants at the
community level across the three habitat types (except for Shannon evenness in woodland
rides) (Table 2.1, 2.2, 2.3). The most notable site effects occurred in grassland, with
consistently highly significant site effects for total plant cover and species richness, and
significant site effects for Shannon diversity and evenness during 2003 (Table 2.3).
Differences across sites due to differential management regimes (Table 1.1) and
neighbouring plant communities are probably the major determinants of the significant site
affects on the plant community across the study sites. Different neighbouring plant
communities to the study sites (particularly open habitats such as grassland) produce a
potential source of seeds, that through dispersal could greatly contribute to altering
community level attributes such as diversity, species richness and abundance across sites
(Crawley, 1997), and hence largely contribute to the significant sites effects in grassland.
Different management regimes (such as grazing (G3 and G4) in contrast to no grazing (G2)
in grassland) produce very different types of disturbance, which could significantly affect the
plant community. For example, G1 is managed through occasional sheep grazing; this
intermediate level of disturbance could, at least in part account for it containing the highest
level of species richness and diversity in comparison to the other three grassland sites.
Additionally, potential unmeasured differences in the soil environment, such as nutrients
available to plants and relative moisture levels, could lead to variation in the plant community

across sites.

2.5.2 Functional Group Level Effects

From the results of this study, it is clear that different functional groups respond

differentially to rooting. Distinct functional groups have differential life strategies and cope
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differently with disturbance and physical changes in soil (Grime et al., 1989). The study area
is spatially heterogeneous, encompassing several distinct habitat and community types.
Rooting could be diversifying the system further within sites by affecting the abundance of

different functional groups.

As hypothesised, other than the initial effects of rooting, the frequency of occurrence
of perennial forbs was consistently and significantly higher in rooted than non-rooted
treatments within woodland rides and during 2003 in grassland. Further as hypothesised, in
grassland in summer 2002, the frequency of perennial forbs was greater in fenced rooted than
all other treatments (Fig 2.7 b-c). However, although there appears to be a similar trend from
the graph (Fig 2.7a), there was no significant effect of rooting on perennial forbs in
woodland, where they occurred at relatively low frequencies. Since many perennial forbs
have persistent seed banks (Fenner, 1992), the exposure from lower to surface layers of the
soil through rooting could aid germination, which may have contributed to this result.
Further, since many perennial forbs are ruderal in strategy (Appendix 1), a proportion of this
functional group is well adapted for post-disturbance colonisation from the seed rain.
Consistent highly significant site effects in grassland and woodland rides, indicates that site
differences also substantially affect the frequency of occurrence of this functional group. The
fact that the highly significant site effects occurred in open habitats (in comparison to
woodland), suggests that seed dispersal from neighbouring plant communities in the seed rain
was a major determinant of the differences in frequency of this functional group across the

study sites.

It seems probable that the patchiness of rooting creates a form of localised temporal

heterogeneity. Patches of disturbed and undisturbed soil fluctuate temporally in terms of
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biotic and abiotic properties and seasonal variation, and combined, cause annual changes in
the abundance of plant functional groups. For example, in frequently rooted areas in the
woodland ride site R5 (Table 1.1) during summer 2004, the highly ruderal perennial forbs
Chamaenerion angustifolium (prolific in disturbed sites) and Hypericum perforatum were
dominant in the vegetation (Fig 2.12). The previous year, C. angustifolium was dominant but

H. perforatum was very sparse.

Fig. 2.12: A woodland ride site (R5) showing Hypericum perforatum and disturbance-
tolerant Chamaenerion angustifolium. These two perennial forbs were growing on

As hypothesised, in grassland, the cover of perennial graminoids was significantly
lowered in all rooted than non-rooted treatments in 2002, and in unfenced rooted than all
other treatments in 2003. Significant fencing effects in 2003, in part, reflect these results
whereby the protection that fencing provides from sheep grazing and other forms of
disturbance (such as from rabbits) in grassland, could have largely determined the greater
cover of perennial graminoids in fenced than unfenced non-rooted treatments. The cover of
perennial graminoids was also significantly lower in rooted than non-rooted treatments in

woodland rides during 2002 (Fig 2.8). Graminoids are not specifically adapted for coping
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with disturbance, thus other functional groups with a greater relative competitive ability in
rooted soil will grow in addition to graminoids, reducing their monopoly in grassland
habitats. Martinsen et al. (1990) researched the effects of pocket gopher (Thomomys spp.) soil
disturbance on plant species diversity in a short grass prairie community. It was found that
disturbance decreased the abundance of grasses and increased the abundance of dicotyledons.
The result was attributed to the relative competitive abilities of the different functional groups
in disturbed areas. In this study, consistent significant site effects in grassland, shows that site
differences strongly influenced the cover of perennial graminoids in this open habitat. Since
many perennial graminoids produce wind-dispersed seeds (Phillips, 1980), differential levels

of intra and inter-habitat seed dispersal across sites seems a likely explanation for this result.

There was little overall impact from rooting on the cover of woody species in woodland,
except for significantly less cover in non-rooted fenced than all other treatments in summer 2003 (Fig
2.9). However, in some circumstances rooting could be beneficial for the regeneration of woody
species. For example, grasses are competitors for tree seedlings (Peterken, 1993). The cover of
graminoids was significantly lower in rooted than non-rooted treatments (Fig 2.8, Table 2.5, 2.6)
illustrating that through the reduction of such competitors, rooting could potentially aid the
regeneration of woody species in habitats where woody species and competitors co-occur.
Andrezejewski and Jezierski (1978) found boar rooting enhanced the growth of pines (Pinus spp.) on
nutrient-poor European soils. Further, Falinski (1986) frequently observed profuse tree stand
regeneration in rooted areas. For example, in mixed forest environments in the Bialowieza Forest,
spruce (Picea spp.) saplings were frequently seen to agglomerate on sites changed by the rooting
activities of boar (Falinski, 1986). However, Groot Bruinderink and Hazebroek (1996) found rooting
decreased regeneration of Quercus robur, Q. petraea and Q. rubra and Fagus sylvatica forests in the
Netherlands. They suggested that this was due to an intense frequency of re-rooting the same patches.

Peart et al. (1994) found boar rooting negatively affected woody-species abundance and regeneration
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beneath chaparral-oak woodland on Santa Cruz Island, California. Woody species were removed as
seedlings via direct predation on seeds, trampling the fragile shoots and damage from over-turned soil
from rooting. Lipscomb (1989) found rooting reduced long-leaf pine regeneration in coastal forest in
Georgetown, South Carolina, U.S.A. Boar selected the larger seedlings to consume, and so surviving
seedlings were less competitive and vigorous. In this study, significant site effects during spring 2002
and 2003, and summer 2003 indicate that site differences were the predominant influence on the cover

of woody species across the study sites.

As hypothesised, other than initial effects of rooting, the frequency of occurrence of annual
forbs was greater in rooted than non-rooted treatments to a highly significant extent throughout 2002
and 2003 across woodland rides and during summer 2002 and spring 2003 in grassland (Fig 2.11).
Kotanen (1994, 1995) found annuals proliferated in rooted areas in the short-term in Californian
prairie. Boeken et al. (1998) found annual plants increased in disturbed areas in a desert ecosystem.
Annual forbs tend to be ruderal in strategy (Appendix 1) and typically tolerate disturbance better than
any other functional group. The rooted gaps in vegetation are likely to be quickly re-colonised by the
typical production of large numbers of small sized, wind-dispersed seeds from the seed rain due to
their relatively superior dispersal capacity (Welander, 2000a). Furthermore, ruderal strategists are
associated with large, persistent seed banks and their emergence is dependent on disturbance-created
gaps (Grime, 1979; Grime et al., 1989; Crawley, 1997) such as rooted patches. Germination is higher
in disturbed (such as rooted) rather than undisturbed soil (Buckley et al., 1997; Rydgren et al., 1998;
Hyatt and Casper, 2000; Jutila and Grace, 2002) thus the ruderal seed bank may also be contributing
to this result. Additionally, the characteristic production of large numbers of wind-dispersed seeds of
ruderals could be the major determinant of the significant site effects during 2002 in woodland rides
and during 2003 in grassland. Different levels of seed dispersal from the different neighbouring plant
communities could have significantly contributed to the different frequencies of annual forb

occurrence across the study sites.
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My results suggest that wild boar rooting is creating a mosaic environment in the short-term
which is enhancing community attributes such as plant diversity, biomass and species richness in a
patchy manner across woodland, grassland and woodland rides. A relatively stable wild boar
population that produces an intermediate level of disturbance through rooting could help create and
maintain a relatively high level of plant diversity, biomass and species richness across different
habitats. Boar root in specific areas within habitats and often return to previously rooted areas, leaving
many areas untouched (Welander, 2000b). The subsequent creation of environmental patchiness, and
the diversification of niches on a local scale, favours the growth and success of some plant functional
groups but not others. Further, the potential role of boar in the dispersal of plant propagules (Welader,
2000a; Heinken et al., 2001) could contribute to the differences in the plant community measured
here. Welander (2000a) found a shift in the plant community towards species with small seeds
(typically annual forbs) and concluded that diaspores adhered to the exterior surface of the animals
and were dispersed when boar moved between feeding, resting and wallowing sites. In grassland and
woodland rides, the frequency of annual and perennial forbs was significantly greater in rooted than
non-rooted treatments, whereas perennial graminoids had a much smaller cover in rooted than non-
rooted treatments in the short-term. Rooting had little effect on the abundance of functional groups

within woodland habitats.

Fencing had less impact than expected on plant re-establishment after rooting at both the
community and functional group level. However, as predicted, neither the abundance of any
functional group or any community level measurement were significantly greater in unfenced rooted
compared to fenced rooted treatments throughout the study within woodland or grassland. The most
notable impact of fencing was in grassland, where the cover of perennial graminoids was significantly
greater in fenced non-rooted than unfenced rooted treatments during 2003, and total plant cover was
significantly greater in fenced rooted than unfenced treatments in summer 2002 and during 2003 (Fig
2.2, 2.8). Relating to Connell’s (1978) intermediate disturbance hypothesis, fencing rooted areas acts

to mediate the intensity of the disturbance leading to increased species richness in the short-term. The
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greater relative impact of fencing in grassland than woodland and woodland rides could be due to the

additional protection from grazing by sheep and deer.

75



76



77



Chapter 3

Impacts of wild boar rooting on Hyacinthoides non-scripta

3.1 Introduction

The native bluebell (Hyacinthoides non-scripta) is a bulbous perennial geophyte that
reproduces both vegetatively (via axillary daughter bulbs) and sexually (by seed) (Wilson,
1959; Knight, 1964; Thompson and Cox, 1978; Grabham and Packham, 1983; Merryweather
and Fitter, 1995). It flowers during April and May and can dominate broadleaved deciduous
and mixed woodland floors and hedge banks in Britain and parts of western Europe. H. non-
scripta bulbs produce a single inflorescence, a vertical raceme 20-50cm high (Corbet, 1999).
This plant is an ancient woodland indicator species (Rackham, 1980; Packham et al., 1992;
Peterken, 1993) and has been legally protected since 1998 on Schedule 8 of the Wildlife and
Countryside Act (1981) (Wigginton, 1999), which prohibits anyone to dig up the bulbs from
the wild. H. non-scripta is much loved by the British public and has been described by
Plantlife as being the UK’s national wild flower emblem (Pilgrim and Hutchinson, 2004). H.

non-scripta is currently under threat from several factors:

e Hybridisation and Competition. There are two different species of bluebell
in Britain and a hybrid: the native H. non-scripta, the Spanish H. hispanica
and the resulting readily produced fertile hybrid H. hispanica x non-scripta
(H. massartiana). Both the non-indigenous bluebell and the hybrid are

common in gardens across Britain and increasingly also in broadleaved
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woodland. A recent survey found 15% of bluebells in broadleaved woodland
were H. massartiana, 1% were H. hispanica and 84% H. non-scripta (Pilgrim
and Hutchinson, 2004). H. hispanica and H. massartiana compete with the
native species. H. non-scripta grows predominantly in damp, wooded habitats
where rotting leaf litter is found whereas the non-indigenous species thrives in

a wide range of habitats.

Habitat loss and Fragmentation. Britain was once covered with vast tracts of
wild woodland (Rackham, 1980; Marren, 1990; Ingrouille, 1995; Rackham,
1997). Around six and a half thousand years ago, woodland clearance began,
leading to the removal of all the wild wood by around 350AD, and the on-
going development of a much reduced, highly fragmented and actively
managed remaining woodland in Britain (Rackham, 1997; UK Agriculture,
2006). The decline in continuous broadleaved woodland has greatly reduced
H. non-scripta’s natural habitat and has considerably reduced the number and

size of H. non-scripta populations.

Rarity and Climatic Change. Although locally common, H. non-scripta is
globally rare with nearly half its total population in the UK (Thompson and
Cox, 1978) (Fig 3.1), although it is reported that its numbers are in decline in
southern England (Gow, 2002; Pilgrim and Hutchinson, 2004). It is also
common in the north and west of France but more sparsely distributed in the
east and south-east of France and in Holland, Belgium, north-west Germany
and small areas of northern Spain (Blackman and Rutter, 1954; Thompson and

Cox, 1978; Briggs 2004) (Fig 3.1). Its distribution is indicative of cool, damp,

79



temperate environments; global warming could thus pose a threat to its future
if climatic temperatures rise in Britain. The more vigorous H. hispanica is well

adapted to both the cooler and warmer climate.
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Fig 3.1. Map showing the approximate distribution of
Hyacinthoides non-scripta in Western Europe. Area
within which the species is abundant bounded by red

line; areas within which it occurs erratically or in locally

o lllegal bulb collection. Although it is illegal to dig up H. non-scripta bulbs from the

wild in the U.K for commercial purposes, this activity continues.



Wild boar consume a range of bulb-bearing plants (Howe and Bratton, 1976;
Dardaillon, 1987; Kotanen, 1994) and are known to root intensively within H. non-scripta
populations (Fig 3.2) and consume the bulbs (Goulding et al., 1998; Goulding, 2003a,
2003b). Boar predominantly root for the bulbs in spring and summer, although this declines
when other food sources become available (pers obs). Although no quantitative assessment
was made on the numbers of H. non-scripta bulbs consumed by boar, where H. non-scripta
populations were observed, relatively large amounts of rooting occurred, suggesting that H.
non-scripta bulbs are an important food source of the boar. The wild boar’s diet consists of
between 90% (Henry and Conely, 1972; Genov, 1981) and 97% (Massei et al., 1996) bulbs,
tubers, roots, shoots, leaves, fruits and seeds (Falinski, 1986). The remaining proportion of
their diet consists of insects, worms, larvae, eggs, nestlings, small mammals and carrion
(Howe and Bratton, 1976; Wood and Roark, 1980; Genov, 1981; Falinski, 1986; Dardaillon,
1987; Goulding et al., 1998). The extent that H. non-scripta bulbs contribute to the boar’s
diet is likely to vary from year to year depending on the relative availability of other food

sources.

The overall intensity of rooting for H. non- scripta bulbs is also likely to vary due to
the fluctuating size of the boar population, which results from hunting, poaching, dispersing
individuals, fluctuating litter sizes and in particular, overall food supply (Henry and Conley,
1972; Baber and Coblentz, 1987; Groot Bruinderink and Hazebroek, 1994; Massei et al.,

1996). When available food is in short supply, litter sizes are reduced (Harman, pers comm).
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Fig 3.2 a-b: Examples of heavily rooted patches within a dense

Hyacinthoides non-scripta population in the sweet chestnut coppice site
W1 in the study area. This site had the most severe and widespread

rooting of all the five woodland sites since at least 2001. Photos taken

2004.
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There is considerable concern regarding the impact of rooting on the H. non-scripta
population (Goulding, 2003a, 2003b; Wilson, pers comm). Wild boar have a large visible
effect on H. non-scripta (Fig 3.2) but whether this effect is reflected in the overall size,
structure and viability of the populations is unknown. It seems that rooting has a range of
effects on different bulb-bearing geophytes. For example, in the Appalachians, south-east
U.S.A, Claytonia virginica and Erythronium americanum were only weakly and transiently
affected by rooting, although Lilium superbum suffered severe reductions in population size
(Kotanen, 1994). Kotanen (1994) found that the native perennials Dichelosremma capitatum
and Brodiaea spp. in Californian meadows remained abundant after more than a century of
wild boar disturbance. It was suggested that the large numbers of tiny vegetative bulblets
were difficult for the pigs to locate and pick up and the larger bulbs, which tend to be buried
more deeply (>25cm) than the average rooting depth (5-15cm) tend not to be exposed and
thus unconsumed. In comparison, observed estimations of percentage cover of the bulb
bearing Narcissus pseudonarcissus across all the plots within woodland site W2 in my study
area (Table 1.1, Figure 5.3a), was either equal to or slightly greater in rooted compared to
non-rooted treatments over three growing seasons (Appendix 5). This indicates that boar do
not specifically target and consume the N. pseudonarcissus bulbs and have no notable impact

on the population size.

H. non-scripta numbers have declined in southern England by 25-49% in the last
twenty five years (Gow, 2002). Considering this decline, it is important to be able to predict
whether boar will cause an increase, a further reduction or have no significant effect on H.
non-scripta numbers. H. non-scripta may benefit from the increased nutrient turnover
produced by rooting (Lacki and Lancia, 1983; Singer et al., 1984) (Chapter 5). Blackman

and Rutter (1947) found small responses in the seasonal dry weight gain of H. non-scripta
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through adding nitrogen, phosphorous and potassium, alone and in combination to fertile
soils. However, adding nutrients, especially nitrogen to grassland can considerably reduce H.
non-scripta growth due to competitive dominance of tall grasses, which out-shade H. non-
scripta (Blackman and Rutter, 1950). H. non-scripta may benefit from other rooting effects
on soil such as a refined crumb structure, improved drainage (Brownlow, 1994) or improved

individual performance resulting from reduced density.

Rooting may lower the age structure of the H. non-scripta population. Growing from
a bulb, H. non-scripta will flower first in about the fifth year (Woodhead, 1904) and thus the
consumption of mature bulbs through rooting is likely to increase the number of immature
bulbs and thus non-flowering individuals. Additionally, although seed is set every year,
establishment of seedlings varies from year to year (pers obs) and is dependent on several
biotic and abiotic factors (Blackman and Rutter, 1954). The physical and chemical
modifications of recently rooted soil could favour germination and establishment of H. non-
scripta seeds from the transient seed bank (Chapter 4). Further, wild boar could aid the
dispersal of H. non-scripta seeds. During July and August, ripe H. non-scripta seeds are
ejected from the dry capsules and fall close to the parent plant but potentially spread greater
distances (such as 46-180cm) when disturbed by animal movements (Knight, 1964) such as

large bulky wild boar when foraging for the bulbs.

Woodland plant communities are believed to have been more heterogeneous in the
past than they are today (Ingrouille, 1995). Differential activities of large mammals such as
wild boar would have helped shape the structure and composition of woodlands. Deer
(Cervidae), for example, can cause major changes in the composition and structure of forest

communities by browsing shrubs and tree seedlings and grazing under-story forbs (Falinski,
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1986; Augustine and Jordan, 1998; Virtanen et al., 2002). In coppiced woodlands, deer can
cause substantial damage to shoots that sprout after cutting, which can ultimately result in a
shorter and more open canopy with repeated browsing (Kay, 1993). In contrast with boar
rooting, reducing height, growth inhibition and decreased foliage density appears to be a
typical impact of deer browsing in woodland at relatively high population densities (Falinski,
1986; Kay, 1993; Morecroft et al, 2001). Repeated browsing by red deer (Cervus elaphus)
led to the regression and complete inhibition of regeneration of deciduous canopy species and
the under-story layer, resulting in major changes in the structure and dynamics of the
Bialowieza Forest (Falinski, 1986). Gill and Beardall (2001) reported that by
characteristically reducing the height and growth of trees, shrubs and climbers through deer
browsing in woodland, the biomass of under-story vegetation becomes typically reduced,
leading to a more open and simplified vertical structure with decreased plant species richness
and diversity. Augustine and Jordan (1998) also found a reduced plant species richness in
small forest fragments, parks and preserves with relatively low densities of palatable plant
species, where white-tailed deer (Odocoileus virginianus) densities were relatively high. On
the Isle of Rum however, both tree regeneration and plant species richness (particularly
prostrate herbs) were significantly lower in areas where C. elaphus were removed, compared

to areas constantly occupied by deer (Virtanen et al., 2002).

This contrasts with the majority of studies on boar, whereby species richness was
typically found to be significantly greater in rooted than non-rooted areas (Kotanen, 1994,
1995; Welander, 1995, 2000a; Bowman and McDonough, 1991; Onipchenko and Golikov,
1996; Arrington et al., 1999), where boar population densities existed at managed,
sustainable levels. Large mammal disturbance, such as boar rooting, can cause between-patch

spatial heterogeneity (Milton et al., 1997; Arrington et al., 1999; Welander, 2000b). A more
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heterogeneous environment provides a wider range of niches and microenvironments
(Onipchenko and Golikov, 1996; Arrington et al., 1999), which could favour within-patch,
plant species richness and diversity (Chapter 2) and for example create a more patchily

distributed H. non-scripta population.

Blackman and Rutter (1946) found that variation in the density of H. non-scripta
populations was highly correlated with variation in the degree of shading. 75% of total H.
non-scripta density variation was attributed to light availability. It was found that H. non-
scripta was intolerant of deep shade and sensitive to slight shading (Blackman and Rutter,
1946). With a sustained presence of boar over several years, it is likely that long-term
structural changes would occur at the community level. For example, rooting on woodland
floors could have a positive effect on the H. non-scripta population by keeping the structure
of the woodland floor open. Reducing the number of potential shrub layer and canopy trees
through their removal as seedlings, would increase light levels at the woodland floor and

could help sustain suitable conditions for H. non-scripta populations.

No scientific literature exists on the ecological impacts of wild boar on H. non-scripta
in the UK. However, as the potential for boar to affect H. non-scripta populations is large,
and boar are likely to remain a feature of UK woodlands, this area deserves investigation.
The overall aim of this study was to ascertain how rooting for H. non-scripta bulbs affects the

H. non-scripta population in the short-term (between two months and two years).

3.1.1 Hypotheses
Damage to H. non-scripta leaves due to trampling (for example by boar whilst

rooting) leads to loss of vigour and successively smaller plants (Peace and Gilmour, 1949;
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Blackman and Rutter, 1954; Cooke, 1997). With this consideration, coupled with the
inevitable removal of H. non-scripta bulbs during rooting, I hypothesised that the numbers of
H. non-scripta individuals and flowering stems would be significantly lower in rooted than
non-rooted, fenced and unfenced plots within Spring 2003 and 2004. However, numbers of
individuals and flowering stems within the rooted plots, and especially in fenced compared to
unfenced plots (due to the protection that fencing provides from trampling and re-rooting) are
expected to be higher in 2004 than in 2003 due to the potential re-establishment of the H.

non-scripta population in the non-re-rooted plots.

Based on the preceding hypothesis (that rooting significantly reduces the number of
H. non-scripta individuals), together with general observation, (Fig 3.2 a-b, Fig 3.3 a and c),
| hypothesised that the proportional change in H. non-scripta cover after both one (between
2002 and 2003) and two (between 2002 and 2004) years would be significantly greater in
rooted than non-rooted, fenced and unfenced plots. However, based on Connell’s (1978)
intermediate disturbance hypothesis, the proportional change in H. non-scripta cover over
this time is expected to be greatest in rooted fenced plots after two years. This is due to the
protection that fencing provides from trampling and re-rooting, coupled with the longer
period for potential re-establishment of the H. non-scripta population in the non-re-rooted

plots (Connell, 1978, 1979; Cooke, 1997).
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Fig 3.3 a-d: Different woodland sites in the study area. a) Severe rooting in

sweet chestnut coppice site W1; discarded H. non-scripta leaves and bulbs
can be seen strewn over the disturbed soil surface. b) Collecting data within
a dense H. non-scripta population in the mixed deciduous and sweet

chestnut coppice site W4. c) A rooted fenced treatment within the mixed

Excessive leaf damage can lead to considerable reduction in flowering (Peace and

Gilmour, 1949; Blackman and Rutter, 1954). However, even with a reduction of flowers the
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same number of seeds per plant may be produced as a compensatory mechanism against poor
flower production (Grabham and Packham, 1983). Therefore, it was hypothesized that the
number of seeds per plant and per capsule would be unaffected by rooting and fencing one
year after rooting. Grabham and Packham (1983) demonstrated another possible
compensatory mechanism whereby H. non-scripta seeds were heavier when produced by a
smaller number of flowering individuals. Since recently rooted patches have significantly
fewer plants (Fig 3.2 a-b), and based on Grabham and Packham’s (1983) demonstration, I
hypothesized that seed weight and viability would be greater from individuals in rooted than

non-rooted, fenced and unfenced plots one year after rooting.

I hypothesised that site differences would significantly affect all measured aspects of
the H. non-scripta population. The five woodland sites are managed in different ways (Table
1.1), which could potentially cause variation in physical, biological and chemical elements of
above and belowground community attributes. For example, coppiced sites W1 and W2 (in
comparison to those that are occasionally thinned (W3 — W5)) are likely to have greater light
levels penetrating the woodland floor, which could influence the H. non-scripta population.
High light levels are known to increase seed production in H. non-scripta, due possibly to an
observed increase in insect visitations, which increases their chance of fertilisation (Knight,
1964). Further, the diversity of woodland floor plant communities with high light levels (such
as recently coppiced woodland) is known to be greater than shadier woodland (Ash and
Barkham, 1975; Ford and Newbould, 1977; Gondard et al., 2001; Mason and McDonald,
2002), which could strongly influence the relative abundance of the H. non-scripta
population. Site differences were found to significantly affect overall species richness,
Shannon diversity and evenness in woodland in my study area (Table 2.1). Additionally,

potential unmeasured inconsistencies in the soil environment (known to modify H. non-
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scripta growth (Grabham and Packham, 1983)) between sites could also strongly influence
the H. non-scripta population, such as soil structure (litter/bulk ratio), drainage potential and

available nutrients.
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3.2 Materials and Methods

3.2.1 Study Area

This study was undertaken in all five woo