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General Abstract

Restoring lost interspecific interactions through reintroductions is a key aim in some
habitat restoration projects, but few focus on the interspecific interactions specifically
between herbivores. As a result, herbivore interactions are rarely considered in
species management policies or woodland expansion targets, despite their potentially
important role in shaping ecosystem function. The Eurasian beaver (Castor fiber) is
an ecosystem engineer that is expanding across Scotland, following a long absence,
into riparian woodlands already being structurally altered by deer (Cervidae). Riparian
woodlands are high value habitats in terms of biodiversity and mitigation of climate
change impacts, but their quality and extent have dramatically declined due to
anthropogenic pressures. Beavers and deer both exert their own unique influence on
riparian woodlands through browsing, yet no published research in Europe has so far
investigated the relationship between beaver and deer browsing and how it could

impact woodland structure, composition, and regeneration processes.

This thesis examined beaver-deer interactions in riparian woodlands through a
combination of field-based surveys and experiments in Scotland. The foundation of
beaver-deer interactions was firstly examined by studying beaver tree foraging
preferences and their temporal effects on woodland composition and structure
(Chapter 2). While beavers can alter their habitat drastically at a small patch-scale
over a short period through highly selective foraging, it was found that woodland
composition or structure did not significantly change over an 11-year period. The
second field-based survey (Chapter 3) confirmed that beaver herbivory can promote
riparian woodland regeneration and habitat complexity by creating a mosaic of mature
and multi-stemmed, coppiced trees. In addition, the secondary shoots from resprouted
beaver-felled trees were found to be readily available, nutritious, and morphologically
appealing in terms of their distribution and density, which could enhance resources for
browsing deer and influence deer distribution. Finally, the mechanistic elements of
beaver-deer interactions were explored by tracking the growth of experimental riparian
willow (Salix cinerea) stands (Chapter 4). This demonstrated that deer browsing on
resprouted beaver-felled trees is likely to alter tree structure and resource allocation
over time, but effects will depend on deer density. It also revealed that changes in soil
moisture (caused by beaver damming) may play a role in tree responses to beaver-

deer interactions.



As beaver and deer continue to expand into intensely-modified, populated landscapes
throughout Europe, their interactions in riparian woodlands are likely to become
increasingly commonplace. The research presented in this thesis highlights that
nationwide riparian planting/enhancement, coupled with standardised monitoring of
the impacts of herbivore interactions, should be considered a preventative priority in

future beaver/deer management plans and woodland expansion targets.
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CHAPTER 1: GENERAL INTRODUCTION

Riparian woodlands play a fundamental role in connecting freshwater and terrestrial
ecosystems. They have been described as far more important proportionally than their
areal extent (Ogilvy et al.,, 2022). Eurasian beaver (Castor fiber) are spreading
naturally or being reintroduced into riparian woodlands throughout Europe, often after
long absences. The ability to transform their habitat through tree-felling and dam-
building has led to the status of beavers as ‘ecosystem engineers’ (Jones et al., 1994)
and placed them at the forefront of riparian habitat and stream restoration projects
(Pollock et al., 2014; Brown et al., 2018). However, beaver are recolonising areas of
their former distribution which have become highly populated and intensely-modified
since their absence (Wrdbel, 2020). They have also been returned to riparian
woodlands that are already profoundly altered by other large herbivores, which have
undergone pronounced expansions during the beavers’ absence (Apollonio et al.,
2010).

A maijor threat to natural woodland regeneration is the excessive browsing of young
trees by deer species (Cervidae) (Reimoser & Reimoser, 2010). Observations in
Scotland indicate that deer readily exploit the regenerative secondary shoots that
sprout from beaver-felled trees (lason et al., 2014). By providing a novel resource of
forage that would have otherwise been absent prior to the beaver’s reintroduction,
tree-felling by beaver may inadvertently exert an influence on the distribution of deer
and attract them into riparian woodlands. However, if the regrowth from beaver-felled
trees is routinely removed by browsing deer, there could also be a simplification in the

structure of riparian woodland, and potentially deterioration or even loss of the habitat.

Despite crucial implications that span wildlife and woodland management, beaver-
deer interactions are largely unstudied in Europe. As beaver and deer populations
continue to expand, interspecific interactions between beaver and deer in riparian
woodlands will become increasingly commonplace. An understanding of beaver-deer
interactions is therefore essential to predict potential ecological effects on the wider
landscape. This introductory chapter firstly examines the conservation value of
riparian woodlands before discussing in detail the role that beaver and deer play in

shaping them.



1.1. The importance of riparian woodlands

1.1.1. Ecosystem services

Riparian woodlands are high value habitats that play an integral role in the transfer of
energy between terrestrial and freshwater ecosystems (Cole et al., 2020). Riparian
woodlands are biodiversity hotspots and are particularly valuable to; birds (Bennett et
al., 2014; Yabuhara et al., 2019; Keten et al., 2020), mammals (Virgos, 2001; Matos
et al., 2009), amphibians and reptiles (Bateman & Merritt, 2020). They can also
support an increased abundance in invertebrates (Andersen & Hanssen, 2005; Halder
et al., 2015) which in turn provide a food source for fish. Riparian woodlands also serve
as effective wildlife corridors (Corbacho et al., 2003) and support an abundance of
tree-related microhabitats which provide an array of niches occupied by specialist

species (Przepidéra & Ciach, 2022).

As well as biodiversity benefits, riparian woodlands can provide key abiotic ecosystem
services. They can buffer the aquatic environment from the effects of agricultural
diffuse pollution (Turunen et al., 2019), sequester carbon (Dybala et al., 2019) and
facilitate nutrient cycling (Larson et al., 2018). Allochthonous inputs of leaf litter from
riparian woodlands are also important drivers of basal energy flow in most small
stream food webs with significant downstream effects (Erdozain et al., 2021). They
also regulate sediment input which can improve habitat for endangered species such
as the freshwater pearl mussel (Margaritifera margaritifera) (Pulley et al., 2019).
Planting of riparian woodland is a feasible mitigation option for easing climate change
effects by regulating rising water temperatures through increased shading (Justice et
al., 2017; Turunen et al., 2021) which can benefit temperature-sensitive salmonids

and other fish species (Jackson et al., 2018).

1.1.2. Current status & threats

Historically, most freshwater habitats in Europe were bordered by riparian woodlands
(Brown et al., 2018). It is estimated that natural riparian woodland habitats across
Europe and North America have declined by 80% since the 1700s (Naiman et al.,
1993). Temperate hardwood riparian woodlands are considered ‘endangered’ and
temperate softwood riparian woodlands are listed as ‘near-threatened’ in the
European Red List of Habitats (Janssen et al., 2016). Furthermore, temperate alluvial

forests dominated by alder and rowan are listed in Annex 1 of the EU Habitat Directive



which includes priority habitats ‘in danger of disappearance.’ In Scotland, a 2015-2016
study of its river baseline network demonstrated that 56% of riparian vegetation was

in poor condition with no woody vegetation at all (Ogilvy et al., 2022).

Riparian woodlands are threatened by a range of anthropogenic pressures such as
pollution, changes in land-use and forestry practises, as well as climate change
(Hoppenreijs et al., 2022). One of the main current threats for woodlands is excessive
mammalian herbivory and specifically the effects of large ungulates (hooved
mammals) (Ramirez et al., 2018; Spake et al., 2020). Ungulates target the shoots,
buds, and foliage of young saplings (Gill, 1992a). Although some degree of
mammalian herbivory contributes to the natural dynamics of woodland ecosystems,
unnaturally high levels of browsing can be damaging. Detrimental impacts of ungulate
browsing on woodlands have been documented for decades (Gill, 1992b) and have
generally raised concerns for woodland regeneration and conservation (Reimoser &
Putman, 2011). The economic impacts of ungulate browsing are also a major concern
to the forestry sector and excessive ungulate browsing has been shown to significantly

reduce the yield and value of commercial stands (Gill et al., 2000; Ward et al., 2004).

Ungulate browsing is prevalent in woodlands and can affect relatively vast areas. For
example, at least 10,000 km? of forest area in Austria is damaged per year by browsing
ungulates (Reimoser & Reimoser, 2010). In Scotland, an assessment of the ecological
condition of all Scottish native woodlands in 2010-2015 reported that herbivore
browsing was recorded in around 60% of woodland transects (Forest Research,
2020). Woodland expansion is high on the agenda with aims to increase woodland
cover from 18% to 23% by 2032 (Scottish Government, 2019). However, most
literature focuses on the impacts of herbivores on woodland habitats in general rather
than riparian woodlands specifically, highlighting an important knowledge gap.
Riparian woodlands are unique in terms of their species assemblages and growing
conditions which are subject to frequent, periodic inundation (Zaimes et al., 2010).
However, it is unclear whether they respond differently to herbivory than non-riparian

woodlands.

Although European deer populations have increased in recent decades (Apollonio et

al., 2010; Carpio et al., 2021), most other large herbivores have faced drastic declines



across the world over the last few centuries (Ripple et at., 2015). Historically, the
European woodland herbivore assemblage and its impacts on vegetation would have
been much more diverse, comprising myriad of species such as beaver, deer, moose
(Alces alces), bison (Bison bosanus) and wild boar (Sus scrofa), as well as the extinct
aurochs (Bos primigenius) and tarpan (Equus ferus) (Ripple et al., 2015; Németh et
al. 2017). Presently, deer are arguably responsible for the majority of herbivore
impacts in European woodlands (Putman et al., 2011), generally resulting in a single-
species browsing pressure. Restoring diverse sources of vegetation disturbance
through large herbivore reintroductions is often an aim in habitat restoration projects
(Dvorsky et al., 2021).

1.1.3. Plant responses to herbivory

Plants have co-evolved alongside herbivory for millions of years and plant-herbivore
interactions are pivotal in driving ecosystem function (Del-Claro & Torezan-Silingardi,
2021). While the significance of insect herbivory is largely studied, partly for its
relevance to agricultural production, the interactions between plants and mammalian
herbivores are less well documented or understood. Large herbivores can influence
vegetation through grazing, browsing, trampling, defecation, and seed dispersal.
Impacts can span key environmental processes such carbon cycling (Leroux et al.,
2020) or wildfire regimes (Rouet-Leduc et al., 2021) which can ultimately influence

climate change (Ramsay et al., 2022).

Large herbivores can create and maintain patch heterogeneity in systems that would
otherwise comprise continuous vegetation. For example, bison create wallows which
are essentially localised patches of disturbance in typically vast areas of homogenous
grassland (Nickell et al., 2018). Wild boar wallows can also create transitory pools
which benefit amphibians (Baruzzi & Krofel, 2017). On a much larger scale, African
elephants (Loxodonta africana) can transform woodlands into patchy grassland
mosaics by trampling, digging and even uprooting entire trees to access browse
(Haynes, 2012). This disturbance can ultimately influence the distribution of other
herbivores. The pathways that elephants form in dense thicket allow black rhinoceros
(Diceros bicornis) to exploit forage that would be otherwise inaccessible (Landman &
Kerley, 2014). In Kenya, hippopotamus (Hippopotamus amphibius) grazing has also
been suggested to facilitate other large herbivores. By bulk foraging on grasses,



hippos enhance the heterogeneity of riverbank vegetation, which attracts other grazing

herbivores to the rivers (Kanga et al., 2013).

Per unit area, large herbivores contribute to a disproportionately higher removal of
plant biomass than small herbivores (Doughty et al., 2013). To avoid or reduce
herbivory, plants can defend themselves physically using spines, thorns, trichomes or
a waxy cuticle (Stamp, 2008). Alternatively, plants can chemically deter herbivory by
accumulating metabolites such as terpenes and phenolics rendering them unpalatable
to herbivores (lason, 2005). Following herbivory, different plant groups respond in
different ways, usually corresponding with their growth rate and woodiness (Crawley,
1984). Graminoids, and some deciduous shrubs, can recover quickly via their large
belowground carbohydrate reserves, and higher rates of photosynthesis (Bryant et al.,
1983). Their resource allocation is typically diverted into fast, compensatory growth to
quickly recover biomass. This often results in plant material of higher palatability to
insect herbivores (Shelton, 2000; Lind et al., 2012). On the other hand, woody species
are generally less able to respond positively to herbivory than graminoids and trees
often divert their resource allocation into the production of defence chemicals to deter
future herbivory (Cornelissen et al., 2003). However, some fast-growing species such
as willows (Salix spp.) can compensate moderate levels of browsing by producing

longer shoots and more buds (Herder et al., 2009; Christie et al., 2014).

1.2. The return of the beaver

1.2.1. Animal reintroductions as nature-based solutions

Ecosystem restoration has been deemed ‘one of the most promising strategies for
conservation in the Anthropocene’ (Genes & Dirzo, 2022) and the reintroduction of
key extirpated flora or fauna can potentially help restore degraded ecosystems at
relatively large scales (Menz et al., 2013). Reintroductions themselves can be viewed
as an invaluable tool in conservation biology with the potential of bringing several
species on the brink of extinction back to healthy, self-sustaining numbers (Seddon et
al., 2007). A reintroduction is conventionally defined as “the intentional movement and
release of an organism inside its indigenous range from which it has disappeared”
(IUCN/SSC, 2013).



The earliest known deliberate movement and release of an animal dates back around
19,000 years ago with the grey cuscus (Phalanger orientalis) in Papa New Guinea
(Grayson, 2001). Since then, many well-known reintroductions for conservation
purposes have taken place throughout the world such as the Arabian oryx (Oryx
leucoryx) in Oman (Stanley Price, 1989) the California condor (Gymnogyps
californianus) in North America (Toone & Wallace, 1994) and the golden lion tamarin,
(Leontopithecus rosalia) in Brazil (Kierulff et al., 2012). More recently, proposals for
the reintroduction of the wolf (Canis lupus) and lynx (Lynx lynx) to Scotland have been

discussed at length in the media and scientific community (Hovardas, 2018)

Reintroductions have traditionally been motivated by increasing the abundance or
distribution of the species themselves (Seddon & Armstrong, 2019). However, there
has recently been a greater emphasis on reintroducing extirpated species for their role
in an ecosystem, as well as their interactions with other species (Perring et al., 2015;
Tanentzap & Smith, 2018). Nonetheless, this nature-based solution is not a
straightforward one. The reintroduction (or removal) of just one species can reshape
the structure and functioning of ecosystems while potentially resulting in significant
cascading effects. These effects can be particularly evident when the reintroduced
species is an apex predator or ecosystem engineer (Wilmers et al., 2012; Ripple et
al., 2014; Hunter et al., 2015). Cascading effects may also be significant when a
species is reintroduced into a modern landscape that has undergone significant
environmental changes since the historical baseline (Brown et al., 2018; Hewett et al.,
2020). A broad understanding of the inter-specific interactions of reintroduced species
is therefore imperative in order to predict any unwanted or unexpected effects that

may be triggered following their return.

1.3.2. Beavers in Scotland: a history

The Eurasian beaver has made a remarkable recovery from its near extinction in the
1800s following centuries of persecution. They were hunted by humans for their fur
pelts for hat-making, and their castoreum gland for perfumes and painkillers (Nolet &
Rosell, 1998). Anecdotal evidence highlights that the Catholic church believed that the
swimming abilities of the beaver, alongside its scaly fatty tail, was justification for its
classification as fish. It could therefore be eaten on Fridays and religious days when

meat-consumption was not normally permitted (Kitchener & Conroy, 1997). From



around eight relict, scattered populations totalling around 1200 individuals, beavers
have now recolonised most of their former European range with recent population
estimates suggesting at least 1.5 million animals (Halley et al., 2021). Their rapid
range expansion has been accomplished through protective regimes, translocations,
and reintroductions, as well as natural recolonisation (Wrobel, 2020). The latest
population distribution research states that beavers now occupy every European
country within their natural range except for Italy, Portugal, and the Balkans (Halley et
al., 2021). Beavers have since ‘reappeared’ in ltaly, potentially following unauthorised

releases (Pucci et al., 2021).

In Scotland, the history of the reintroduction of the beaver is arguably a long and
convoluted one. It is estimated that beavers were eradicated from Scotland in the
1600s (Coles, 2006) and the last Scottish record refers to beavers in the Loch Ness
area in 1526 (Kitchener & Conroy, 1997). It was not until 2009 that they returned as
part of a formal, government-licensed reintroduction, but on a ‘trial’ basis only. The
five-year scientifically monitored trial reintroduction (the Scottish Beaver Trial,
hereafter SBT) took place in 2009-2014. Four beaver families (2-4 individuals) were
translocated from a source population in Norway to a secluded peninsula in Knapdale
Forest, Argyll. The trial was deemed a success and resulted in a small population of
around 20 individuals (Harrington et al., 2015) which has been steadily maintained to
date through natural expansion and supplementary translocations (Dowse et al.,
2020).

Meanwhile, records of unlicensed beaver releases also began to appear in Tayside,
eastern Scotland, in 2006, although anecdotal reports go back to 2002. Whether an
intentional result of impatient beaver-enthusiasts, an accidental result of captive
population escapees, or some combination of these, the source of these releases is
still a highly controversial topic in Scottish media today. Tayside is dominated by low-
lying prime agricultural land which has contributed to ongoing beaver-human conflict,
exacerbated by the contentious way in which the beavers first arrived. This population
was formally censused three times between 2012-2021 and appears to have
expanded significantly (Figure 1.1). The most recent estimate is 251 active beaver
territories (approximately 954 individuals) which represents a 550% increase from

surveys in 2012 (Campbell-Palmer et al., 2021a). Health screening and genetic testing



have revealed the population is healthy despite having a potentially low number of
founding individuals (Campbell-Palmer et al., 2020, 2021b).
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Figure 1.1. Number of estimated beaver individuals in Tayside, Scotland in 2012,
2017-2018, and 2020-2021. Error bars represent range. Data compiled from Campbell
et al., (2012) and Campbell-Palmer et al., (2018, 2021a).

It was not until November 2016 that the Scottish Government announced their
intention to allow the Knapdale and Tayside populations to remain, essentially formally
approving the first (and since only) reintroduction of a mammal species in the UK. This
news was not confirmed for another two and a half years when beavers in Scotland
were listed as a European Protected Species (EPS) in May 2019. In summary, this
legislation protects beavers from being killed or disturbed and permits their population
to naturally expand. To ease human-beaver conflict, permits were issued to cull
beavers in special cases where they were deemed to have significant impacts on
prime agricultural land. Licence returns for 2021 show that 87 beavers were killed
under licence. Translocations of 33 animals were permitted, but only to Knapdale
Forest or enclosed projects in England (IUCN/CPSG, 2022).

More recently, the Scottish Government announced a shift in policy to allow problem
beavers to be moved to new release sites within Scotland where conflict is minimal
i.e., restoration projects by private estate owners with ample ground (IUCN/CPSG,

2022). This policy-change (November 2021) facilitated the first beaver release in



Scotland outside of Knapdale. Public consultations have just concluded (November
2022) to inform feasibility plans to translocate beavers into the River Leven and River
Forth catchments (IUCN/CPSG, 2022). Elsewhere in Britain, there are wild beaver
populations (all much smaller than that on Tayside) in around seven areas of southern
England and Wales, mostly in the south-west, in addition to numerous enclosed

projects (often comprising expatriated ‘problem beavers’ from Scotland) (Figure 1.2).

Beaver populations
* Wild
o Enclosed

Figure 1.2. Distribution of the primary wild and enclosed beaver populations in Britain

as of November 2022. Data sourced from Beaver Trust (2022).

1.2.2. Beaver ecology

Beavers are large, semi-aquatic, crepuscular rodents. There are two extant species:
the Eurasian beaver and the North American beaver (C. canadensis). Minimal
differences are noted in their biology and behaviour, however comparative studies
have generally found that the Eurasian beaver has a lower fertility rate, producing
fewer kits per year than the North American species (Rosell et al., 2005). Recent
research has demonstrated the use of pet dogs (Canis familiaris) in distinguishing the
two species through olfactory cues in beaver castoreum glands (Rosell et al., 2020).
Unless specified, this thesis focuses on the Eurasian beaver, but most observations

are also applicable to the North American beaver.



Beavers occupy a range of freshwater habitats, ranging from lakes and ponds to
narrow drainage ditches and wide rivers. Mean territory size is assessed in terms of
an occupied stretch of river length and typically ranges from 1.8 to 4.7km in Scotland
(Campbell et al., 2012; Harrington et al., 2015). One family will generally occupy a
pond or lake, with large lakes being able to support several territories depending on
the habitat quality (Wazna et al., 2018). They live in ‘family’ units (or ‘colonies’ in North
American literature). Beavers breed once per year and a family typically comprises
one adult breeding pair, and up to four kits, as well as the last years’ kits (named ‘sub-
adults/yearlings’). Sub-adults generally tend to disperse and form their own territories

when they are two-three years old (Wilsson, 1971).

The focal point of a typical beaver territory is their lodge. Lodges are typically
constructed using mud and woody material on the shore bank, with an underwater
entrance to evade terrestrial predators. Each family may build multiple lodges in a
single territory and alternate their use in the summer and winter. At the SBT, each pair
constructed one to three lodges (Harrington et al., 2015). Depending on the bank
substrate and topography, beavers can alternatively live in burrows with a submerged
underwater entrance that they dig into the riverbank. Beavers also build dams,
allowing them to transform a largely terrestrial habitat into an aquatic one. Although
beavers will always create a lodge/burrow, they will not always build a dam. Beavers
construct dams to locally increase the water depth, mainly in order to improve access
to foraging grounds and submerge lodge/burrow entrances thereby reducing predation
(Figure 1.3) (Muller-Schwarze, 2011). Dams are typically constructed in small rivers
that are <6 m wide, <0.7 m deep and in low gradients generally (Hartman & Tornldv,
2006). Researchers have therefore been able to develop models to predict their
location and density, with some sites in Britain being suggested to support up to 30
dams/km (Graham et al., 2020).

The main predators of the Eurasian beaver are humans and wolves (Rosell & Czech,
2000; Gable et al., 2018a). Research has documented that wolves can deviate from
their typical hunting strategy to specifically ambush beavers (Gable et al., 2018b).
Direct observations of beaver predation are rarely recorded. This is likely due to the
timing (i.e., dawn/dusk) and the location of a kill (dense woodland), as well as the lack

of evidence (a carcass). Other less frequent mammalian predators include lynx, otter,
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(Lutra lutra), red fox (Vulpes vulpes) and pine marten (Martes martes) (Janiszewski et
al., 2014). In Scotland, wolves have been extinct since the 18! century and lynx have
also been absent since the late medieval period (Yalden, 1999). Although otters, fox
and pine marten are all (relatively) common mammal species in Scotland, they are

unable to predate adult beavers in such numbers that would regulate their population.

Figure 1.3. Photo of a typical active beaver pond, with lodge on the left bank and food
cache/feeding station as a pale stick platform on the right. Localised dams have raised

the water table and created a wetland (K Wilson, May 2021).

Beavers are strictly herbivorous and focus all of their terrestrial browsing along
stretches of riparian woodland. They will readily select semi-aquatic and aquatic plants
depending on their foraging environment, but primarily in the summer months when
they are most abundant (Law et al., 2014). Species such as saw sedge (Cladium
mariscus), common club-rush (Schoenoplectus lacustris) and white-water lily
(Nymphaea alba) are commonly taken in Scotland (Willby et al., 2014). In autumn and
winter, beavers will cut down or ‘fell’ trees using their strong incisors, leaving behind a
characteristic conical stump marked with visible teeth marks, surrounded by tree
shavings (Figure 1.4). The bark (including the phloem and cambium), twigs, shoots
and leaves are then stripped from the wood to serve as their main food source. They
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will often cut up smaller branches and transport them into one area (often on/near the
water’s edge for an easy escape from terrestrial predators) to feed on — a behaviour
which aligns with central place foraging theory (Haarberg & Rosell, 2006; Raffel et al.,
2009). However, central place foraging does not always occur in every beaver territory,
especially if a plentiful food resource is available within close proximity to the water
(Law et al., 2014).

Beavers are highly selective in terms of the species and size of tree stems that they
forage which leads to their label as ‘choosy opportunistic generalists’ (Vorel et al.,
2015). A study by Haarberg and Rosell (2006) revealed that beavers fed on a total of
29 different tree species in Norway. Most studies have found willow to be strongly
favoured (Vorel et al., 2015; Janiszewski et al., 2017; Wazna et al., 2018) but other
regularly selected species include birch (Betula spp.), aspen (Populus spp.) and hazel,
(Corylus avellana) (Janiszewski et al., 2017; Mikulka et al., 2022). Conifers tend to be
avoided due to their unpalatable levels of plant metabolites (Johnston, 2017) but small
numbers are often taken at some sites depending on local woodland composition. In
areas where beaver territories border arable farmland, beavers can also supplement
their diet with a variety of crop species such as wheat (Triticum spp.), oats (Avena
spp.) and sugar beet (Beta vulgaris), although this behaviour is relatively rare (Mikulka
et al., 2020; Lodberg-Holm et al., 2022)

Tree foraging preferences in beaver are thought to be based on nutritional quality and
ease of handling (Doucet & Fryxell, 1993; Nolet et al., 1994). For example, willows are
said to be favoured by beavers because their leaves and bark are more easily digested
(Fryxell et al., 1994) - and not simply because these trees grow closest to the water’s
edge. Willow bark is also more easily stripped from its wood (Klich, 2017). Although
willow was the most preferred species by beaver in the study by Haarberg and Rosell
(2006), the maijority of their diet actually comprised alder (Alnus spp.). The lower
number of willow stems at the site had been completely utilised by beavers, leaving
the more abundant, yet less digestible, alder. This pattern is consistent with other
beaver foraging studies (Goryainova et al., 2014; Janiszewski et al., 2017; Wazna et
al., 2018) and highlights that foraging preferences of beavers depend on the

availability and diversity of the local riparian zone which could be highly site-specific.
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As central-place foragers, they typically choose a higher number of smaller diameter
tree stems closer to the water and fewer, larger diameter stems as distance from the
water increases (Haarberg & Rosell, 2006). The majority of beaver browsing is
therefore typically recorded within 10m of the water’s edge (Janiszewski et al., 2012;
Wazna et al., 2018; Jackowiak et al., 2020) and on trees stems <10cm in diameter
(Misiukiewicz et al., 2016; Janiszewski et al., 2017). Studies have shown that foraging
distance from the shore may be shorter in areas with predators and human
disturbance (Jackowiak et al., 2020), but longer in areas of poor habitat quality where
beavers have to venture further for their preferred species (Donkor & Fryxell, 1999;
Wazna et al., 2018).

Figure 1.4. Fresh (<1 month) beaver-felling of alder, Alnus spp., trees showing typical
conical shaped stump marked by teeth indentations and surrounded by wood shavings
(K Wilson, November 2020).

1.2.3. Beavers as ecosystem engineers

Ecosystem engineers are species that can directly (or indirectly) influence the
availability of resources for other species. As a result, they can modify, maintain and/or
create habitats (Jones et al., 1994). For example, woodpeckers (Picidae) are

considered ecosystem engineers due to their pecking behaviour which creates tree
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cavities that can be exploited by other birds, mammals, and invertebrates (Aitken &
Martin, 2007). Beavers are recognised as ‘ecosystem engineers’ primarily due to their
ability to structurally modify riparian woodlands through two main activities: the felling

of trees and the construction of dams.

Beaver damming can inundate terrestrial habitats, including woodland, with tree-
species-specific impacts, as well as, potentially, restricting access to other herbivores
(Jones et al., 2009). Damming activity can lead to an improvement in both flow
attenuation and downstream water quality due to fine sediment and nutrient storage
(Puttock et al., 2017, 2018). Tree felling by beavers elicits regenerative responses,
whereby secondary shoots grow from the beaver-cut stump as a natural form of
coppicing (Figure 1.5). Studies in Scotland documented that 77-86% of beaver-felled
willow trees resprouted secondary shoots (Jones et al., 2009; lason et al., 2014).
Beaver felling activity can have a thinning effect on woodlands. Gaps are created in
otherwise relatively dense riparian woodlands, which can create localised well-lit
patches that support tree seedling recruitment (Nummi & Kuuluvainen, 2013) and in
turn can support significantly increased species richness of graminoid plants (Law et
al., 2017)

Tree felling by beaver can also result in a higher abundance of deadwood in areas of
active foraging, providing additional nutrient input (Thompson et al., 2016) and habitat
for saprophytic invertebrates (Seibold et al., 2018). The combination of increased light
availability to the ground layer, coupled with decreasing competition for soil nutrients
as a result of deadwood inputs, could also increase net primary productivity of existing
non-preferred woody species (Johnston & Naiman, 1990). Studies have offered
snapshot insights or hypothesised how the selective foraging preferences of beavers
could have cascading effects on riparian woodlands (Jones et al., 2009). By actively
removing trees of specific species and diameter over time, and at particular distances
from the shore, woodland composition may be altered (Johnston & Naiman, 1990;
Stringer & Gaywood, 2016).
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Figure 1.5. Resprouted willow (Salix spp.) tree following beaver felling in Knapdale

Forest. Stump visible in lower centre of photograph (K Wilson, April 2021).

By creating natural and complex environments, opportunities are established for other
species. Beaver-modified landscapes support higher biodiversity than areas which are
uninhabited by beavers (Stringer & Gaywood, 2016). Beaver ponds that arise from
dam building (Figure 1.6) are heterogeneous, shallow, standing water habitats that
have been shown to benefit a diverse range of taxa (Nummi & Hahtola, 2008; Law et
al., 2016; Nummi et al., 2019; Wathen et al., 2019; Dalbeck et al., 2020). These
observations highlight the potential for beavers as providers and regulators of
ecosystem services and explain their increasing use in ecological restoration projects
across Europe and North America (Justice et al., 2017; Brown et al., 2018; Gorczyca
et al., 2018). However, from an anthropogenic view, the engineering abilities of
beavers are not always beneficial and can lead to human-beaver conflict (Auster et
al., 2021). In populated and intensely-modified habitats, a dam can lead to flooded

pathways, threats to transport infrastructure or impede drainage of agricultural land.

15



Tree felling can also result in large obstructions that block roads, or the damage of

prized ornamental trees (Campbell-Palmer et al., 2016).

To date, no long-term studies (>10 years) have examined how the highly selective
woody stem foraging of Eurasian beaver can influence riparian woodland composition,
structure, and functioning. In North America, research has highlighted changes in tree
species composition following prolonged selective beaver browsing (Johnston, 2017)
Similar findings have been illustrated by a long-term beaver browsing model which
predicted that selective foraging by beaver creates a more diverse plant structure over
time (Peinetti et al., 2009). Studies of habitat modification by beavers in Scotland are
relatively short (<10 years) when compared to the length of their extirpation (>400
years) leaving uncertainty over impacts and management needs. Current studies may
therefore only be providing a snapshot of the primary effects their modification is
having on their habitat. It is therefore essential to understand what long-term effects
beaver modifications are having on woodland structure and composition in Scotland
via further investigation before being able to predict any cascading ecosystem effects.
This is particularly applicable in areas where human activities have led to significant

landscape changes in the beavers’ absence (Brown et al., 2018; Hewett et al., 2020).

Figure 1.6. Actively maintained beaver dam (12m wide, 1.5m tall) bordering

agricultural grassland in Perthshire (K Wilson, November 2021).
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1.3. Deer and vegetation dynamics

1.3.1. Deer population & distribution

Around 90% of Europe is inhabited by up to five species of native, wild ungulate
including red deer (Cervus elaphus), roe deer (Capreolus capreolus), reindeer
(Rangifer tarandus), wild boar, and moose (Linnell et al., 2020). Roe deer are the most
extensively distributed and the latest estimates suggest that they occupy 74% of the
entire continent (Linnell et al., 2020). The extensive distribution of wild ungulates is
paralleled by their abundance, which has undergone exponential growth since the
1960s (Apollonio et al., 2010). Red and roe deer are the most common European
ungulate species (Linnell & Zachos, 2010) and are the two species that are the most
overabundant in woodlands (Carpio et al., 2021). This overabundance has generally
been attributed to a lack of large apex predators as well as changes in silvicultural
practices (Carpio et al., 2021). Deer population sizes are notoriously difficult to assess
(Morellet et al., 2010) especially in woodlands at a localised scale (Smart et al., 2004).
Assessing population sizes can utilise direct methods such as visual counts, or indirect

methods such as counting dung or tracks in snow (Mayle et al., 1999).

In Scotland, roe deer are the most common deer species in terms of their distribution,
but red deer are the most common in terms of abundance. Two non-native deer
species are also present in smaller numbers: fallow (Dama dama) and sika deer
(Cervus nippon). Much like elsewhere in Europe, deer populations have experienced
a steady increase in recent decades (Figure 1.7), which has been largely attributed to
Scotland’s increase in tree cover from 6.6% to 18% of total land area during 1947 to
2011 (Scottish Government, 2019). The exact number of wild deer in Scotland today
is unknown, but the latest estimates suggest that there are 360,000-400,000 red deer
and 200,000-350,000 roe deer (Pepper et al., 2020). General figures of 10 deer/km?

(species unspecified) are reported (Albon et al., 2017).

Due to the lack of large predators, deer populations in Scotland (and elsewhere in
Europe) are managed predominantly through culling. Cull records are reported to
NatureScot annually and are compiled on a national basis in terms of three habitat
types: open hill, agricultural and woodlands. Around 60% of annual roe deer culls are
in woodlands whereas red deer are predominantly culled on the open hill (NatureScot,

2016) as reflects their main distribution. Although riparian woodlands have been
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specifically recognised as suitable deer habitat (Prior, 1995; NatureScot, 2016) there

is very little data available on the deer populations that utilize it.

a) Red deer (Cervus elaphus)

b) Roe deer (Capreolus capreolus)

== Smoothed Confidence Interval @ Unsmoothed

Figure 1.7. Index of a) red deer and b) roe deer sightings for 1995-2015 in Scotland
from the British Trust Ornithology’s annual breeding bird survey data. All values are

indexed relative to the baseline year value of 100. Adapted from Harris et al., (2021).

1.3.2. Deer foraging ecology

Ungulates are generally classified into three groups based on their foraging ecology.
These groups are (i) concentrate feeders (i.e., browsing species), (ii) grazers (species
that mostly feed on grasses); and (iii) intermediate feeders (species that browse and

graze) (Hofmann & Stewart, 1972). Roe deer are considered as 'concentrate selectors’
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(Hofmann, 1985) since they focus their feeding on browsing plants of higher nutritional
quality (Prior, 1995). Their diet encompasses a diverse variety of plant species but
mainly the buds and leaves of trees and shrubs, as well as herbs (Ratcliffe & Mayle,
1992). Research has shown that roe deer prefer to browse plants around their
shoulder height (typically 60-75cm) (Nichols et al., 2015). Most roe deer forage alone,
or in groups of three-four individuals, within small home ranges typically no larger than
a square kilometre (Lovari et al., 2007). They favour woodland gaps and edges but
will also forage in open agricultural farmland, and even some urban areas (Putman et
al., 2011). Riparian woodlands have been identified as optimal roe deer habitat due to
their plant diversity (BaranCekova, 2004) and connectivity to the wider landscape
(Olson et al., 2004).

Red deer on the other hand are considered ‘intermediate grazers’ and rely on shrubs,
grasses, sedges, and rushes, as well as tree shoots. Both red and roe deer increase
the proportion of woody plants in their diet during winter when there is a lack of other
fresh vegetation (Spitzer et al., 2020). Red deer are notably larger (1-1.5m shoulder
height) and can browse material up to a height of 2.3m in the canopy (Nichols et al.,
2015). Red deer graze in large single-sex groups for most of the year, favouring open
hill moorland habitat, but also woodland edge (Clutton-Brock et al., 1982). The habitat
use of red (and roe) deer is considered to be strongly determined by the availability of
forage, shelter, and climate (Latham et al., 1997; Palmer & Truscott, 2003; Borkowski
& Ukalska, 2008). Human disturbance can also play a role in red deer distribution
(Marion et al., 2021). Although there are ample studies that detail red deer habitat use
of woodlands (Krojerova-Prokesova et al., 2010; Heurich et al., 2015; Romportl et al.,
2017), there is very little research on their use of riparian woodlands specifically, which

remains largely unknown.

1.3.3. Deer effects on riparian woodland vegetation

Like beavers, ungulates are also considered ecosystem engineers due to their ability
to modify woodland habitats (Smit & Putman, 2011; Ramirez et al., 2021). Deer play
a role in seed dispersal (Iravani et al., 2011) and nutrient input (via urine and dung)
(Riesch et al., 2022). Research has even demonstrated that changes in woodland
vegetation density from deer browsing can improve sound transmission of woodland

bird song (Boycott et al., 2019). Despite these benefits to other species, the impacts
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of deer browsing in woodlands are generally detrimental — both ecologically and

economically (Putman et al., 2011).

Deer can shape the structure and dynamics of woodland vegetation through browsing,
trampling, stripping, and fraying. The main concern is the browsing by deer on
coppiced shoots, seedlings, and saplings of trees before they can naturally replace
the loss of mature trees (Hester et al., 2010; Ramirez et al., 2018). Significant damage
can occur in coppice woodlands from deer browsing on the fresh shoots that sprout
after cutting (Joys et al., 2004; Kirby et al., 2017). Deer browsing can also lead to
changes in woodland tree and ground vegetation species composition over time,
shifting initially diverse woodlands towards a community dominated by browsing-
tolerant species equipped with defence chemicals or thorns (Kuijper et al., 2010; Kirby
et al., 2022).

The effects of deer browsing on individual plants are highly context dependent and
vary with plant species, age and the parts that are browsed, in addition to the intensity
and frequency of the browsing itself (Gill, 1992b; Hester et al., 2010). Generally, deer
browsing of leader shoots can significantly reduce tree height and lead to shrub-like
trees with stunted growth (Crawley, 1984; Kupferschmid, 2017). Alternatively, if
vulnerable leader shoots can grow quickly out of deer reach, browsing of lateral
shoots/foliage may produce taller trees with fewer leaves and side branches (Peinetti
et al., 2001; Guillet & Bergstrom, 2006). These profound changes in individual tree
stature arising from deer browsing can have long-lasting ecosystem-level impacts on
woodland biodiversity, structure, and function (Gill & Fuller, 2007; Eichhorn et al.,

2017; Ramirez et al., 2021) which are often difficult to reverse (Tanentzap et al., 2012).

Although the detrimental impacts of browsing by overabundant deer have been
discussed at length in many European reviews (Gill, 1992b; Hester et al., 2010;
Reimoser & Putman, 2011; Ramirez et al., 2018) there are few, if any, studies on deer
impacts on specifically riparian vegetation in a European context. A few riparian
studies in North America have found that elk (Cervus canadensis), and mule deer
(Odocoileus hemionus), substantially reduced the rate of tree growth in degraded
riparian woodlands, impeding their restoration (Opperman & Merenlender, 2000;

Brookshire et al., 2002; Averett et al., 2017). This research now needs applied to a
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European context to assess the impacts of ungulate herbivory on riparian woodlands,

and how this interacts with the effects of the other key herbivores that inhabit them.

1.4. Beaver-deer interactions

All native Scottish broadleaved trees are able to coppice or sucker following cuts or
stress (Koop, 1987). High resprouting rates associated with beaver herbivory have
been reported in a range of broadleaf species (Jones et al., 2009; lason et al., 2014).
Roe deer are also known to browse the nutritious, young shoots of many broadleaf
species (Ratcliffe & Mayle, 1992). This forage may therefore offer an attractive
resource for deer that would have been absent or scarce in un-coppiced woodlands
prior to the beaver’s reintroduction (Figure 1.8). Research from the five-year study at
the SBT reported deer browsing on 68% of beaver-felled trees that had produced
secondary shoots (lason et al., 2014), inferring that deer will indeed readily utilise this
resource. However, if the regrowth from beaver-felled tree stems is repeatedly eaten
by deer, there could be a simplification in the structure of the woodland, and potentially

deterioration or even long-term loss of the habitat.

Figure 1.8. Diagram demonstrating how tree-felling by beaver (Castor spp.) can
promote coppice-like regrowth over time, which can increase available leafy forage
resources to browsing deer (Cervidae) (not to scale). Modified from illustration from
Woodland Trust (2018).
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Another hypothesis is that deer could exacerbate the structural and compositional
changes that naturally occur in a beaver-modified forest. Research from the SBT
demonstrated that tree felling by beaver influenced the structure of the woodland by
encouraging gap and edge creation in a closed canopy (lason et al., 2014). Red and
roe deer prefer to forage along woodland edges and actively avoid closed woodland
canopies (Clutton-Brock et al., 1982; Ratcliffe & Mayle, 1992). Furthermore, an
increase in graminoids or herbs associated with higher light conditions may increase
the abundance of forage for both red and roe deer. Therefore, beaver modification of
some woodlands could potentially result in a habitat that is more suited to the habitat

and feeding preferences of deer, ultimately influencing their distribution.

In North America, potential changes in forest structure and regeneration processes
due to beaver-deer interactions have been illustrated. For example, Baker et al. (2012)
developed a process-oriented model to investigate beaver-elk interactions in a willow
woodland. They found that over time, intense elk browsing of beaver-cut willow
produces smaller, shrub-like vegetation with a high percentage of dead stems over
time. Another study observed that willow could recover 84% of its biomass after
simulated beaver-felling, but only 6% when elk browsed the cut plants (Baker et al.,
2005). Woodland stem density and regeneration processes have also been shown to
be reduced by beaver-elk interactions (Hood & Bayley, 2008a; Loeb & Garner, 2022).
However, very few studies have examined the overlap between beaver and deer in
European riparian woodlands (Figure 1.9), highlighting a significant knowledge gap.
As most woodlands in Scotland (and Europe) support large ungulate populations,
plant-herbivore interactions are likely to be intensified. Closing this knowledge gap is
particularly critical when one herbivore has been absent for centuries (beaver) and the
other has undergone pronounced expansion (deer), and this scenario is set against

the background of a general desire to expand woodland cover.
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Figure 1.9. Venn diagram summarising the outputs of a literature search on Web of
Knowledge for keywords “beaver”, “deer”, and “riparian woodlands/forests” in the last
20 years. Number denotes the number of studies returned in the search. Only two

studies were found for an overlap between beaver, deer, and riparian woodlands.

1.5. Research overview

As discussed, riparian woodlands are high value habitats in terms of biodiversity
support or mitigation of climate change impacts but can be dramatically altered by
large browsing herbivores. Restoring lost interspecific interactions can offer a tool for
repairing degraded habitats, however ecosystems can be highly sensitive to species
reintroductions or removals. Beavers and deer both clearly exert their own unique
influence on riparian woodlands through browsing, yet no published research in
Europe has so far investigated the relationship between beaver and deer browsing
and how it could impact woodland structure, composition, and regeneration
processes. Closing this knowledge gap is increasingly important when beavers have
been absent for centuries and deer have undergone pronounced expansion. A
detailed understanding of this rekindled interspecific interaction is therefore essential

to predict potential ecological effects on the wider landscape. It will also allow timely
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management intervention based around evidence of the nature of this interaction for

the future.

The following chapters in this thesis outline research that examines beaver-deer
interactions in Scottish riparian woodlands. Chapter 2 assesses the long-term (>10
years) effects of beaver activity on woodland vegetation composition and structure,
including ground vegetation. Chapter 3 determines how tree felling by beavers affects
resource availability for deer, by examining if tree felling by beaver can promote
riparian woodland regeneration before investigating the nutritional and morphological
qualities of the regrowth from beaver-felled trees. Chapter 4 assesses how beaver-
deer interactions can affect the resource allocation, structure, and growth of riparian
woodlands. Finally, Chapter 5 integrates these findings to provide predicted outcomes
and management guidance for deer, riparian vegetation, and ecosystem services in

the presence of beavers.
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CHAPTER 2: EURASIAN BEAVER TREE FORAGING PREFERENCES & THEIR
LONG TERM EFFECTS ON RIPARIAN WOODLAND

Kelsey Wilson', Alan Law', Martin Gaywood?, Alison Hester3, Glenn lason? and Nigel
Willby'

'Biological and Environmental Sciences, University of Stirling, FK9 4LA, Scotland.
2NatureScot, Great Glen House, Leachkin Road, Inverness, IV3 8NW, Scotland.

3James Hutton Institute, Craigiebuckler, Aberdeen, AB15 8QH, Scotland.

2.0. Abstract

The Eurasian beaver (Castor fiber) is widely known for its ability to influence riparian
woodlands through browsing trees and altering water levels via damming. However,
research on the long-term effects of beaver browsing on woodlands is sparse,
especially in Europe, leaving uncertainty over impacts and management needs. This
study examined beaver tree foraging preferences and their temporal effects on
composition, structure, deadwood, and ground vegetation across 28 woodland plots
in Knapdale Forest, Scotland. Eleven years after their release, beavers had browsed
(i.e., fully, partially felled or gnawed) 24% of tree stems in plots located within 30m of
the shore, of which 80% survived (either due to incomplete felling, or resprouting of
stems from the base). Birch (Betula pubescens) was browsed most frequently,
reflecting its overall dominance in the resource, but hazel (Corylus avellana), was the
most preferred relative to its availability. Browsed stems averaged 6.76 £ 6.24 cm in
diameter which was significantly smaller than the overall resource average of 7.78 +
7.27 cm. Strong spatial patterns of foraging were observed, with 90% of all browsed
stems located <10m of the shore. Overall, beaver browsing had no significant effect
on woodland species composition and structure over an 11-year period. The
abundance of deadwood significantly increased over time and was likely attributed to
beaver-induced flooding as opposed to browsing. Ground vegetation cover also
increased over time, especially of herbs and graminoids, indicative of reduced shading
in canopy gaps created by beaver browsing. Our findings suggest that while beavers
can alter their habitat drastically at a small patch scale over a relatively short period
through their selective foraging, this effect is not necessarily translated to the riparian

woodland scale. These findings can inform both riparian woodland conservation and
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beaver management practices, as well as decision making around beaver

translocation policies.

2.1. Introduction

The Eurasian beaver (Castor fiber) has made a remarkable recovery from its near-
extinction following centuries of persecution. From relict, scattered populations
totalling around 1200 individuals, beavers have now recolonised most of their former
European range with recent population estimates suggesting at least 1.5 million
animals (Halley et al., 2021). Their rapid range expansion has been accomplished
through protective regimes, reintroductions, and translocations, as well as natural
recolonisation (Wrdbel, 2020). However, after their long absence, beavers have
returned to inhabit fundamentally different landscapes in some areas, including highly
populated or intensively farmed regions such as southern England, the Netherlands
and NW Germany (Halley et al., 2021).

Beavers can create, modify, and maintain habitats on a landscape scale resulting in
their renowned status as ‘ecological engineers’ (Jones et al., 1994). Their process of
dam and canal building can transform degraded habitats into a mosaic of complex
wetlands by boosting biodiversity and habitat heterogeneity (Law et al., 2019; Willby
et al., 2018). In addition to river restoration, beaver dam building can also facilitate
flow attenuation, and improve downstream water quality due to fine-sediment and
nutrient storage (Law et al., 2016; Puttock et al., 2021). These unique abilities are
increasingly being harnessed in river restoration projects (Pollock et al.,, 2014;
Dittbrenner et al., 2018).

As well as transforming the riparian zone through dam building, beavers can alter the
structure and species composition of woody vegetation through browsing of trees
(Johnston & Naiman, 1990). Tree browsing yields buds, leaves, and bark for
consumption, but also the essential raw materials for dam and lodge construction.
Beavers are highly selective in terms of the tree species they choose, often preferring
willows (Salix spp.) and poplars such as aspen (Populus tremula) whilst generally
avoiding conifers (Haarberg & Rosell, 2006; Vorel et al., 2015) due to their

unfavourable levels of plant metabolites (Johnston, 2017). Their diet, however, also
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reflects the availability and diversity of species in the local habitat, which can be highly
site-specific. Although willow may be preferred, local abundance or resource depletion
may result in beavers resorting to less readily digestible alternatives such as birch
(Betula spp.) or alder (Alnus spp.) (Haarberg & Rosell, 2006; O'Connell et al., 2008;
Jackowiak et al., 2020).

In addition to species, beavers also select trees based on their size. Browsing intensity
can therefore vary among different locations within the riparian zone depending on
how trees of the preferred species and size are distributed. Beavers adopt a foraging
strategy in line with central place foraging theory whereby they venture onto land to
cut woody vegetation and transport it back to the safety of water which acts as their
‘central place’ (Haarberg & Rosell, 2006; Raffel et al., 2009). Therefore, their selection
typically involves choosing a higher number of smaller stems closer to the shore and
fewer, larger stems as distance from the shore increases (Haarberg & Rosell, 2006).
This is thought to involve a trade-off between optimising energy consumption whilst
minimising predation risks (Basey & Jenkins, 1995). Research has confirmed most
beaver browsing to occur within 10m of the shore (Janiszewski et al., 2013; lason et
al., 2014; Wazna et al., 2018; Jackowiak et al., 2020) with stems <10cm diameter
being generally preferred (Misiukiewicz et al., 2016; Janiszewski et al., 2017).
However, sometimes central place foraging may not occur if a plentiful food resource

is available in close proximity to the shore (Law et al., 2014).

Although beavers can physically alter their territory characteristics remarkably quickly,
the ongoing active selection of tree stems of specific species and sizes, at specific
distances from water, could drive habitat change over larger spatio-temporal scales.
Studies have offered snapshot insights or hypothesised how the selective foraging
preferences of beavers could have cascading effects on riparian woodlands over time.
For example, diversification of woodland into mixed species, ages, heights, densities,
and diameters has been suggested (Johnston & Naiman, 1990; Stringer & Gaywood,
2016). Structural changes such as canopy gap creation and density reduction are
hypothesised to facilitate seedling recruitment or result in increasing ground cover of
grasses and herbs due to the greater light availability (Rosell et al., 2005; Nummi &
Kuuluvainen, 2013). Increases in abundance of fallen deadwood, now a scarce

microhabitat in many modern woodlands, have also been highlighted (Nummi &
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Kuuluvainen, 2013; Thompson et al., 2016). However, to date no long-term studies
(>10 years) have examined how the highly selective woody stem foraging of Eurasian

beaver can influence riparian woodland composition, structure, and functioning.

This study aims to investigate the long-term effects of beaver browsing on riparian
woodlands by using archive tree survey data collected by lason et al. (2014) between
2010-2013, and new data collected between 2018-2021, to monitor change over an
11-year period following beaver reintroduction to Knapdale Forest, Argyll, Scotland. In
this study, the foraging preferences of Eurasian beaver were investigated by
determining the characteristics of beaver-browsed trees in riparian woodland. The
following hypotheses were then tested: long-term beaver herbivory i) alters tree
composition and woodland structure, and ii) increases the abundance of deadwood
and ground vegetation cover. We further hypothesised that observed effects of beaver

browsing will diminish with increasing distance from the shore.

2.2, Methods

2.2.1. Study site

Fieldwork took place in a ~7km? area of Knapdale Forest, located in the west of
Scotland (56°1'12"N, 5°31'12"W). The area comprises around 12 several small
freshwater lochs (lakes) and their network of inflows and outflows which are bordered
by well-established riparian woodlands. Prior to the beaver reintroduction in 2009,
considerable areas of conifer plantation were cleared, particularly near the lochs, with
downy birch regrowth taking their place in most areas (Moore et al., 2010). The riparian
woodlands accessible to beavers typically extend up to 50m from the shoreline. They
are now dominated by mature common alder (Alnus glutinosa) and
mature/regenerating downy birch (Betula pubescens). Other less-common species in
the riparian zone of Knapdale Forest include rowan (Sorbus aucuparia), hazel
(Corylus avellana), ash (Fraxinus excelsior) and goat willow (Salix caprea). Sitka
spruce (Picea sitchensis) and western hemlock (Tsuga heterophylla) are also present
in small numbers along the shorelines (Armstrong et al., 2004; Moore et al., 2010).
Beyond the broadleaf riparian zone in Knapdale Forest lies large areas of mature,

dense conifers which are generally inaccessible to beaver. These plantations are well-
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established and characterised by species including Norway spruce (Picea abies),

Scot’s pine (Pinus sylvestris) and Sitka spruce.

Knapdale Forest was the site of the Scottish Beaver Trial (SBT), a government-
sanctioned trial reintroduction of Eurasian beavers imported from Norway whose
population and its effects were formally monitored scientifically for five years between
2009-2014. In 2009-2010, a total of 16 beavers comprising five family units/pairs were
released on Lochs Coille-Bharr, Linne, Creagmhor and Un-named loch
(south)/Lochan Buic. At the end of the trial period, at least eight of the originally
released animals remained, as well as one wild-born kit (Harrington et al., 2015). The
next large-scale population survey was undertaken in 2016 and showed a minimum
of eight animals occupying three lochs: Lochan Buic, Loch Coille-Bharr and Loch
Losgunn. The reason as to why the population declined after the initial release is not
fully understood. The decline is suspected to be a result of low reproductive success
in a small population susceptible to stochastic events (Harrington et al., 2015). A
reinforcement project then took place during 2017-2020 to supplement the Knapdale
population with translocated beavers. These originated from Tayside, east Scotland,
where a large population of Eurasian beavers has established since the early 2000s
founded on escapees from private collections and unauthorised releases. In total, 21
beavers were released into Knapdale during this latter period and post-monitoring
surveys showed all suitable lochs were occupied by the end of the project in 2020
(Dowse et al., 2020).

2.2.2. Study design

A total of nine woodland transects located in beaver territories on separate lakes
throughout Knapdale forest were studied. All transects were perpendicular to the
shoreline and comprised two to four 4m x 10m plots (32 plots in total), based on the
available width of the riparian woodland (see plot details in Appendix 2.1). Plots were
located at 0—4m, 6—-10m, 16—-20m and 26-30m from the loch shore. Loch shore
positions can shift in relation to weather, season and localised beaver damming

therefore plot locations were fixed using wooden set semi-permanent markers.

Five of the transects (comprising 16 plots) were selected from a wider set of 32
woodland transects established in 2009-2010 by lason et al. (2014) as part of SBT
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monitoring research. These transects (herein referred to as ‘SBT transects/plots’)
were chosen at random and included beaver territories on the following lochs that had
remained active since their establishment: Linne, Creagmhor, Coillie-Bharr, Buic and
Un-named loch (south). During the lason et al. (2014) study, all woody stems with a
diameter >1cm were labelled with uniquely numbered aluminium tags. We re-surveyed
these SBT transects in 2018-2021 to track long-term changes in woodland

composition and structure, as well as ground vegetation.

To incorporate areas of riparian woodland supporting more recently established
beaver territories and investigate beaver foraging preferences, we established five
new transects (comprising 16 plots) within the survey area using the same
methodology in November 2018. These transects (herein referred to as ‘new
transects/plots’) were located at Loch McKay, Loch Barnluasgan, Loch Losgunn,
Faery Isles and Loch Laraiche (Figure 2.1). Since no beaver field signs were recorded
on Laraiche following their release, this transect data (4 plots) was removed from data
analyses. All other transects had nearby varying intensities and ages of beaver activity
including browsing, damming, and digging (<100m) as well as an active lodge
(<500m). New plot locations were fixed with wooden canes. Although there are no
records that detail the exact year of every territory occupation after the SBT ended in
2013, the new transects included beaver territories that were not occupied by beavers
at the end of the SBT. These territories were therefore estimated to be established
sometime between 2014 and 2018 (i.e., short-term occupancy). The SBT transects
included territories that had remained active since their establishment in 2009-2010

(long-term occupancy).

It was not always possible to access or identify the edge of the shore due to flooding
therefore transect surveys were started at the closest point to the water that allowed
safe working. Two plots (0-4m and 6-10m) in one SBT transect could not be surveyed
at all during 2018-2021 due to complete inundation from localised beaver damming
and are henceforth referred to as sunken plots. Records from 2013 archive data
indicate there were 30 tree stems present. They could not be included in our statistical
analyses due to lack of comparable data. However, they were represented in graphical

analyses of tree mortality. Plots at 16-20m and 26-30m along this transect were
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surveyed and treated as 0-4m and 6-10m respectively in analyses when investigating

effects of distance from water.
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Figure 2.1. Location of ten transects surveyed: five SBT transects established in 2009-
2010 and five new transects established in 2018. The ‘Laraiche’ transect was excluded
from analyses due to lack of beaver activity. Middle left box denotes the plot layout
within transects with dark grey representing water. Dashed grey line represents

approximate Scottish Beaver Trial (SBT) boundary.

2.2.3. Woodland surveys

Woodland survey methodology was adapted from lason et al. (2014) to allow a reliable
temporal and spatial comparison of woodland across transects. We surveyed all
transects (SBT and new) five times in total between 2018 and 2021. Surveys took
place over one week and were carried out in Nov 2018, April 2019, Nov 2019, April
2021, and Nov 2021.
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In woodland plots, every woody stem greater than 1.3m in height and 1cm in diameter
was recorded as a tree stem. For each tree stem, a series of measurements were
taken. Species identity and tree diameter (at 20cm height) were noted. Codes were
assigned to species and are listed in Table 2.1. Tree stems were assigned to one of
ten categories according to their ‘status’, primarily based on the type or
presence/absence of beaver browsing (Table 2.2, Figure 2.2). Tree tag numbers were
noted when possible (in the SBT plots only). A record was made as to whether a stem
appeared to be alive, or dead. Upright, dead stems were classed as ‘standing
deadwood’ in analyses and could be one of the following statuses: Up, B_up, B_p,
and N_p (see descriptions in Table 2.2). Stems recorded as B_log or N_log were

classed as ‘fallen deadwood’.

If a tree stem had been browsed by beavers, the number of resprouted secondary
shoots were counted. The mean and maximum length of these shoots (cm) were
measured and if a shoot had grown >130cm in height and >1cm in diameter, it was
recorded as a new tree stem. Height of cut (cm) from the ground was also noted for
beaver-browsed trees. This included the highest part of a remaining stump, or the

middle-point of the gnawing on any partially gnawed stems.

Ground vegetation cover was measured in SBT transects in two 2 x 2m quadrats (sub-
plots) located in the top left and bottom right corner of each plot when facing the shore.
Six categories of vegetation were recorded, each to the nearest 5% cover and
included: graminoids (grasses, rushes, or sedges), bryophytes (mosses and
liverworts), ferns, dwarf shrubs, and herbs. Plot ground cover values could exceed
100% as some categories of ground vegetation overlapped each other. Raw values
were averaged across the two quadrats to generate a single value for each plot, to

allow consistency with the 2010 dataset.
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Table 2.1. Codes for recorded tree species, adapted from lason et al. (2014).

Common Name Scientific Name Species Code
Sycamore Acer pseudoplatanus Acepse
Common alder Alnus glutinosa Alnus

Downy birch Betula pubescens Betpub

Hazel Corylus avellana Corave

Ash Fraxinus excelsior Fraexc

Sitka spruce Picea sitchensis Picsit

Willow Salix spp. Salix

Rowan Sorbus aucuparia Sorauc
Western hemlock Tsuga heterophylla Tsuhet

Table 2.2 Descriptions of tree status categories. Visual representation in Figure 2.2.

Status Code

Description

Up

B_up

B _stump
B_p

B cut
B_tree
B_log
N_stump
N_log
N_p

Upright tree, unaffected by beaver browsing

Upright tree gnawed by beaver

Stump of a tree felled by beaver

Tree partially felled by beaver

Minor branch removed by beaver

Coppice from beaver browsed tree that has grown to 1.3m
Log from tree felled by beaver

Natural tree stump from windfall or decay

Naturally fallen log

Naturally partially fallen tree
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Tree stems unaffected by beaver browsing:
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Figure 2.1. Visual representation of tree 'status' categories used to establish types of

beaver tree modification. Adapted from lason et al. (2014).

2.5. Data analyses

Statistical analyses were carried out in R Studio (version 1.4.1103) using packages
Ime4, vegan, sjPlot and ggplot2. All linear mixed models included a random effect of
transect to account for site-specific variability between beaver territories. Response
variables were transformed to normal distribution where required, and continuous
predictors were mean and centre-scaled. Interactions were tested between
explanatory variables and removed when non-significant. Models were selected for
performance based on those with the lowest Akaike Information Criterion (AIC) scores.

Residuals for all models were tested for normality and met model assumptions.

2.5.1. Foraging preferences

Foraging preferences were investigated across beaver territories that varied in short
and long-term occupancy. Woodland survey data from spring 2021 from all nine
transects was used in foraging preferences analyses. A Generalised Linear Mixed
Model (GLMM) with binomial error distribution and a logit link was used to test whether
beaver tree selection for preferred tree species or sizes (diameter; cm) changed with
increasing distance from the shore (0-4m, 6-10m, 16-20m, 26-30m). The beaver
browsing status (browsed/unbrowsed) of trees was used as the response variable.
Whether a territory had a long-term (SBT transects) or short-term (new transects)

duration of beaver occupancy was also included as a predictor.
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Beaver foraging preferences were further investigated using Ivlev’s electivity index
(Ivlev, 1962). This entailed applying the following formula: (E = (B—A)/ (B + A)), where
B is the proportion of the trees browsed by beavers belonging to a given diameter
class, and A is the proportion of all the trees available to beavers (browsed and
unbrowsed in total) belonging within that diameter class. The index varies between -1
(complete avoidance) and +1 (maximum preference). A value around zero suggests
a random, indifferent selection where consumption reflects availability. The electivity
index (E) was calculated for each diameter class (<56cm, 5-10cm, 10-15cm, 15-20cm
and >20cm) across all plots. Electivity analyses were then repeated for tree species
where the formula was adapted to compare the species of trees utilised by beavers
with the species available. An unpaired t-test was used to compare the diameter of

trees browsed by beaver with the diameter of those available.

2.5.2. Woodland change 2010-2021

To determine temporal changes in woodland structure, composition, and ground
vegetation, we compared archive data from 2010 with our survey data from 2021 in
the five SBT transects only. As three of the SBT transects were first established in
2009 and two in 2010, the 2010 dataset was used as the common starting point. Only
one stem across the 28 plots had been partially browsed by beaver in 2010 and was
not included in the analyses. Analyses of tree mortality used data from 2010-2013,
which was compared to data from 2019-2021. All analyses used data collected in

spring unless specified otherwise.

Two paired t-tests were used to compare plot tree stem density (n trees per hectare;
n=16) and mean stem diameter (cm; n=16) in 2010 and 2021. To further assess
potential structural changes, the relative change in tree stem density (%) and mean
stem diameter (%) between 2010 and 2021 were calculated for every plot. These
variables were used as responses in two linear mixed models. Plot distance from
shore (0-4m, 6-10m, 16-20m, 26-30m) and beaver browsing intensity (%) were
included as explanatory variables. Beaver browsing intensity (%) was quantified as
the proportion of the total number of available trees stems in a plot that had been
browsed. When not acting as the response, the relative change in stem density and

diameter were also included as explanatory variables to assess their relationship with
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each other. Relative change in diameter (%) and stem density (%), in addition to

beaver browsing intensity (%), were mean-centred and scaled.

To quantify changes in woodland species diversity, Simpson’s Diversity Index (SDI)
was calculated for every plot based on the number of stems of each tree species. SDI
considers both species richness and relative abundance, generating a value between
0-1 where a higher number indicates a more diverse composition. A paired t-test was

then used to compare the SDI plot values between 2010 and 2021 (n=16 pairs).

To compare woodland species composition and stem diameters between 2010 and
2021, nonmetric multidimensional scaling (NMDS) with calculated Bray-Curtis
dissimilarities was used. Live tree stems were sorted into three diameter classes of 0-
10cm, 10-20cm and >20cm for every species. Stems of standing deadwood were
included as a single category in the NMDS analyses (regardless of species or
diameter). Permutational multivariate analysis of variance (999 permutations) was
then carried out to test for differences in species and diameter composition between
years, the effect of distance from the shore (0-4m, 6-10m, 16-20m and 26-30m), and

transect (individual lochs).

Change in the abundance of deadwood (standing and fallen) between 2010 and 2021
was assessed using a paired t-test (n=16). Proportion of deadwood (%; square root
transformed) was defined as the number of dead stems (including standing stems and
fallen deadwood) as a proportion of the total number of both live and dead stems.
Stems of fallen deadwood recorded in the woodland (both as result of beaver felling

and natural causes) were excluded from all other analyses.

To assess woodland recruitment, the total number of young trees (stems of 1cm
diameter) per plot were summed and compared in 2010 and 2021 using a paired t-
test. Total tree basal area (expressed as m?per ha) is the area occupied by tree stems
in a plot. The basal area of each stem was calculated using the formula (basal area =
 x stem radius?) and were summed to give a total stem basal area for each plot. A
paired t-test was used to compare total stem basal area per plot (n=16) in 2010 and

2021 to assess change over time.
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Finally, to investigate temporal change in ground vegetation cover (%), data were
compared from 2011 to 2021. A paired t-test compared the summed abundance of the
cover of all ground vegetation types per plot in 2010 and 2021. Five linear mixed
models were then used to investigate each vegetation category in detail. The effects
of year (2011 or 2021) and distance from the shore on each vegetation category were
tested on the following response variables: graminoids, bryophytes, shrubs, ferns, and
herbs (% ground cover per plot). Ground cover of ferns and herbs were square root

transformed to meet model assumptions.

2.3. Results

2.3.1. Foraging preferences

In 2021, a total of 664 tree stems were recorded across the nine transects (28 plots).
On average, beaver browsing was recorded on 19.9% (£21% SD) of the available tree
stems across plots with plot-scale browsing intensity varying from 0% to 61%. At the
riparian woodland-level, beaver had browsed 25.4% (n=169) of the total available tree
stems across the 28 plots. Of browsed trees, the most common type of tree
modification was B_stump (66.9%, n=113), followed by B_up (12.4%, n=21), B_cut
(11.2%, n=19) and B_p (9.5%, n=16). Trees were browsed by beaver at a mean height
of 38.5cm (x11.6 SD, 2—-74 range).

Beaver browsing demonstrated strong spatial patterns where a total of 90% (n=152)
of all beaver-browsed trees were recorded in plots situated within 10m of the shore
(Figure 2.3a). This was further reflected in the proportion of the total available
resource, where beaver-browsing intensity (%) was also highest in plots within 10m of
the shore (Figure 2.3b). Furthermore, the likelihood of a tree being browsed by beaver
significantly declined with distance from the shore (P<0.05). Tree selection by beaver
was similar in plots regardless of how long the associated territory had been occupied
(P=0.9) and beaver browsing intensity (%) in the short-term occupancy plots exceeded
the long-term occupancy plots in their second and third year of survey (Table 2.3) (see
Appendix 2.2 for full model output). Tree selection was also significantly affected by
diameter (P<0.001). The mean diameter of beaver-browsed trees was significantly
smaller (6.76cm = 6.24 SD) than the mean diameter of all trees that were available to
beaver (7.78cm = 7.27 SD) (ts32=-0.8, P=0.04). Electivity analyses further indicated a

37



decreasing preference for increasing diameter, with trees of 5-10cm diameter being

selected the most in proportion to their availability (Figure 2.4).
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Figure 2.3. Spatial patterns of beaver browsing as a) the number of beaver-browsed

tree stems and b) browsing intensity % (the proportion of beaver-browsed stems of all

available stems) located in plots at 0-4m, 6-10m, 16-20m, and 26-30m from the shore.

Table 2.3. Browsing intensity (i.e., percentage of total tree stems browsed by beaver)

in consecutive years from transects with short and long-term beaver occupancy using

May (2019 and 2021) and November (2018) survey data.

Beaver

Year

Occupancy

Tree stems

stems (n)

Browsing

intensity (%)

Plots
Surveyed (n)

Short-term@ 2018*
2019
2021

12*

Long-term®  2018*
2019
2021

16*

a Short-term = beaver territories that were established after the final year of the SBT in 2014.
b[ ong-term = beaver territories that remain active since the beginning of the SBT in 2009/10.

*November survey data was used in calculations for 2018 browsing intensity.
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Figure 2.4. Proportion of trees available (light grey) and browsed by beaver (dark
grey) per plot in five diameter categories (0-5, 5-10, 10-15, 15-20 and >20cm) with

Ivlev’s Electivity Index values for all transects. Error bars represent standard error.

Tree selection by beaver was significantly influenced by tree species. Willow
(P<0.001), hazel (P=0.01) and rowan (P<0.01) were more likely to be browsed over
alder. Downy birch accounted for 65.7% (n=111) of all beaver-browsed trees (n=169),
followed by common alder (11.8%, n=20), hazel (8.9%, n=15) and willow (8.3%, n=14).
Small numbers of rowan and Sitka spruce stems were also browsed (3.5%, n=6 and
1.8%, n=3, respectively). Although birch and alder were by far the most frequently
browsed trees, their mean electivity values were close to zero (E = +0.02 and +0.06
respectively) suggesting indifference or a random selection. Hazel (E= +0.44), rowan
(E= +0.21), and willow (E=+0.22) had positive electivity values indicating selection
relative to their availability (Figure 2.5). All other species were either rarely exploited,
e.g., Sitka spruce (E= -0.09) or avoided altogether, i.e., ash (E= -1.00) and western
hemlock (E= -1.00).
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Figure 2.5. Proportion of the six tree species available (light grey) and browsed by
beaver (dark grey) per plot with Ivlev’'s Electivity Index values for 16 plots. Species
code abbreviations are detailed in Table 2.1. Only species browsed by beaver are

included. Error bars represent standard error.

2.3.2. Woodland change 2010-2021

In the five SBT transects, the 2010 survey counted and tagged a total of 524 tree
stems and 5 stems of fallen deadwood across their 16 plots. Eleven years later, 79%
of trees with the original tree tags were recorded and measurements were taken for

the remaining 415 tree stems and 31 stems of fallen deadwood across the same 16

plots.

Relative change in tree stem density and diameter

Over the 11-year period, stem density (trees per ha) showed a significant relative
decrease (-21%) across the total plot resource (t15=2.5, P=0.02) which was most
readily evident in plots located furthest from the water’s edge (Figure 2.6). Mean stem
diameter (cm) per plot did not significantly differ between 2010 and 2021 (t15=1.1,
P=0.3).
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Figure 2.6. Boxplots of a) tree stem density (n trees per hectare) and b) mean stem
diameter (cm) across plots in beaver territories in 2010 (light grey) vs 2021 (dark grey)
(n=16).

Relative changes in tree stem density (P=0.7) and relative changes in mean plot

diameter (P=0.1) were both independent of beaver browsing intensity (%). Distance
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from the shore had no effect on change in stem density (P>0.7). Change in diameter
in plots located 16-20m from the shore was significantly higher than in 0-4m plots
(P=0.03) (see Appendix 2.3 for full model output).

A significant, negative correlation between change in stem density and change in stem
diameter was observed (P=0.01) and indicative of an overall shift in plot structure over
time (to fewer, larger trees). After 11-years, most plots comprised a lower density of
larger stems, with only those plots closest to the shore (0-4m) moving towards a higher

density of smaller diameter stems (Figure 2.7).
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Figure 2.7. Observed change in mean stem diameter in relation to mean stem density
of plots (n=15) in 2010 vs 2021. Top left quadrant of the graph indicates a structural
shift to lower density, larger diameter tree stems. Bottom right quadrant of the graph
indicates a structural shift of higher density, smaller diameter tree stems. One plot (at

16-20m) with <5 trees in total was excluded as an outlier.

Tree species diversity and composition

Tree species diversity per plot showed no significant change between 2010
(SDI=0.21) and 2021 (SDI=0.17) (t30=0.66, P=0.5). Overall, tree species richness
showed a low total relative change of -12.5% (range -50 to +50%) across the 16 plots

from 2010-2021. Species richness averaged 2.25 (x0.93 SD) species per plot (range
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1-4) in 2010, and 2.18 (1.2 SD) species per plot (range 1-5) in 2021. The dominant
tree species in plots (downy birch) remained the same over the 11-year period. There
was an absolute increase in the share of alder (+4%), and an absolute decrease in
birch (-27%) (Table 2.4) with most of the latter losses being converted to standing
dead stems (B_up or Up). A deciduous shrub, bog myrtle (Myrica gale), was also
recorded during surveys and showed a relative increase of 125% over the 11-year

period.

Table 2.4. Tree species composition based on live and dead? stems regardless of
their beaver browsing status for 16 plots in 2010 (n=524 stems) and 2021 (n=415

stems) and their relative change in composition. Species codes are listed in Table 2.1.

species stems in stems in 2010 2021 change in
P q 2010 (n 2021 (n) composition composition stems %
code M 1 jive (dead) (%) (%) 2010-2021
Acepse 2 0 (0) 0.4 0.0 -0.4
Alnglu 37 46 (12) 7.1 13.9 +6.8
Betpub 446 243 (78) 85.1 77.3 -7.8
Fraexc 1 2 (0) 0.2 0.5 +0.3
Picsit 10 11(0) 1.9 2.7 +0.7
Salix 16 9 (0) 3.1 2.2 -0.9
Sorauc 12 10 (2) 2.3 2.9 +0.6
Tsuhet 0 2 (0) 0.0 0.5 +0.5
total 524 415

dead stems? = includes standing trees recorded as dead at time of survey; stems of fallen
deadwood (2010; n=5 and 2021; n=31) not included.

Tree species composition showed no significant change over the 11-year period as
indicated by the overlapping ellipses in Figure 2.8. Tree species composition of the
woodland did not differ between 2010 and 2021 (P=0.1). Woodland composition
significantly varied with distance from the shore (P=0.01). Plots located at 0-4m from
the water showed differences in their composition than those at 6-10m, 16-20m and
26-30m as shown by their isolated position in Figure 2.8. Transects were also
significantly distinct from one another (P=0.01) indicating high variation in the

woodland composition between beaver territories.

43



- - - - - — e
- - - -
- LY
rs
1.0 4 N
& _ - - = \
,; " .‘ T - - LY .
Pl L] - . \ distance from shore
L
!
*,f .. . \ ® 0-4m
0.54 4 .
- A . | A 610m
i "
®
o 1! AL A A W 16-20m
(78] T | —|_ N |
a - 3 -+ 26-30m
= 00 [ ] il [ ] W
= : h
1 | .‘ . o
! o ® /| year
v ‘{ .
A ] ¢ |
o] - ’ ; 'y & 2010
N d / @ 2021
\ ® ’ /
Y . ’ ;
. . ,
R & #
""-..\_“‘ P o
-
1.0 H""--,_\___' - - _ -
0 1
NMDS1

Figure 2.8. Non-metric multidimensional scaling ordination (NMDS) plot for tree
species composition in 3 diameter categories (<10cm, 10-20cm, >20cm) for 2010

(black ellipses) and 2021 (blue ellipses). All stress values <0.1.

Standing and fallen deadwood

The proportion of deadwood (both standing and fallen) in plots significantly increased
between 2010 and 2021 (t15=-4.2, P<0.001; Figure 2.9). In 2010, no standing
deadwood was recorded in the woodland across the five transects. After 11 years, a
total of 27% (n=92) of available tree stems had been converted to standing deadwood.
Most of the standing dead stems (79%, n=73) were not browsed by beaver and were
located in the 0-4m plots (54%, n=50).

In 2010, fallen deadwood comprised 1% (n = 5) of all stems, increasing to 7% (n=31)
in 2021. In 2021, a total of 58% (n=21) of the fallen deadwood could be directly
attributed to beaver browsing (B_log status) with the remaining 42% (n=10) from other
causes (N_log status). An additional 30 dead tree stems were identified in two sunken

plots which suffered 100% mortality from beaver-induced flooding.
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Figure 2.9. The proportion of stems existing as a) standing and fallen deadwood
(including an additional n=30 stems from two fully submerged plots as a result of
beaver damming) and b) tree stems browsed by beaver as a proportion of the available

tree resource. Vertical, dotted line represents time gap in survey data.

Tree recruitment and regeneration

In 2010, 7.6% (n=40) of all recorded stems were young trees (stems of 1cm diameter).
In 2021, this proportion significantly decreased to 2.4% (n=10) (&s=3.5, P=0.007). Tree
basal area per plot showed no significant change over the 11 years of beaver-browsing
(t15=-0.67, P=0.5). In total, 80% of beaver-browsed tree stems survived. At the end of
the 11-year study period, a total of 48% of browsed trees had resprouted, producing
on average 19.9 shoots per stump (x21.7 SD) which measured an average maximum
length of 27.5cm (£24.9 SD). All beaver-browsed species resprouted, and downy birch
accounted for 98% (n=937) of all resprouted shoots. Resprouting in this species was

highly variable and ranged from 1 to 86 shoots per browsed tree.

Ground vegetation

A significant overall mean relative increase in abundance between 2011 and 2021 was
observed for all non-woody ground vegetation combined (graminoids, bryophytes,
ferns, shrubs, and herbs) (ts7=-4.83, P<0.001). However, the ground cover (%) of
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vegetation was highly variable across individual plots and transects (Figure 2.10).
Year had a strong significant effect on herb ground cover (P<0.001) and a weak effect
on graminoid cover (P=0.05), but no other vegetation categories. Ground cover of
herbs and graminoids were 53% and 41% higher (respectively) in plots after 11 years.
Distance from the shore had no significant influence on the ground cover of any of the

other vegetation categories (P>0.1; see Appendix 2.4)
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Figure 2.10. Mean plot ground cover of non-woody vegetation (%) of five categories:
graminoids, bryophytes, ferns, shrubs, and herbs in 2011 (light grey) vs 2021 (dark

grey) across 16 plots.

2.4. Discussion

Eurasian beaver continue to expand their distribution into highly populated and
managed landscapes. A deeper understanding of beaver foraging preferences and
their potential long-term impacts on woodland composition and structure is therefore
crucial to inform both practical riparian woodland management and adaptive beaver
mitigation. We present evidence that beaver foraging shows strong spatial patterns
and is highly selective of tree species and diameter. Eleven years of selective foraging,
however, had no significant effect on riparian woodland tree composition or structure.
Relative change in stem density or diameter were not influenced by beaver browsing

intensity. However, the observed significant association between relative change in
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stem density and diameter implies a structural shift in woodland plots towards fewer,
but larger stems over time which is consistent with natural patterns of woodland
development. There was also a significant increase in the abundance of deadwood

and ground vegetation cover over time.

2.4.1. Foraging preferences

Tree species

Our finding that beaver foraging preference is strongly influenced by local availability
of trees of specific species and sizes at an individual-site scale is consistent with our
original hypothesis. In Knapdale Forest, birch (66%) and alder (20%) accounted for
most of the browsed stems, but hazel was overall the most preferred species relative
to its availability. In contrast, other studies have found willow species to be the primary
preferred choice in a beavers’ diet (Janiszewski et al., 2017; Jackowiak et al., 2020)
with hazel only being considered the primary choice in habitats that are willow-deficient
(Nolet et al., 1994; Vorel et al., 2015; Wazna et al., 2018). In our plots, willow and
hazel represented only around 8% and 9% of all available tree stems, respectively. In
stabilised beaver populations, long-term beaver foraging pressure can deplete the
food base which results in beavers being compelled to select less attractive tree
species (Misiukiewicz et al., 2016). Knapdale Forest was relatively willow-deficient
prior to the beaver reintroduction (Moore et al., 2011). The available hazel stems may
have been of a more suitable diameter, leading to the beavers’ general preference

over the predominantly larger stemmed willow.

Tree diameter

The utilisation and preference of smaller diameter trees (5-10cm) observed in our
study is consistent with most beaver foraging research (Haarberg & Rosell, 2006;
Janiszewski et al., 2012). One unique study on a 20ha fenced reserve in Flagham
Fen, south-east England recorded preference of beavers for larger diameter trees
(10-30cm), despite ready availability of smaller stems (O’'Connell et al., 2008).
Although beaver foraging decisions are primarily thought to be influenced by energy
requirements, they have also been linked to predation risk (Salandre et al., 2017).
Smaller stems are quicker to cut and are therefore presumed to carry less risk when
feeding on land. Beaver territories in areas with a lower predation risk (i.e., within a

small, fenced reserve) may therefore not accurately reflect the foraging preferences
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of the wider population. A survey of 32 beaver cadavers collected in Scotland
attributed around 16% of deaths to suspected animal predation (Campbell-Palmer et
al., 2021b). Although the main predators of Eurasian beavers (besides humans) such
as wolves (Canis lupus) and lynx (Lynx lynx) have long been extirpated from Britain
(Yalden, 1999), smaller predators such as red fox (Vulpes vulpes), otter (Lutra lutra),
pike (Esox lucius) and birds of prey likely still pose a predation risk to beaver kits in

our study area.

Another potential driver of beaver foraging preferences is anthropogenic disturbance.
Beavers have been shown to choose smaller diameter trees in areas with higher
human disturbance (Jackowiak et al., 2020). In North America, smaller diameter trees
were preferred in urban areas when compared to rural habitats (England & Westbrook,
2021). Furthermore, human disturbance has also been shown to spatially limit beaver
browsing (Loeb et al., 2014). Most beaver-occupied lochs in Knapdale Forest have
low levels of human disturbance. Nonetheless, the potential effects of human
disturbance (and predation) are increasingly relevant from a management perspective

as beavers expand into more densely populated areas that lack large apex predators.

Browsing intensity

After 11 years of beaver occupancy in Knapdale forest, beavers had browsed around
a quarter of trees (26%) located in 0-30m riparian woodland transects. After 75 years
of beaver occupancy in Wigry Park, Poland, researchers reported a similar level of
beaver browsing (24%) across their 0-30m riparian woodland transects (Misiukiewicz
et al., 2016). In our study, the levels of beaver browsing intensity in long and short-
term territories converged within a three-year period, implying that beavers carry out
most felling activity within the initial period of their territory establishment. A study on
a simulated riparian woodland estimated beavers to use 8% more willow stems during
their first year of occupancy compared to subsequent years (Peinetti et al., 2009).
Large differences in the woody biomass removed and consumed were also noted and
thought to be a result of stems being stored in winter food caches (Peinetti et al.,
2009). Although dam building activity at Knapdale has been relatively minor since
beavers were reintroduced (Dowse et al., 2020; Willby et al., 2014), there have been
ample food caches and, in some cases, multiple large lodges recorded for each beaver

family (Harrington et al., 2015). The initial peak in browsing by beavers that we
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observed is presumably associated with the initial construction of primary lodges,

dams, and caches, rather than to meet ongoing dietary requirements.

Distance from shore

Our findings of a concentrated beaver browsing area within 10m from the shore has
also been highlighted in other research (Haarberg & Rosell, 2006; Janiszewski et al.,
2012) and supports the strategy of central-place foraging theory (Raffel et al., 2009).
Another study observed the focal area of beaver browsing extending up to 15m
(Janiszewski et al., 2017). Although bank topography can be a limiting factor, foraging
over further distances from the shore is generally required when preferred resources
are poorer (Wazna et al.,, 2018) or have been depleted (Goryainova et al., 2014).
When a territory borders arable farmland, beavers have been known to occasionally
venture beyond riparian woodland to feed on cereal or vegetable crops (Mikulka et al.,
2020). Beavers are recolonising areas of their former distribution which have become
highly populated and intensely-modified since their absence (Wrdbel, 2020).
Moreover, riparian woodland condition in Scotland is generally poor (Ogilvy et al.,
2022). A combined effect of more populated and extensively farmed landscapes
coupled with low riparian woodland quality raises concerns that human-beaver conflict

may become a more common occurrence.

One suggested mitigation method is to create a wide and attractive buffer zone of
riparian woodland that would discourage beavers from venturing far from rivers in
search of food (Gaywood et al., 2015). A recent study of 17 beaver territories in
Norway found that beavers were significantly less likely to forage on cereal crops when
there was a larger buffer of riparian woodland (Lodberg-Holm et al., 2022). As well as
increasing the width of riparian woodlands, our findings suggest that increasing the
availability of preferred trees (in terms of species and diameter) may help reduce

conflict between beavers and humans.

2.4.2. Woodland change 2010-2021

Tree species composition

We demonstrated that beavers selectively browse trees in strong spatial patterns
within a narrow strip of riparian woodland. Therefore, in these areas, compositional

and structural changes would be expected at a riparian woodland-level over time.
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Contradictory to this hypothesis, there was no significant change in riparian woodland
tree species composition over the 11-year period. Most research has confirmed
changes in tree species composition following prolonged selective beaver browsing
(Johnston & Naiman, 1990; Nolet et al., 1994; Johnston, 2017). Alternatively, tree
composition changes have been attributed to repeated flooding from localised beaver
damming (Hyvonen & Nummi, 2008; Kivinen et al., 2020). Although our observed
changes in tree species composition in Knapdale Forest were non-significant, the
relative increases of woody species associated with wetter soil conditions (alder and
bog myrtle) that were observed could have arisen from minor damming by beavers.
Since certain tree species tolerate flooding better than others (Glenz et al., 2006),
changes in riparian woodland tree composition may potentially be exacerbated at sites

that experience more frequent or severe beaver-induced flooding.

Tree density and diameter

As well as changes in species composition, prolonged beaver browsing has been
demonstrated to influence woodland structure in North America (Martell et al., 2006;
Peinetti et al., 2009; Johnston, 2017). We reported a significant overall reduction in
tree stem density after 11 years of beaver browsing, which is consistent with other
studies (Johnston & Naiman, 1990; Peinetti et al., 2009). However, change in relative
stem density was not significantly correlated with beaver browsing intensity. Plots
located furthest from the shore (16-20m and 26-30m) featured the highest relative
reductions in stem density over time. These observed temporal changes are generally
consistent with the natural progression of woodland development over time. They may
also partly be attributed to other natural environmental factors where storms created
windblow shortly after plots were initially surveyed, leaving adequate time for
decomposition. Additionally, stumps and fallen deadwood may have become hidden

in the deep mossy undergrowth and missed during the meticulous surveys.

In contrast, the highest increases in mean tree stem density over time were observed
in plots located closest to the shore (0-4m), despite being the focal area of beaver
browsing. One explanation involves the high levels of browsing in plots closest to
shore being counteracted by sapling recruitment. Shade-tolerant saplings can persist
underneath the canopy for some time growing rapidly only once a canopy gap is

created (Muscolo et al., 2014). The canopy gaps created by beaver felling are
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therefore believed to facilitate sapling recruitment, especially when combined with
increased soil moisture from damming (Donkor & Fryxell, 1999). Although saplings (or
soil moisture) were not recorded in this study, a significantly lower abundance of young
trees (of 1cm diameter) was observed after 11 years. Saplings in our study may have
established during the initial periods of beaver occupancy when trees were first felled,
and canopy gaps were first created. This would explain higher stem densities being
observed a few years later in plots closest to the shore, by which time saplings have
grown into trees. These findings suggest that although beaver browsing intensity was
not explicitly correlated with changes in stem density in this study, beaver browsing

may play an indirect role in shifting woodland structure over time.

The strong relationship between relative change in density and diameter that we
observed implied a structural shift in the riparian woodland over time. Similar findings
have been illustrated by a long-term beaver browsing model which predicted that
selective foraging creates a more diverse plant structure dominated by medium to
large size trees (in terms of their biomass and height) (Peinetti et al., 2009). In our
study, the structural shift to woodland comprising lower density, larger diameter tree
stems was not universal. A small number of plots (n=3; 20%) shifted towards a
structure of higher density, smaller diameter stems. This suggests that beaver
browsing in our study plots was not widely counteracted by sapling recruitment. It is
likely the result of the persistent removal of smaller, preferred stems, leaving behind

only medium to large diameter stems.

Riparian deadwood

Deadwood is rare in managed woodlands due to commercial forestry practises despite
its importance in woodland function (Keren & Diaci, 2018; Bujoczek et al., 2021). Our
finding of an increased abundance of deadwood in beaver-browsed woodland plots is
not unique (Nummi & Kuuluvainen, 2013). A short-term study in Finland compared
deadwood abundance in beaver ponds to control sites and found beaver ponds had
significantly higher levels of deadwood (Thompson et al., 2016). Surprisingly, most
(79%) of the standing deadwood in our study had not been browsed by beaver. It was
largely located in the plots closest to the shore (54%) which were susceptible to
repeated flooding from beaver damming. It was not possible to distinguish the cause

of tree death in this study. However, we suspect that indirect effects of beaver-flooding,
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as opposed to direct beaver browsing, were the main contributor to tree mortality. The
implications of an increase in deadwood, whether a result of beaver browsing or
beaver-induced flooding, span riparian woodland nutrient cycling and biodiversity
(Radu, 2006). Standing deadwood in particular can act as crucial habitat for saproxylic
invertebrates that survive on dead and decaying plants (Seibold et al., 2018), as well

as roosting bat and bird species (Radu, 2006).

Riparian regeneration

Many broadleaf species sprout vigorous shoots following herbivory —an adaption likely
developed over millions of years of co-evolution alongside grazing herbivores (Del-
Claro & Torezan-Silingardi, 2021). In our study, resprouting was documented in
around half of all beaver-browsed trees. Similar effects have been observed in beaver-
browsed willow and aspen in Scotland (Jones et al., 2009). Research from North
America has shown that fresh, newly sprouted shoots from beaver-browsed trees are
exploited by large herbivores (Baker et al., 2005; Hood & Bayley, 2009; Loeb &
Garner, 2022). Excessive deer browsing is already a major inhibitor of woodland
regeneration throughout Europe (Ramirez et al., 2018) and several authors have
hypothesised about their potential interactions with Eurasian beavers (Jones et al.,
2009; Stringer & Gaywood, 2016). Ultimately, if deer readily consume the regrowth
from beaver-browsed trees (or browse/trample saplings stimulated by canopy gaps)
then there could be cascading effects on key ecological processes that regulate

riparian woodlands.

Ground vegetation cover

Ground vegetation plays an important role in the functioning of riparian woodland
ecosystems (Broadmeadow and Nisbet, 2004). Our observation of an overall increase
in ground cover of graminoids, bryophytes, ferns, shrubs, and herbs after 11-years is
likely a result of increased light and soil moisture levels as a result of beaver browsing
and damming. Other research in Scotland supports this hypothesis. For example, Law
et al. (2017) observed that plants associated with higher light conditions had increased
significantly in an enclosure ten years after the release of beavers. Herbs and
graminoids specifically showed the greatest increases over time in our study. A
substantial increase in the understorey of herbs can improve biodiversity of

invertebrates (Ramberg et al., 2020). Furthermore, graminoids can trap sediment
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which helps to prevent erosion (Broadmeadow and Nisbet, 2004). However, the
increase in ground vegetation may have potential implications for limiting seedling
recruitment due to interspecific competition (Royo & Carson, 2014). Changes in
ground vegetation cover elicited by prolonged beaver activity, whether from browsing
or damming, may therefore have some cascading impacts on overall riparian
woodland function. As well as changes in light and soil moisture regimes, ground
vegetation can also be influenced by grazing deer. Deer grazing can decrease the
cover of some species and even increase the cover of more graze-tolerant species
(Tanentzap et al., 2009; Kirby et al., 2022). If beaver browsing (or damming) is
inadvertently altering ground vegetation cover, this could influence resource

availability for some deer species.

2.5. Conclusions

Assessing the long-term outcomes of beaver foraging is crucial for riparian woodland
management yet is largely unstudied in Europe. Our findings highlight the two main
factors that influence beaver foraging preferences as tree species and diameter. The
importance of local availability of resources and their distance from shore was also
emphasised. Overall, we illustrate that beaver browsing has strong spatial patterns
that can be highly variable between beaver territories. After 11 years of selective
beaver foraging, riparian woodland tree species composition showed no significant
directional change, contrary to our initial hypotheses. Plots underwent a structural shift
to larger, fewer trees but this was not directly correlated to beaver browsing intensity.
The increase in deadwood levels and ground vegetation we observed has implications
for the role of beavers in restoration projects where goals are to increase biodiversity
and habitat heterogeneity. While individual plots or patches of riparian woodland may
see quite drastic changes as a result of beaver browsing, these effects are seemingly
not translated on a riparian woodland-level scale. These findings need to be
considered within the context of riparian woodland management and mitigation of

beaver effects as Eurasian beaver distribution continues to expand.
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CHAPTER 3: TREE FELLING BY EURASIAN BEAVER PROMOTES
REGENERATION IN RIPARIAN WOODLANDS WHILE INCREASING RESOURCE
AVAILABILITY FOR DEER.
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3.0. Abstract

Interspecific interactions can influence ecosystem processes and are sensitive to
species reintroductions. Our understanding of interactions between naturally co-
occurring large herbivores, such as Eurasian beaver (Castor fiber) and long-
established deer species, is limited, despite their potential implications for riparian
woodland regeneration. Observations in Scotland indicate that deer readily exploit the
regenerative secondary shoots that sprout from beaver-felled trees. This study, based
in eastern Scotland, investigates the role of beaver herbivory in riparian woodland
regeneration. We then explore three hypotheses about whether deer are attracted to
this novel resource because it is either a) more readily available, b) nutritionally
superior, or ¢c) morphologically more appealing. We firstly quantified the secondary
shoots available to browsing deer at different heights on felled and standing birch
(Betula spp.) trees in twenty 25m? riparian woodland plots across five well-established
beaver territories (occupancy ten years). Shoots from 156 birch and willow (Salix spp.)
trees with contrasting levels of beaver and deer browsing were then analysed for
nutritional content (nitrogen and carbon) and morphological characteristics (number of
buds and lateral branches). We found that 62% of beaver-felled trees produced
secondary shoots available to browsing deer. Compared to standing trees, resprouted
beaver-felled trees had 18% more secondary shoots, that were significantly higher in
nitrogen content (+13%), but similar in carbon content. These shoots also had a
distinctive height distribution which could be more conspicuous to browsing deer. We
conclude that beaver herbivory can promote riparian woodland regeneration and
heterogeneity by creating a mosaic of mature and multi-stemmed coppiced trees. The

addition of a novel, readily available and nutritious resource through beaver-browsing

54



could also enhance habitat quality for browsing deer, with the potential to affect deer

distribution and feeding habits.

3.1. Introduction

Species reintroductions can play an important role in the mitigation of biodiversity loss
(Seddon et al., 2007). Their main objective is to return extirpated species to their
former range (IUCN/SSC, 2013). Although typically rooted in conservation, the
importance of reintroductions is also highlighted in the field of restoration ecology
where they can be used to reinstate key ecological processes that regulate ecosystem
function (IUCN/SSC, 2013; Tanentzap & Smith, 2018). While it is broadly understood
how predators influence large herbivorous prey, the outcomes of interspecific
interactions between naturally co-occurring large herbivores and their ecosystem
consequences are less studied. The importance of ‘predator-prey’ trophic interactions
in restoration ecology are often overstressed at the expense of non-trophic
interspecific interactions (Kéfi et al., 2012; Ellison, 2019), even though these can be
just as crucial in the shaping of ecosystems (Fontaine et al., 2011; van der Zee et al.,
2016). Indeed, changes in interspecific interactions within trophic levels are arguably
a more realistic outcome of reintroductions in the more managed landscapes and
densely populated countries of Europe where apex predators generally remain sparse.
Wider understanding of such herbivore-herbivore interactions, and their ecosystem
consequences is therefore a priority, especially when species co-occurrence has been
altered through human interventions, e.g., one species has been reintroduced after a

prolonged absence.

The Eurasian beaver (Castor fiber) is a herbivorous keystone species that has
profound effects on riparian woodlands (Rosell et al., 2005). Following their near-
extinction a century ago, beavers are now re-established across most of their former
range through recent reintroductions and natural recolonisation (Halley et al., 2021).
They are now living in highly populated, managed landscapes in countries such as
Germany and the Netherlands (Wrdbel, 2020). Beavers were officially reintroduced to
Scotland in 2009 after an absence of over 400 years. Recent estimates have
suggested that there are now 251 active beaver territories (around 954 individuals)

located across Scotland’s largest catchment (Campbell-Palmer et al., 2021). Beavers
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exert a substantial influence on their food resources which may have indirect
consequences for other grazers. Using their sharp incisors, beavers fell tree stems of
various sizes and species for food and dam/lodge construction materials. This unique
type of browsing can promote tree regrowth in the form of secondary shoots that sprout
from around the cut, akin to the process of coppicing. This behaviour indirectly
influences the abundance of forage that is available for other large herbivores sharing

riparian woodlands, the most common of these being species of deer (Cervidae).

Deer are well-known inhibitors of woodland regeneration (Ramirez et al., 2018). The
main damage to woodlands is caused by excessive feeding on coppiced shoots,
seedlings, and saplings, often before they can replace the loss of mature trees (Gill,
2000; Reimoser & Reimoser, 2010). In Scotland, around a third of native woodlands
are rated as in “poor condition” due to herbivore impacts (NatureScot, 2016). Deer are
identified as a major constraint in the success of Scotland’s native riparian woodland
establishment (Burton et al., 2018; Ogilvy et al., 2022). Deer populations in Scotland
have been steadily increasing over recent decades, particularly since the 1950s. The
primary cause for this increase has been attributed to a significant expansion in forest
cover, alongside a lack of large predators (Scottish Government, 2019). Although the
exact number of wild deer in Scotland is largely unknown, recent estimates suggest
that there are at least 360,000 red deer and 200,000 roe deer (Pepper et al., 2020).
Roe deer are the most common ungulate species in terms of their distribution. They
cover around 74% of the European continent and occupy a diverse variety of
agricultural, woodland, and urban habitats (Linnell et al., 2020). They are also the most
selective forager and adopt a selective ‘browser’ feeding strategy whereby they readily

browse tree buds, shoots, and leaves (Ratcliffe & Mayle, 1992).

Many authors have alluded to the potential effects of interactions between beaver and
established large woodland herbivores in Europe (Jones et al., 2009; Stringer &
Gaywood, 2016; Ogilvy et al., 2022). However, research on beaver-deer interactions
in a European context remains sparse. In North America, changes in woodland
structure, composition, and regeneration processes due to beaver-deer interactions
have been highlighted (Baker et al., 2005; Hood & Bayley, 2009; Johnston, 2017; Loeb
& Garner, 2022). One study in Scotland recorded deer browsing on 68% of beaver-

felled stumps that had produced secondary shoots (lason et al., 2014), suggesting
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that this type of forage offers an attractive resource that would have been absent from
un-coppiced woodlands prior to the beaver’s reintroduction. However, exactly why

deer seem to be attracted to the secondary shoots from beaver-felled trees is unclear.

One hypothesis is that the secondary shoots from beaver-felled trees are a readily
available food source. Studies have shown that roe deer select foods that are more
available, despite being of lower nutritional quality, simply because less energy is
expended in searching for them (Palmer & Truscott, 2003; Borkowski & Ukalska,
2008). This observation has also been confirmed in moose (Alces alces) (Wam &
Hjeljord, 2010). Research in Scotland reported high rates (77-86%) of resprouting in
beaver-felled willow (Salix spp.) trees (Jones et al., 2009; lason et al., 2014). The most
vigorous resprouting following beaver browsing has been observed in birch (Betula
spp.), willow, ash (Fraxinus excelsior) and rowan (Sorbus aucuparia). Poorer rates
have been recorded in species less commonly selected by beaver, such as black alder
(Alnus glutinosa) (lason et al., 2014). Research by Jones et al. (2009) found that
resprouting rates were up to 12 times higher from stumps cut by beaver than from
standing trees. Beaver-browsing could therefore enhance the abundance of forage

accessible to deer and provide a novel resource.

Another hypothesis is that secondary shoots are of higher quality, whether in terms of
nutrition or palatability. Large herbivores have been shown capable of distinguishing
differences in forage quality (P. Duncan et al., 1998; Ball et al., 2000). Research has
demonstrated reductions in palatability after herbivore damage in birch (Wratten et al.,
1984). Birch foliage is also reported to have lower nitrogen and higher phenolic
concentrations for up to four years after leaf removal (Tuomi et al., 1990) implying that
the nutritional value of regrowth from beaver-felled trees might be lower. In contrast,
studies show that herbivore damage in trees can sometimes lead to an accelerated
growth of any remaining parts to quickly offset the loss of biomass (Danell et al., 1985).
A by-product of this accelerated, compensatory growth can be plant material of higher
quality (Haukioja et al., 1990). During these rapid growth phases, some research has
found that production of defence chemicals is low, but as growth slows, more
resources are allocated to defence (Bryant et al., 1983). Two studies have investigated
the chemistry of resprouted secondary shoots (following beaver felling), both from

Fremont cottonwood trees (Populus fremontii) in the USA (Martinsen et al., 1998;
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Durben et al., 2021). They found that the secondary shoots of beaver-felled trees were
of higher nutritional quality when compared to those from standing trees. Despite key
differences in tree (and beaver) species, we hypothesise that secondary shoots from

beaver-felled trees will be of higher nutritional quality.

A third hypothesis proposes that the morphological characteristics of resprouted
secondary shoots could play a role in their selection by deer. Researchers in Sweden
followed the tracks of moose (Alces alces) in the snow and compared the nutritional
content of the bites of forage that were taken to those in the immediate vicinity that the
moose could have taken. The study concluded that plant selection by moose was
related to plant morphology rather than nutritional aspects (Shipley et al., 1998). Roe
and red deer (Cervus elaphus) have similarly been shown to base their foraging
choices on structural aspects of plant morphology (A. Duncan et al., 1998; Renaud et
al., 2003; Prendeville et al., 2015). Other physical features, such as budding on shoots,

are thought to influence the likelihood of browsing by herbivores (Moore et al., 2000)

Currently there is little research to explicitly support any of these three hypotheses in
Europe, as few published studies have investigated the relationship between Eurasian
beaver and foraging choices of deer. If deer are regularly browsing the secondary
shoots of beaver-cut stems, there could be significant long-term implications for the
regeneration of riparian woodland and the distribution of roe deer grazing pressure
more generally. At present, roe deer occupy 74% of Europe (Linnell et al., 2020) and
beavers occupy every European country within their natural range except for Portugal
and the Balkans (Halley et al., 2021; Pucci et al.,, 2021). As beaver populations
continue to expand, interspecific interactions between beavers and deer in riparian
woodlands will become increasingly commonplace. Understanding these interactions

is essential to predict potential ecological effects on the wider landscape.

The overarching aim of this study was therefore to explore the mechanism behind
beaver-deer interactions by firstly examining whether tree felling by beaver can
promote riparian woodland regeneration before investigating the nutritional and
morphological qualities of the regrowth from beaver-felled trees. We tested whether
beaver-felling can promote woodland regeneration through the resprouting of

secondary shoots in trees. We also hypothesised that resprouted secondary shoots of
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beaver-felled trees are a) more readily available, b) nutritionally superior, and/or c)
morphologically more appealing when compared to deer-accessible browse at the

base of trees not felled by beaver (hereafter ‘standing trees’).

3.2. Methods

3.2.1. Study Area

The study was carried out in two catchments of central eastern Scotland, where the
stronghold of Britain’s beaver population occupies habitats ranging from narrow,
shallow drainage ditches and ponds to large deep lochs and fast-flowing rivers
(Campbell-Palmer et al., 2021a). The Tay catchment is the largest in Scotland and
spans 4587km? Woodland covers around 16% of the catchment and contains a
diverse variety of native species dominated by birches and commercial conifers.
Arable/grassland dominates 32% of the low-lying, populated valleys (NRFA, 2022a).
The smaller Forth catchment covers 1036km? of which woodland comprises 22%, with
48% arable/grassland lining the lower valleys (NRFA, 2022b). The four species of deer
known to inhabit the study areas (in decreasing order of distribution area) are: roe,

red, fallow (Dama dama), and sika (Cervus nippon) deer (BDS, 2016).

3.2.2. Survey and Sampling Sites

Beaver distribution maps from Campbell et al. (2012) and Campbell-Palmer et al.
(2021a) were used to identify territories that had been active for around ten years.
Eleven beaver territories were selected at random subject to landowner permission.
Five of these territories were used as ‘survey sites’ to investigate whether tree felling
by beavers promotes the growth of secondary shoots in riparian woodland. Two of
these sites, plus an additional six territories were used as ‘sampling sites’ for sampling
tree shoots for nutritional and morphological analyses (Figure 3.1). All territories
provided access to riparian woodland dominated by birch and/or willow. They
encompassed beaver-felled trees of all ages, ranging from one or more seasons old
(for which enough time had passed to allow resprouting) through to freshly-felled trees
(where insufficient time had passed for resprouting) reflecting the naturally

heterogeneous pattern of resource use in an active beaver territory.

To account for the naturally high variation in the number of beaver-browsed trees

within the territories, four 5x5m plots of varying beaver browsing intensity were
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established at each site. Each survey site included one control plot (no beaver
browsing). Beaver browsing intensity (%) was quantified as the proportion of the total
available tree stems in a plot that had been browsed by beaver. Beaver-browsed
included those that were fully-felled (i.e., a stump), partially-felled (incompletely
severed xylem with some remaining phloem connecting the lower stump and the upper
tree stem) or gnawed (superficial bites of bark from the main stem). Every plot was
located <10m from the water’s edge to reflect the focal area of beaver activity. Downy

birch (Betula pubescens) was the dominant tree species in all plots.
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Figure 3.1. Map of survey (n=5) and sampling (n=8) sites across Tay and Forth
catchments. Two survey sites were included as sampling sites (11 sites in total). Left
insert panels display the plot distribution at each survey site and their beaver browsing

intensity (darker dot colour indicates a higher proportion of beaver-browsed stems).
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3.2.3. Forage availability

To assess the abundance of secondary shoots available to foraging deer in riparian
woodlands, a series of plot-level and individual-tree-level measurements were
taken. The twenty plots (15 with beaver browsing, 5 with no beaver browsing) over
the five survey sites were visited over five days in early-September 2020. Only
secondary shoots originating at a height of <150cm were studied as they comprise
forage in the typical height range accessible to browsing roe deer (P. Duncan et al.,
1998). The status of every tree was classified according to whether it was a) standing
or felled by beaver and b) had secondary shoots originating <150cm above the

ground.

In total, the twenty plots comprised 784 trees. A sub-sample of trees with secondary
shoots originating <150cm were selected at random for further individual tree-level
analyses. Within each plot, measurements were taken for up to five trees fully felled
by beaver that had resprouted secondary shoots. This was repeated for up to five
standing trees also displaying secondary shoots to act as a comparison (Figure 3.2).
Since only those trees displaying secondary shoots were selected for further
measurements, some plots contained fewer than five felled and/or standing trees. The
individual-tree level data recorded were a) tree diameter (cm), recorded 20cm above
ground level using a measuring tape, b) species identity and c) the total number of

secondary shoots arising <150cm above the ground.

To investigate the structure of available deer forage, the secondary shoots were
further stratified into three height categories (<50cm, 50-100cm, and 100-150cm).
Since this depended on both where the secondary shoot originated and its height, an
individual shoot could contribute to more than one height category. For example, if
one secondary shoot resprouted 10cm from the base of a tree and measured 50cm
tall, then it would contribute to the forage available in the <50cm and 50-100cm height
band (Figure 3.3).
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Figure 3.2. Example of birch (Betula spp.) tree a) standing and b) beaver-felled, both

with secondary shoots located within deer-browsing height (<150cm).
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Figure 3.3. Diagram of the stump of a typical beaver-felled tree sprouting secondary
shoots showing the three height-category classification system (<50cm, 50-100cm,

100-150cm) where ‘n=" refers to the number of shoots present in each height band.

62



3.2.4. Forage quality and morphology

To assess the nutritional quality and morphological characteristics of forage available
to deer, a total of 156 shoots (133 from birch and 23 from willow) growing within deer
browsing height (<150cm) were collected. Sampling was at random from independent
trees across eight beaver territories equivalent to a total area of approximately 0.5km?
(see Appendix 3.1) and took place over eight days in mid-November 2020. Shoots
were collected from trees subjected to a four-way combination of beaver felling and

deer browsing treatments:

a. Deer-browsed secondary shoots from beaver-felled trees

b Unbrowsed secondary shoots from beaver-felled trees

C. Deer-browsed secondary shoots from standing trees

d Unbrowsed secondary shoots from standing trees (control).

As deer lack upper incisors, they create a tearing motion when browsing (Bang &
Dahlstrom, 1972). Deer-browsed shoots were therefore characterised by the removal
of the apical bud leaving a frayed, ragged edge (Figure 3.4). Sampled shoots from
beaver-felled trees included any secondary shoots that had sprouted from trees
characterised by a conical stump with visible beaver teeth marks. Secateurs were
used to cut a 30cm length of apical shoot from an average of five trees of each
treatment type at sites, dependent on availability. Samples were sealed in labelled

bags and transported to the laboratory.
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Figure 3.4. Example of a) deer-browsed shoot with characteristic removal of apical
bud and frayed edge and b) example of unbrowsed secondary shoots from beaver-

felled tree.

Morphological analyses

In the laboratory, shoot length (cm) was recorded using a measuring tape and
diameter was measured 2cm from the shoot tip in millimetres using digital callipers.
The buds present on shoots were counted with the aid of a 6x zoom magnifying glass
under light. The total number of lateral branches on each shoot was also counted.
Both the bud and lateral branch count were standardised by expressing the number
of buds or branches per metre length of main shoot. These standardised values were

used in all subsequent analyses.

Nutritional analyses

In the laboratory, the apical 5cm of each shoot was then cut and dried at 60°C for 48
hours. Each dried sample was then separately ground into a fine powder using a
‘Retsch’ ball mill (MM200 model). Approximately 3-5mg of each sample was then
weighed into tin capsules (6x4mm size; ‘Elemental Microanalysis’). All weights were

recorded to the nearest 0.01mg. Total nitrogen (N) and carbon (C) content (%) were
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then determined by dry combustion in a ‘ThermoFisher Scientific’ elemental analyser
(FlashSmart model). C:N ratio, a measure of forage quality, was calculated. A lower

C:N ratio generally indicates higher quality (van der Wal et al., 2000).

3.2.5. Apical bud vs shoot sampling

Deer-browsed shoots collected for nutritional and morphological analyses lacked their
apical bud because it had been removed during browsing. A further small sub-analysis
was therefore conducted to ascertain any possible differences in the C and N content
of the apical bud and apical section of shoot that could influence the main data
analyses. A total of 480 secondary shoots were collected across four of the sampling
sites. Ten shoots (sub-replicates) were collected from each of twelve trees
(replicates), each at four sites using standing birch trees that were unbrowsed by deer.
Samples were collected in November 2021 and were of approximately 30cm in length.
Each shoot and their tip were located <150cm above the ground. In the lab, the apical
buds were separated from the shoots using tweezers. Ten sub-replicate apical buds
collected from the shoots on a given tree were pooled into a single sample to meet the
minimum dried weight of 3mg required for the C and N analyses. Ten apical 5cm shoot
sections from each tree (with apical bud removed) were also similarly grouped for
consistency resulting in an overall sample set of n=96 (apical bud; n=48, shoot minus
apical bud, n=48). All samples were weighed to the nearest 0.01mg prior to drying and
were then analysed for C and N content using the same methodology as the main

sample set.

2.6. Statistical Analyses

Relationships between beaver felling and the availability, nutritional content and
morphology of deer-accessible forage were investigated using linear mixed-effects
models. All models included a random effect of site, except when analysing height-
stratified secondary shoots, which included site and individual-tree as nested random
effects. Response variables were transformed to normal distribution where required,
and covariates were mean and centre-scaled. Potential interactive effects of
explanatory variables were tested and removed from the model when non-significant.
Models were selected for performance based on those with the lowest Akaike

Information Criterion (AIC) scores. Residuals for all models were tested for normality
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and met model assumptions. Statistical analyses and graphs were produced using

packages Ime4, sjPlot and ggplot2 in R Studio version 1.4.1103.

The first model explored forage availability using the total number of secondary shoots
per tree (log-transformed) as the response variable. The following predictors were
included: beaver felling (standing/felled), tree species, tree diameter (cm), tree density
of plot (n trees per ha), and beaver browsing intensity in plot (%). The height structure
of secondary shoots was compared between beaver-felled and standing trees using
the number of shoots per height category per tree (log-transformed) as the response.
The same predictors were included, as well as height category (<50cm, 50-100, and
100-150cm). Post-hoc multiple comparisons were then carried out using Tukey’s HSD

test.

Nutritional value of sampled shoots was assessed using three linear mixed effects
models with N and C content as well as C:N ratio as the response variables (all square
root transformed). Site acted as the random effect. Beaver and deer browsing were
included as separate factors each with two levels (+ beaver, + deer) to allow tests for
interactions between the two browsing types. Tree species identity (birch/willow),
shoot diameter (mm), number of buds (n per m) and lateral branches (n per m) were

also included as predictors.

Morphological characteristics of shoots were examined using two linear mixed effects
models with buds (n per m) and lateral branches (n per m) as response variables with
site as the random effect. Both were square root transformed. Beaver and deer
browsing were included again as two separate explanatory variables each with two
levels. Other predictors included tree species identity (birch/willow) and shoot
diameter (mm). The number of lateral branches could influence the number of buds
and conversely, every bud has the potential to eventually become a branch. Therefore,
when not acting as the response, the number of buds and lateral branches were
included as explanatory variables to assess their relationships with each other. Finally,
differences between the nutritional content of an apical bud vs an apical shoot minus
bud were tested. Two linear mixed effects models were used to test whether the type
of material (bud/shoot) influenced either the N or C content (%; square root

transformed).
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3.3. Results

3.3.1. Forage availability

In our 20 plots, an average of 62% (+7.8 SE, 14—100% range) of all beaver-felled trees
resprouted secondary shoots that were accessible to deer (below a height of 150cm).
An average of 49% (8.4 SE, 0-100% range) of all standing trees had secondary
shoots accessible to deer. Fifteen plots in total exhibited beaver felling activity and in
three of these, every beaver-felled tree displayed growth of secondary shoots. There
were no recorded instances, in the 15 plots where beaver felling activity was recorded,
of no beaver-felled trees resprouting. When testing our first hypothesis, the model
(Figure 3.5) revealed a strong association between beaver felling and the availability
of secondary shoots which were 18% higher on felled trees than standing trees
(P<0.01). Regardless of felling status, secondary shoots were more abundant on trees
located in plots of higher tree density (P<0.01). Additionally, larger diameter trees were

shown to support more secondary shoots (P=0.03).

Beaver browsing intensity (%) in a plot did not explain variation in the number of
secondary shoots (P=0.6). Tree species identity was also investigated, and six species
were recorded: willow (57%; n=81), birch (35%; n=50), alder (Alnus glutinosa) (3%;
n=4) rowan (Sorbus aucuparia) (2%; n=3), ash (Fraxinus excelsior) (1%; n=2), and
wild cherry (Prunus avium) (<1%; n=1). Willow and birch accounted for 92% of species
recorded across the five beaver territories and were therefore the focus of the species
analysis. The analysis showed that the number of secondary shoots were similar

regardless of species with no significant difference between willow and birch (P=0.9).
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Figure 3.5. Forest plot output from a linear mixed model for response variable
secondary shoots per tree (n). Predictors are coloured by significance (grey = not
significant, black = significant). *P=0.05; **P=0.01; ***P<0.001.

The number of secondary shoots available to deer differed significantly amongst the
three height categories (<50cm, 50-100cm, 100-150cm) (P=0.01) as well as between
beaver-felled and standing trees (P<0.001) (see Appendix 3.2). These results were
further reflected in a significant interaction between both height category and beaver
felling in the model (P<0.001). Tukey post-hoc comparisons illustrated that beaver-
felled trees had significantly more secondary shoots in two height categories: <50cm
(P<0.001) and 100-150cm (P=0.02) compared to standing trees. In standing trees, the
shoots were typically distributed relatively evenly across the three different height
categories and thus could be said to be equally available to deer. In beaver-felled
trees, the distribution of shoots showed more variation across height categories
indicating a more heterogeneous organisation and were concentrated closer to the

ground (Figure 3.6).
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Figure 3.6. The height organisation of the number of secondary shoots (log scale) on
trees (n=141) in three height categories <50cm, 50-100cm and 100-150cm in both
standing and beaver-felled trees. Stars indicate significantly different mean numbers
of shoots in height categories between beaver-felled and standing trees from a Tukey
post-hoc groupwise comparison following the model summarised in Appendix 3.2
(*P=0.05; **P=0.01; ***P<0.001).

3.3.2. Forage quality

The total N content (%) of sampled shoots was significantly influenced by whether
trees were felled by beaver (P<0.001) or browsed by deer (P=0.03; Figure 3.7a). The
sampled secondary shoots from beaver-felled trees were 13% higher in N content than
standing trees, implying that the former shoots were of higher dietary quality. By
contrast, deer-browsed shoots demonstrated significantly lower N content (-8%) than
unbrowsed shoots. There was no interaction between beaver felling and deer
browsing. N content was also similar regardless of tree species (birch or willow)
(P=0.6). The mean diameter of all sampled shoots was relatively small with little
variation (2.3mm +0.06 SE) and did not affect N content (P=0.4). The number of |lateral

branches on a sampled shoot also had no effect (P=0.7).
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The relationship between C content (%) and the browsing of sampled shoots was less
pronounced. The concentration of C had a marginal positive association with beaver
felling although this effect was not significant (P=0.06; Figure 3.7b). No differences
were observed between sampled shoots that were browsed and unbrowsed by deer
(P=0.3). The concentration of C was, however, affected by tree species (P=0.03) with
birch shoots more C-rich than willow. Sampled shoots with more lateral branches
contained significantly less C (P<0.01). The concentration of C was not affected by
any other morphological variables of sampled shoots such as the number of buds
(P=0.3), or diameter (P=0.3).

The C:N ratio of sampled shoots showed a strong relationship with beaver felling
(P<0.001; Figure 3.7c). Sampled shoots from beaver-felled trees had a 13% lower C:N
ratio than unbrowsed trees, indicative of higher-quality forage. There were no
significant differences in the C:N ratio of deer-browsed or unbrowsed sampled shoots

(P=0.06), and there were no effects of any other variables in the model.
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Figure 3.7. Forest plot outputs from linear mixed models for response variables a)
nitrogen (N) (%), b) carbon (C) (%) and c) C:N ratio of sampled shoots. Predictors are
coloured by significance (grey = not significant, black = significant). *P=0.05; **P=0.01;
***P<0.001.
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3.3.3. Forage morphology

On average, there were 38 buds per metre (£1.2 SE, 14-97 bud range) of sampled
shoots. The number of buds was significantly lower (-4%) in sampled shoots browsed
by deer (P=0.02; Figure 3.8a), but beaver felling did not explain any variation in bud
density (P=0.6). Buds were not affected by tree species (P=0.3) or diameter of the
sampled shoot (P=0.5), but a strong, positive relationship between bud count and

lateral branching was observed (P<0.001) (Figure 3.9).

There was an average of 6 lateral branches per metre (0.4 SE, 0-29 branch range)
on sampled shoots. Deer-browsed shoots were visibly more branched and had a
significantly higher number (+27%) of lateral branches compared to unbrowsed shoots
(P<0.001; Figure 3.8b). There were no effects of beaver felling on lateral branching
(P=0.1). Tree species had a significant effect in the model (P=0.01) with birch trees
having 27% more lateral branches than willow. No relationship between lateral

branching and sampled shoot diameter was observed (P=0.2).
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Figure 3.8. Forest plot outputs from linear mixed models for response variables a)
buds (n per metre), and b) lateral branches (n per metre). Note that predictor ‘lateral
branches’ is only included in plot A and ‘buds’ is only included as a predictor for plot
B. Predictors are coloured by significance (grey = not significant, black = significant).
*P=0.05, **P=0.01, ***P<0.001.
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Figure 3.9. Relationship between the buds (n per metre) and lateral branches (n per
metre) on sampled shoots subjected to a range of beaver and deer browsing
treatments. Plotted points represent raw data values and the line represents overall

model fit in Figure 3.8.

3.3.4. Apical bud vs apical shoot

When assessing for possible nutritional differences between the C and N content of
the apical bud vs apical 5cm length of the apical shoot, N content was found to be
significantly higher in apical buds (+39%) than apical shoots (P<0.001; Figure 10).
There were also differences in the C content (P<0.001) and apical buds contained on

average 13% more C than apical shoots (see Appendix 3.3).

Although buds contained higher N, the mean fresh weight of an individual apical bud
was very small (1.7 £t0.1 mg SE) when compared to the mean fresh weight of an
individual 5¢cm length of apical shoot (18 £1 mg SE). Since mean bud weight typically
accounted for a relatively small proportion of shoot weight (mean 8.5%), it was
considered very unlikely that the apical bud removal by deer could alone account for

the significantly lower N content observed in the deer-browsed sampled shoots.
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Figure 3.10. The nutritional concentration of a) nitrogen (%), and b) carbon (%) in
plant material (apical bud vs shoot minus bud) collected from an additional subset of

unbrowsed sampled shoots. Stars indicate P<0.001 (model output in Appendix 3.3).

3.4. Discussion

Beaver-felled trees supported more regrowth which was concentrated closer to the
ground and therefore readily accessible to browsing deer. Secondary shoots from
resprouted beaver-felled trees were also higher in quality and contained more N and
C than those from standing trees. Shoots browsed by deer from all trees however,
contained less N, were more branched, and had fewer buds relative to unbrowsed
shoots. We discuss the reasons for this apparent inconsistency below. We also
discuss how our findings help bridge a current knowledge gap in beaver-deer
interactions and can act as the foundation of a wider understanding to inform adaptive

species management.

3.4.1. Beaver felling: implications for woodland regeneration
The finding of a large proportion of beaver-felled trees (62%) with resprouted
secondary shoots is consistent with previous research in Scotland where similar

resprouting rates have been reported in a range of broadleaf species (Jones et al.,
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2009; lason et al., 2014). Many broadleaved species will sprout vigorously following
cuts or stress (Koop, 1987). This adaptation has likely developed over millions of years
of co-evolution alongside the pressure of grazing herbivores (Del-Claro & Torezan-
Silingardi, 2021). In our study, it was evident that mature birch and willow trees had
been transformed into stumps with a multi-stemmed architecture of young resprouted
secondary shoots. A similar effect is achieved through coppicing by people which is
one of the earliest known forms of woodland management (Buckley, 2020). Coppicing
creates structural heterogeneity which is linked to high biodiversity and conservation
value (Kirby et al., 2017). Our results highlight the importance of beavers in a self-

regulating woodland regeneration system.

3.4.2. Forage availability

Our results indicate that beaver herbivory significantly increases the available forage
to browsing deer in riparian woodlands, which confirms our first hypothesis. Habitat
use by deer is strongly determined by the availability of food (Palmer & Truscott, 2003;
Borowski et al., 2021). By providing a novel resource of forage that would have
otherwise been absent prior to the beaver’s reintroduction, tree-felling by beaver may
indirectly exert an influence on the distribution of deer. The length of time required to
search for food also plays an important role in deer foraging (Nudds, 1980). The spatial
arrangement of an increased abundance of secondary shoots concentrated around
the base of a beaver-felled tree may help reduce forage search time for deer and
increase efficiency. It is known that roe deer can track changes in resource availability
by relying on memory rather than perception (Ranc et al., 2021). We hypothesise that
well-established beaver territories may therefore face higher browsing pressures from

deer than newly-established territories.

As the majority of beaver activity is concentrated within 10m of the water’s edge
(Haarberg & Rosell, 2006; Janiszewski et al., 2012; Wazna et al., 2018) we anticipate
this zone as the interface of beaver-deer interactions. Obstacles in woodlands (such
as large logs) have been shown to prevent deer from accessing saplings which
influences their foraging decisions (van Ginkel et al., 2021). Fallen logs from
surrounding beaver-felled trees, as well as flooding from localised beaver damming
may pose barriers to deer access to some resprouted secondary shoots. Although

localised deer densities are difficult to accurately ascertain (Smart et al., 2004), roe
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deer are known to tolerate wading through wetter foraging grounds to selectively
access higher quality browse (BaranCekova, 2004). In contrast, a recent study in
Denmark demonstrated that roe and red deer actively avoided areas of high beaver
activity (Svanholm Pejstrup et al., 2023). However, research in Scotland reported that
68% of beaver-browsed trees located within 30m of the water’'s edge were browsed
by deer (lason et al., 2014). Furthermore, all deer-browsed shoots in our study were
sampled within 10m of the water’s edge, indicating that deer do readily utilise this food

resource, despite potential barriers from localised habitat modifications by beaver.

3.4.3. Forage quality

Our hypothesis that secondary shoots from resprouted beaver-felled trees were
significantly more nutritious than those from standing trees was confirmed. High N
concentrations are known to occur in young, fast-growing tissues to support rapid
protein synthesis during bursts of growth (Mattson, 1980). Previous research has
illustrated that herbivory can induce nutritional changes of C and N in woody plants
(Bryant et al., 1983). As N is an essential dietary nutrient and limiting element for
herbivores (Mattson, 1980), deer are likely to prefer shoots with elevated N
concentrations. Secondary metabolites that serve as plant defence chemicals also
play a role in forage palatability for deer (Budny et al., 2021). Resprouted secondary
shoots following North American beaver felling in Fremont cottonwood trees had 14-
20% higher N (but the same C) when compared to standing trees (Martinsen et al.,
1998; Durben et al., 2021). The findings of both studies were consistent with our own

findings despite differences in tree (and beaver) species.

In contrast, we found that deer-browsed shoots were lower in N than unbrowsed
shoots. From our study design, it is impossible to ascertain whether deer are
preferentially selecting shoots lower in N, or that shoots become lower in N as a result
of deer browsing. Deer-browsed shoots were characterised by the removal of the N-
rich apical bud. However, it was concluded that apical bud removal alone could not
account for the lower N levels due to the low proportion of weight contributed by buds
to an intact shoot. Furthermore, the number of buds on shoots also did not account for
any variation of N in our model. Nonetheless, the apical bud plays an important role in
shoot growth through hormone regulation whilst acting as the main meristem (Muller

& Leyser, 2011). Therefore, potential consequences for shoot growth arising from
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apical bud removal by deer on the secondary shoots from beaver-felled trees should

not be underestimated.

Most of the literature implies that roe deer actively select the most nutritious forage (P.
Duncan et al., 1998; Mancinelli et al., 2015) which suggests that the lower N content
we observed in browsed shoots is a physiological response to deer browsing.
However, the nutritional status of shoots would need to be assessed before and after
deer browsing to explicitly determine cause and effect. Trees have been shown to
respond to unidentified elicitors in the saliva of roe deer, resulting in changes in
phytohormone levels that regulate physiology and development, as well as secondary
metabolites that act as defence chemicals (Keefover-Ring et al., 2016; Ohse et al.,
2017; Barrere et al., 2022). Similar effects have also been observed with moose saliva
(Bergman, 2002). Other factors, such as beaver saliva could pose a similar elicitor

effect on trees during felling, ultimately influencing the chemistry of secondary shoots.

3.4.4. Forage morphology

Plant morphology can play a role in ungulate foraging selection (Shipley et al., 1998;
Prendeville et al., 2015). For example, cafeteria-style experiments with red deer
showed a preference for browsing on taller Sitka spruce saplings (Picea sitchensis)
(A. Duncan et al., 1998). A similar experiment tested red deer foraging preferences for
different forms of oak saplings (Quercus pedunculata) (Drexhage & Colin, 2003;
Renaud et al., 2003). They offered saplings that were structurally ‘normal’ (control),
‘bushy-topped’ (top-heavy without apical dominance) and ‘five-shoot’ (a multi-
stemmed coppice-like form). Their results showed that red deer had a significant
preference for browsing on the coppice-like structure of oaks over the others. In our
study, individual shoots from resprouted beaver-felled trees did not differ
morphologically in their number of buds or branches when compared to standing trees.
However, collectively, the shoots from resprouted beaver-felled trees were
significantly higher in density and had a distinct height distribution arising from fixed
points on the stump. This arrangement is likely to make them more conspicuous to

browsing deer and influence their attractiveness.

Secondary shoots that sprout following cuts or stress are capable of forming large

trees (Koop, 1987) and are therefore arguably of higher ecological importance than
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lateral branches. From our study, it cannot be distinguished whether deer selected
branchier shoots with fewer buds, or that shoots produced more branches and fewer
buds in response to deer browsing. Research comparing fenced and non-fenced plots
of young oak (Quercus petraea) noted that trees browsed by large herbivores were
significantly more branched (Drexhage & Colin, 2003; Churski et al., 2022). An
increase in lateral branching has even been proposed as a defence mechanism that
acts as a “cage” around larger trees to physically prevent herbivores from accessing
vulnerable leader stems (Churski et al., 2022). As well as lateral branching, herbivore
browsing has also been suggested to stimulate changes in morphology in birch trees,
inducing compensatory growth of dormant buds to produce long-shoots with more
leaves than unbrowsed shoots (Danell et al., 1985; Herder et al., 2009). This implies
that a change in shoot morphology in our study may have occurred after deer
browsing, potentially as a compensatory growth strategy, rather than our findings

depicting an initial preference for branchier shoots.

3.5. Conclusions

Tree felling by beaver creates a heterogeneous habitat mosaic of mature trees and
juvenile resprout growth which results in an indirect interspecific interaction with deer
in riparian woodlands through a change in resource availability. Although it is unclear
if the secondary shoot growth can completely replace the trees felled by beaver, our
study confirms that beaver-felling promotes habitat complexity through the growth of
multi-stemmed architecture of secondary shoots. We present evidence that deer are
likely to be attracted to the secondary shoots from beaver-felled trees by confirming
three (non-mutually exclusive) hypotheses. Our finding that secondary shoots from
beaver-felled trees were a) more abundant, b) nitrogen-enriched and c) distinctly
distributed when compared to standing trees suggests that deer will be attracted to
this readily available, nutritious, and conspicuous resource. This change in resource
availability is likely to have significant implications for deer distributions and ongoing
riparian woodland management that merits longer term study where beaver and deer

interact.
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CHAPTER 4: SIMULATED BEAVER-DEER INTERACTIONS AND THEIR EFFECTS
ON AN EXPERIMENTAL RIPARIAN WOODLAND.
Kelsey Wilson', Alan Law' and Nigel Willby'

'Biological and Environmental Sciences, University of Stirling, FK9 4LA, Scotland.

4.0. Abstract

Riparian woodlands are high conservation value habitats but can be dramatically
affected by large browsing herbivores. The Eurasian beaver (Castor fiber) is an
ecosystem engineer that is expanding across Scotland following a long absence, into
riparian woodlands already being structurally affected by deer. Beaver-deer
interactions are understudied in Europe, despite economic and conservation
implications. Here we show, based on tracking the growth of experimental willow
stands, how deer browsing affects beaver-coppiced trees. Grey willow (Salix cinerea)
saplings, common in beaver diets, were planted to mimic 96 resprouted beaver-felled
trees in paired exclosures located along a soil moisture gradient in Scotland. Saplings
were left to develop for two growing seasons to simulate an abandoned beaver
territory. Winter browsing by roe deer (Capreolus capreolus) was simulated by clipping
shoot tips at two intensities (intermediate and heavy). Traits indicative of tree resource
allocation, growth, and structure (specific leaf area, height, diameter, leafy growing
tips) were measured over the year, before and after clipping, and compared with that
of unclipped control trees in a Before-After Control-Impact experimental design. We
found that clipping elicited changes in resource allocation, tree growth and structure,
but responses varied with clipping intensity. Relative to controls, intermediate clipping
resulted in trees with 13% fewer leafy growing tips, while heavy clipping promoted a
5% increase in height. The vertical distribution of leafy growing tips in clipped trees
differed from controls with 28-32% fewer growing tips located in the height range most
accessible to roe deer (50-100cm). Soil moisture was found to exert a strong, positive
influence on tree resource allocation as well as maximum height and diameter. Our
findings show that tree response to heavy clipping was consistent with compensatory
growth to recover biomass, leading to ‘spindly’ trees. Intermediate clipping may divert
willow resource allocation to defence over time, most likely to deter future deer
herbivory. We hypothesise deer browsing of resprouted beaver-felled trees can

suppress tree growth, but effects will depend on deer density. Changes in soil moisture
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associated with beaver damming may also play an important role in regulating beaver-

deer interactions and tree responses.

4.1. Introduction

Riparian woodlands provide invaluable ecosystem services and play an integral role
in the transfer of energy between terrestrial and freshwater ecosystems. They can
provide structural diversity, which in turn allows them to act as a stronghold for
biodiversity (Przepiora & Ciach, 2022), whilst serving as effective wildlife corridors
(Corbacho et al., 2003). Experimental riparian woodland removal has emphasised
their role in regulating nutrient dynamics, sediment, and bank stabilisation (Larson et
al., 2018). They can buffer the aquatic environment from effects of agricultural diffuse
pollution (Turunen et al., 2019). Planting of riparian woodland is also a feasible
mitigation option for easing climate change effects by regulating rising water
temperatures through increased shading (Turunen et al., 2021). Allochthonous inputs
of leaf litter from riparian woodlands are also drivers of basal energy flow in most small
stream food webs (Effert-Fanta et al., 2022; Erdozain et al., 2021). In Europe, most
freshwater habitats were historically bordered by riparian woodlands (Brown et al.,
2018). However more recently, temperate riparian woodlands are considered
threatened habitats (Janssen et al., 2016). In Scotland, surveys have found that over
50% of riparian vegetation is in poor condition with no woody vegetation lining banks
and shores (Ogilvy et al., 2022).

Following near-extinction due to prolonged hunting pressures, the Eurasian beaver
(Castor fiber) has now recently recolonised riparian woodlands across much of its
former European range through reintroduction projects and natural dispersal (Wrobel,
2020; Halley et al., 2021). Beaver dam building can raise water levels and help
transform degraded riparian woodland into a mosaic of complex wetlands by boosting
biodiversity and habitat heterogeneity (Willby et al., 2018; Law et al., 2019). Beavers
are also widely known for their ability to influence the structure of riparian woodlands
through the cutting and felling of trees. Beaver browsing can elicit regenerative
responses in trees whereby multiple shoots sprout from beaver-felled stumps as a
natural form of coppicing (lason et al., 2014; Jones et al., 2009). These unique

damming and tree-felling abilities have led to beavers being labelled as ‘ecosystem
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engineers’ (Jones et al., 1994) and placed them at the forefront of stream restoration
projects (Pollock et al., 2014; Brown et al., 2018). However, beavers are also being
returned (often after long absences) to riparian woodlands in parts of Europe that are

already profoundly altered by native large herbivores.

Around 90% of Europe is occupied by at least one species of wild ungulate (Linnell et
al., 2020). In Scotland, deer (Cervidae) browsing impacts are considered a major
threat to native woodland regeneration (Burton et al., 2018; Ogilvy et al., 2022). Deer
can strongly influence vegetation dynamics (Gill, 1992b; Hester et al., 2010) and their
populations are managed throughout Europe as a result (Reimoser & Putman, 2011).
While deer browsing is a natural component of many woodland ecosystems,
excessive levels of browsing can negatively impact ecological function (Ramirez et al.,
2018). Negative effects of deer browsing can be observed at a local-scale (Joys et al.,
2004) but also at a landscape-level (Petersson et al., 2019). Deer browsing of
coppiced shoots, seedlings and saplings inhibits woodland regeneration (Gill, 2000;
Tanentzap et al., 2009) raising concerns for riparian woodlands of conservation value.
Even at relatively low deer densities (e.g., 4-6 deer km2), damage can be substantial
and is thought to be influenced by additional factors such as climate and landscape
characteristics (Tanentzap et al., 2009; Jarnemo et al., 2014; Spake et al., 2020). Deer
are thought to shift their diets seasonally and generally increase the number of woody
plants in their winter diet (Spitzer et al., 2020). Willow (Salix spp.) can form a
substantial component of roe deer diets in winter (Czernik et al., 2013; Krasnov et al.,

2015) when there are fewer alternative herbaceous plants.

Plant functional traits can be effective indicators when predicting woodland responses
to herbivore grazing (Diaz et al., 2016). Specific leaf area (SLA hereafter) is the ratio
of one-sided leaf area to leaf dry mass (mm®mg-') and acts as a general indicator of
plant resource allocation and relative growth (lanovici et al., 2015; Diaz et al., 2016).
In response to deer browsing, fast-growing species (such as willow) can allocate
resources into carbon acquisition to offset loss in biomass (Palmer & Truscott, 2003).
Other tree species invest more resources into defence in response to browsing, relying
on phenolic compounds to reduce palatability or physical defences such as thorns or
thickened leaves to deter grazers (Coley, 1983; Milewski et al., 1991; Shelton, 2000;
lason, 2005). As a result, fast-growing species tend to have higher SLA and are often
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more palatable to herbivores, whilst defence strategists must invest less in growth and
consequently often have a lower SLA (Abdala-Roberts et al., 2018; Cornelissen et al.,
2003). Deer browsing is generally thought to influence plant growth, structure, and
resource allocation. However, the precise effects on individual trees and the dynamics
of woodlands are highly context-dependent (Hester et al., 2010). Effects can differ with
trees species and age, as well as browsing timing and intensity. Numerous abiotic
conditions also play a role (Gill, 1992b). Therefore, the impacts of deer browsing on
trees are difficult to generalise. Understanding the drivers of this variability is crucial

to predict the responses of riparian ecosystems to ongoing environmental changes.

All native European broadleaved tree species are capable of coppicing or suckering
in response to herbivore browsing (Koop, 1987). Research in Knapdale Forest,
Scotland, has documented resprouting in up to 58% of beaver-browsed trees in
woodland plots. However, this research also highlighted that 68% of the resprouted
trees were subsequently browsed by deer (lason et al., 2014). If regrowth from beaver-
felled trees is subsequently browsed by deer, impeding further growth, there could be
a simplification in the structure of the woodland, and potentially deterioration or even
loss of the habitat. Despite the implications for riparian woodland management and
conservation, the potential woodland impacts of beaver-deer interactions is unstudied
in a European context. In North America, potential changes in forest structure and
regeneration processes due to beaver-deer interactions have been highlighted, where
intense herbivory by large herbivores can disrupt natural beaver-willow mutualisms
and might even exclude beavers at higher herbivore densities (Baker et al., 2005;
Hood & Bayley, 2009; Baker et al., 2012; Loeb et al., 2022). Those findings now
require application to a European context where the pre-existing effects of excessive
deer browsing, well recognised as being detrimental, could potentially be exacerbated

by the addition of returning beavers.

In this study, a novel experimental approach was used to assess the impacts of deer
browsing on beaver-influenced riparian woodlands. In Perthshire, Scotland,
experimental willow stands were established in deer-proof enclosures to mimic a
riparian woodland formed from resprouted beaver-felled tree stumps over a distance
from the water's edge within which beaver would normally feed. Trees were then

manipulated by clipping in winter to simulate deer browsing before being re-measured
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after one growing season. Our study aimed to determine the effects of intermediate
and heavy clipping intensity on the following characteristics of trees: a) SLA, b) height,
c) diameter, as well as d) abundance and density of leafy growing tips. As soil moisture
can play an important role in tree growth in response to herbivory (Bilyeu et al., 2008;
Johnston et al., 2007), the interaction of these responses to clipping with soil moisture
were also determined. We hypothesised that simulated winter deer browsing would
result in trees of a higher SLA, height, and diameter - consistent with documented
growth responses to browsing. A reduction in the abundance and density of leafy

growing tips, as well as an overall effect of soil moisture, were also expected.

4.2. Methods

4.2.1. Study site

The study site is located on a 520-ha privately-owned estate in Perthshire, Scotland
(56° 38' 57.3"N, 03° 16' 59.9"W). Land use on the estate is predominantly organic
agriculture with grazing livestock including sheep and cattle, as well as ecotourism.
Woodland habitat is scattered and comprises plantations, conifers, and native
hardwoods. The experiment was established on a 3-ha patch of sloping semi-
improved neutral grassland in the west of the estate, bordered by a spring-fed burn
(depth 0.1-1m). Eurasian beavers have been present on the estate since 2002 and
have bred annually since 2005. During this study, three-four established beaver
families were present, each consisting of a minimum of a breeding pair and two sub-
adults and/or kits. Roe deer and small herbivores such as brown hare (Lepus
europaeus), rabbit (Oryctolagus cuniculus) and bank vole (Myodes glareolus) are also

present.

4.2.2. Experimental design

We employed a Before-After-Control-Impact (BACI) design (Stewart-Oaten et al.,
1986) to evaluate clipping treatment effects whilst considering the natural variation in
tree growth between growing seasons. In April 2019, three paired 10m x 10m
exclosures (each 100 m?) were established along a perpendicular transect from the
edge of a stream. Paired exclosures (labelled A-F (Figure 4.1)) were located at 0-10m,
30-40m and 50-60m from the stream. A total of 576 grey willow (Salix cinerea) saplings

were sourced from a local nursery and planted in a specific formation to mimic a
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resprouted tree previously felled by beaver. The planting formation (herein referred to
as ‘clusters’) consisted of one taller sapling (50cm in height) surrounded by four-five
shorter saplings (20-30cm in height). The taller sapling represented the felled tree
stump and the surrounding shorter saplings represented secondary shoots that had
resprouted in response to the felling (Figure 4.2).

Sixteen clusters of saplings were planted at 2m spacing inside every exclosure,
totalling 96 simulated resprouted beaver-felled ‘trees.” Each individual sapling was
labelled with a unique numbered waterproof tag detailing its exclosure, cluster, and an
individual sapling identification number to allow reliable repeated measurements.
Saplings were protected from small rodents with one-two stacked 20cm tall ‘Tubex
vole-guard(s) and support was provided with a 1m-tall bamboo cane during the first 6
months of sapling growth. Large herbivores were excluded from each exclosure using
a double row of short fencing (90cm tall) which consisted of an inner standard stock
fence with a rabbit-netting underlayer, as well as an outer row of single line-wire.
Saplings were untouched for two full growing seasons to mimic an abandoned beaver

territory before the survey period commenced in August 2020.
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Figure 4.1. Aerial photos of a) the six outlined 10 x 10 m exclosures labelled A-F (the
blue line indicates the stream) and b) and within-exclosure ‘cluster’ organisation
labelled 1-16.
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25¢cm

Ocm

Figure 4.2. Photo of a) resprouted beaver-felled tree stump (Popul

us spp.) énd
diagram representation of b) of a planted tree cluster in our study (one taller sapling
surrounded by four-five shorter saplings). Photo of c) planted tree cluster in April 2020

with vole guards and bamboo cane supports.

4.2.3. Field surveys

Trees were monitored between August 2020 and August 2021 (one growing season).
Exclosures were becoming dominated by coarse grasses (Dactylis glomerata,
Arrhenatherum elatius and Holcus lanatus) and ruderal species (Urtica dioica and
Rumex obtusifolius), so a 1m? radius around each tree cluster was cleared by
trampling prior to the growing season to facilitate surveyor access. At the start of the
monitoring period, a total of 336 saplings remained (overall initial survival rate of 58%)
with all but one planted cluster containing surviving trees (see Appendix 4.1 for
summary statistics). Diameter of every tree was measured to the nearest 1mm at
~5cm from the ground using callipers. Height (cm) of each tree was measured initially
using a tape measure in 2020 and subsequently with a 3m survey-staff in 2021. At
each cluster, three soil moisture readings were taken using a soil moisture probe

(Delta T-Devices, HH150 model) and the mean (%) was calculated.

At the start of the monitoring period, the number of growing tips were counted per tree.
Growing tips were classified as points of leafy growth on branches (a pair of leaves
that could form a branch or shoot) (Figure 4.3a). Over the course of the experiment,

the foliage of trees became too abundant/dense to then reliably determine the number
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of growing tips per tree. At the end of the experiment, growing tips were therefore

alternatively counted on a cluster-basis.

A grid constructed with 2m length bamboo canes was used to categorise growing tips
into four height bands (cm): <50, 50-100, 100-150, and >150 (Figure 4.3b). Density of
growing tips (n per cm) was calculated by dividing the total number of growing tips per

tree cluster by the summed total of tree height per cluster.

Figure 4.3. Diagram of a) typical willow branch and example of leafy growing tip
counting where numbers represent each counted leafy growing tip, and photo of b)
bamboo cane ‘grid’ used to count and categorise leafy growing tips into four height
bands: <50cm, 50-100cm, 100-150cm and >150cm.

4.2.4. Simulated browsing

Winter deer browsing was simulated through the manual process of clipping trees in
early March 2021 (halfway through the monitoring period). Simulated deer browsing
(herein ‘clipping’) was carried out on a cluster basis. The total number of growing tips
located <150cm from the ground was counted per cluster before calculating how many
growing tips to clip. Clipping treatments consisted of the following three levels: a) no
tips clipped (control), b) 33% of tips clipped (intermediate), and c) 66% of tips clipped
(heavy). These clipping intensities were chosen to reflect a spectrum of the maximum
browsing intensity (68%) that was reported on resprouted beaver-felled trees in

Knapdale Forest (lason et al., 2015). Leafy growing tips were clipped in a tearing
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motion using the blunt side of standard scissors. This motion aimed to mimic the hard
upper mouth plate of roe deer and the frayed edge characteristic of roe deer-browsed
shoots (Bang & Dahlstrom, 1972). Growing tips were clipped randomly but only within
the height accessible to browsing roe deer (0-150cm). Clipping treatments were
dispersed throughout each exclosure with the following conditions: (i) no two same
treatments were applied in adjacent clusters; (ii) only one treatment type in each row
was replicated, and (iii) all three treatments were represented in every row (see
Appendix 4.2).

4.2.5. Specific leaf area (SLA)

To measure SLA, five leaves (sub-replicates) were taken from the tallest tree in each
cluster (replicates) at the start (n=474 leaves), and end (n=472 leaves) of the
monitoring period. Leaves were stored in paper bags to absorb any moisture and aid
preservation. Each leaf was individually photographed within 48 hours of picking, and
its total surface area (mm?) was measured using ‘LeafByte’ (v1.3.0) software. The
leaves were oven-dried at 60°C for 48 hours and their dry mass (mg) was measured
to three decimal places. SLA (mm?mg') was calculated as [leaf area (mm?)/leaf mass

(mg)] and mean SLA was determined for each tree cluster.

4.2.6. Statistical analyses

Statistical analyses and graphs were produced using packages Ime4, car, rescale,
and ggplot2 in R Studio (v1.4.1103). Response variables were transformed to meet
model assumptions of normal distribution where specified. Models were selected for

performance based on those with the lowest Akaike Information Criterion (AIC) scores.

Explanatory variables

Soil moisture was converted to a scale to minimise the effects of high temporal
variation in rainfall. Mean soil moisture (%) at the start and end of the monitoring period
were scaled separately using the ‘rescale’ function in R Studio so that each set of
values ranged from one (driest) to ten (wettest). Clipping was included in all models
as a three-level factor (control, intermediate and heavy). Potential collinearity among
explanatory variables was assessed using variance inflation factors (VIF), and a
Pearson correlation test. Tree diameter and height were collinear (P<0.001) and were

therefore never included in the same model.
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BACI approach

Linear mixed models were used to investigate the following five response variables:
mean SLA (mm?mg"; square root transformed), mean tree height (cm; square root
transformed), mean diameter (cm; log transformed), total leafy growing tips (n; square
root transformed) and density of growing tips (n; square root transformed).
Explanatory variables included were year (2020 or 2021), clipping intensity (control,
intermediate, heavy) and soil moisture (scale 1-10). In line with the BACI approach,
we fitted ‘year’ x ‘clipping’ as an interaction term in each model to test if clipping
resulted in a change in tree responses that differed from controls (unclipped trees)
over the growing season. ‘Tree cluster’ (A1, A2 etc.) was included as a random effect

to account for repeated observations between years.

Relative between-season change

The maximum tree height (cm) and maximum diameter (cm) for each tree cluster was
determined and their relative between-season change was calculated (%). To assess
the effects of soil moisture on tree growth, relative change in maximum tree height and
diameter (%; both square root transformed) were fitted in linear mixed models with soil
moisture (scale 1-10) as the explanatory variable. Soil moisture data in 2020 and 2021
were averaged before scaled from one (driest) to ten (wettest). The effects of clipping
could not be tested on relative change in maximum tree height or diameter as clipping
was carried out at a tree cluster-level rather than individual-tree level. Therefore, it
could not be guaranteed that a specific tallest or thickest stem was clipped precisely
at intermediate or heavy intensity. ‘Exclosure’ (A, B, C etc.) was included as a random

factor to account for repeated measurements within sampling locations.

Vertical growing tip distribution

The vertical leafy growing tip distribution of trees in 2021 was investigated by fitting
the total number of leafy growing tips (n) per cluster located in the each of the four
following height categories as response variables: <50cm, 50-100cm, 100-150cm, and
>150cm (all square root transformed) in linear mixed models. Clipping (control,
intermediate, heavy) and soil moisture (year 2021; scale 1-10) were fitted as

explanatory variables. ‘Exclosure’ was fitted as a random factor.
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4.3. Results

4.3.1. Tree resource allocation, growth, and structure

Regardless of clipping, trees showed significant variation in their growth between the
start and end of the experiment (Figure 4.4). During this time, there was a significant
decline in mean SLA (P<0.001) and increases in mean tree height and diameter, as
well as total growing tips (P<0.001). The BACI models (Figure 4.5) demonstrated that
at the beginning of the experiment, there was pre-existing, significant variation in mean
SLA of the trees. By chance, the mean SLA of trees that were subsequently used as
controls was around 5% lower than trees that were later clipped at intermediate
intensity (P=0.05). No initial significant variation was observed in mean tree height and

diameter, total growing tips, or growing tip density prior to clipping (P>0.2).
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Figure 4.4. Boxplots showing variation between three clipping levels (control,
intermediate, heavy) and years (2020, 2021) in mean a) specific leaf area (SLA,
mm?mg"), b) tree height (cm) and c¢) diameter (mm), as well as d) total growing tips (n)
and e) density of growing tips (n per cm) per cluster. Colours indicate year; white =
2020, and grey = 2021.
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At the end of the experiment, intermediate clipping resulted in trees with significantly
fewer leafy growing tips (-13%) compared to unclipped trees (P=0.05). Heavily-clipped
trees had slightly fewer growing tips (-4%) compared to unclipped trees, however this
effect was not significant (P=0.7). Heavily-clipped trees were significantly taller (+5%)
than unclipped trees (P=0.03), but intermediate clipping had no relationship with tree
height (P=0.8). Mean SLA demonstrated a trend toward a marginal, negative
association with intermediate clipping; however, this effect was non-significant
(P=0.08). Heavy clipping had no significant effect on mean SLA (P=0.6). There was
also no effect on diameter (P>0.1). Compared to controls, growing tip density (n) was
lowest in trees clipped at intermediate intensity (-20%; P=0.1), and heavily-clipped
trees to a lesser extent (-7%; P=0.6), however these effects were not significant. Soll
moisture had a significant, positive effect on mean SLA (P<0.001), but no other tree
response variables in the BACI models (P>0.3). Soil moisture had a significant,
positive effect on relative change in maximum tree height (P<0.001; Figure 4.6a) and
diameter (P=0.01; Figure 4.6b).
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Figure 4.5. Forest plot outputs from linear mixed models. Response variables are
mean a) specific leaf area (SLA) (mm?mg’), b) tree height (cm), c) diameter (cm) as
well as d) total growing tips (n) and e) density of growing tips (n per cm). Predictors

are coloured by significance (grey = not significant, black = significant). *P=0.05.
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10). Plotted points represent raw data values and line represents overall model fit

(summarised in Appendix 4.3).

4.3.2. Leafy growing tip distribution

Regardless of clipping, most of the leafy growing tips were located within 50-100cm of
tree height (40 +2.2% SE), Figure 4.7). However, trees clipped at intermediate
intensity had significantly fewer growing tips (-32%) within this area (P<0.01), but no
other height bands (P>0.2, Figure 4.8) when compared to unclipped trees. Similarly,
heavily-clipped trees had a significantly lower abundance of growing tips (-26%) only
within 50-100cm (P=0.01, Figure 4.8b). This contrast is further evident when visually
comparing the vertical distribution of total leafy growing tips in clipped trees with

unclipped trees (Figure 4.8). The side profile of leafy growing tip distribution of
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intermediate is visually distinct from that of unclipped trees, whereas heavy-clipped

and unclipped trees are closely matched. Higher soil moisture conditions resulted in

fewer growing tips located above 150cm in height (P<0.001), but it had no effect on

the abundance of growing tips located in any other height bands (P>0.07).
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Figure 4.7. Distribution of mean total growing tips (%) in four height bands (<50cm,

50-100cm, 100-150cm, >150cm) on trees with no clipping vs a) intermediate, and b)

heavy clipping (with standard error bars). Images of beaver and roe deer are

approximately scaled to height. Stars indicate significantly different values between

when compared to unclipped (control) trees. *P=0.05; **P=0.005.
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Figure 4.8. Forest plot outputs from linear mixed models. Response variables are
leafy growing tips within a height of a) <560cm, b) 50-100cm, ¢) 100-150cm and d)
>150cm. Predictors are coloured by significance (grey = not significant, black =
significant). *P=0.05; **P=0.005; ***P=0.005.

4.4. Discussion

Understanding interactions between herbivores and how they shape woodland
development is of crucial importance to forestry and conservation management. This
is especially relevant in regions with limited riparian woodland extent and where both
beaver and deer numbers are increasing. This study is the first to describe the
changes in resource allocation, growth and structure of trees influenced by beaver-
deer interactions in a European context. Over one growing season, we found that trees
clipped at intermediate intensity had a significant overall reduction (-13%) in the
abundance of leafy growing tips, compared to unclipped trees. Heavy-clipped trees
were significantly taller (+5%), with no increase in mean diameter. When compared to
unclipped trees, both intermediate- and heavy-intensity clipping differed in their
vertical distribution of leafy growing tips and had significantly fewer growing tips (-28%

and -32% respectively) within the height of 50-100cm. Mean SLA, as well as relative
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change in maximum tree height and diameter, were significantly influenced by soil

moisture.

4.3.1. Specific Leaf Area

At the start of the experiment, all recorded SLA values of simulated resprouted beaver-
felled trees were within the normal range for grey willow (Gervais-Bergeron et al.,
2021). The initial variation in mean SLA is likely a result of unmeasured confounding
environmental factors, such as soil nutrients and light levels (Gong & Gao, 2019). All
mean SLA values of simulated resprouted beaver-felled trees declined over one
growing season regardless of clipping, which is consistent with other research on
willow and can be attributed to age or proliferation of leafing (Dusek & Kvét, 2006). As
higher SLA values generally correlate with increased leaf palatability (Cornelissen et
al., 2003), our results imply that newly resprouted beaver-felled trees may be more

susceptible to deer herbivory than older regrowth.

Contrary to our initial hypotheses, there was no significant effect of intermediate or
heavy clipping on mean SLA. Previous studies on a variety of woody species indicate
that browsing typically results in plants with a higher SLA (Lind et al., 2012; Keefover-
Ring et al., 2016; Hedwall et al., 2018), whereas our data suggested the direction of
an opposite trend in grey willow. To date, there are no studies that specifically assess
how deer browsing influences the SLA of willow. Research on simulated roe deer
browsing on oak saplings (Quercus robur) demonstrated no change in SLA six months
after clipping, which was similar to our findings. However, when measuring the same
oak trees two years later after repeated clipping, SLA was significantly higher (Barrere
et al., 2022). A limitation of short-term studies is that they may not fully account for the
complexity of long-term ecological interactions. The study period of one growing
season in our experiment may not have captured all the changes that could occur in

response to deer browsing.

Unlike our study, Barrere et al. (2022) applied samples of roe deer saliva during their
clipping treatments. Herbivore saliva has been shown to elicit unique chemical
responses in browsed trees (Ohse et al., 2017) and using a combination of both
beaver and deer saliva in studies of future beaver-deer interactions may be

informative. Our findings of a very weak association of intermediate clipping and mean

93



SLA may allude to the direction of a delayed, longer-term effect. It further implies that
intermediate browsing of resprouted beaver-felled trees could elicit an initial shift in
resource allocation from rapid growth into defence over the following growing seasons,
possibly to deter further herbivory. In contrast, heavily-browsed resprouted trees may
adopt the compensatory growth strategy (Crawley, 1984) and prioritise rapid growth
to offset the greater loss of biomass. This pattern may become more evident after

further growing seasons, and with ongoing deer browsing.

4.3.2. Tree height and diameter

Our finding of significantly taller trees with heavy (but not intermediate) clipping further
reinforces the idea that there are two contrasting resource allocation strategies in trees
subjected to differing browsing intensities. The observation of an increase in height
observed with heavy clipping is consistent with the compensatory growth hypothesis
(Crawley, 1984) and may have woodland-level effects. For example, studies have
highlighted that high deer densities in woodlands can lead to tree canopies that are 1-
5m taller (Eichhorn et al., 2017; Reed et al., 2022). Instead of overcompensating in
height growth, other research has shown browsed willow trees were able to match the
height of unbrowsed trees in the following growing season (Guillet & Bergstrom, 2006).
However, this response was highly dependent on the time of clipping (summer vs
winter) and age of trees (new vs old plantation). Compensatory responses were
strongest in old plantations that were clipped in the summer. Compared to young trees,
mature trees have more resources that can be quickly reallocated to regrowth to
recover from browsing. The responses of younger trees observed in our study may
not fully reflect the responses of older trees that have ample resources due to better

established below-ground structure.

Studies in North America have shown that high intensity ungulate browsing can
suppress compensatory growth in simulated beaver-cut willow and produce short,
shrub-like plants (Baker, 2003; Hood & Bayley, 2009). These contrasting findings
illustrate that although an increase in height growth with heavy clipping was observed
in our study, this response is not generalisable and is likely dependent on specific

biotic and abiotic factors.
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Furthermore, the increase in tree height that was observed with heavy clipping was
unmatched by a greater increase in diameter, despite our observations of height-
diameter collinearity. This finding is consistent with research on winter browsing by
moose (Alces alces) which found increased growth in height, but reduced growth in
diameter, in browsed birch shoots (Betula pendula) (Herder et al., 2009). A rapid
increase in plant height would be beneficial to allow the most vulnerable top leader
shoot to grow beyond the reach of subsequent deer browsing (Crawley, 1984).
However, if this growth does not correspond with diameter, then browsing may
produce taller, but thinner trees. This ‘spindly’ profile could be less stable and more

susceptible to damage by wind or snow and other climactic factors.

4.3.3. Leaf abundance and vertical distribution

The observation of reduced abundance of leafy growing tips following clipping
confirms our initial hypotheses. Other research has similarly shown that winter
browsing of willow by elk (Cervus canadensis) produces trees with a lower number of
leaves (Peinetti et al., 2001). Baker et al. (2005) simulated beaver-cutting on willow
trees in North America and subjected them to repeated heavy elk browsing for three
years. The leaf biomass of their elk-browsed simulated beaver-cut willow was around
ten times lower than controls. This implies the effects observed in our study may still
be evident after future growing seasons, although grazing is also unlikely to be a one-
off event and effects seen after one season may be reinforced by successive seasons
of browsing. However, our methodology differed from Baker et al. (2005) in that they
analysed effects of natural elk browsing rather than simulated clipping. During
foraging, herbivores are known to deposit nutrients through their dung and urine into
the soil (Haynes & Williams, 1993) which can ultimately influence tree growth.
Although our study lacked herbivore nutrient import, we were able to remove biomass
in a controlled and quantified manner that would be unachievable through natural

browsing.

Although simulated browsing in our study removed leafy material from trees <150cm
in height, clipped trees had significantly fewer leafy growing tips located specifically
within 50-100cm after one growing season, but in no other height bands. In our study,
clipped trees had the opportunity to compensate for the removal of leafy growing tips

during the following growing season. The lack of growing tips on clipped trees
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specifically within 50-100cm observed after the growing season may hint at an indirect
strategy that helps trees avoid extensive future roe deer herbivory. Roe deer prefer to
forage around their shoulder height for ease (~75cm) (Nichols et al., 2015). Roe deer
browsing has been shown to alter the biomass distribution in exclosure experiments
on young oak trees where browsed trees had a higher proportion of biomass located
belowground (Drexhage & Colin, 2003). The reduction of leafy growing tips located
within 50-100cm in our study was not accompanied by greater amounts in any of the
other height bands. It is unclear whether trees may have alternatively diverted their
biomass into their root system, although this might provide greater stability to the
heavily-browsed trees that become spindlier. Nonetheless, if winter deer browsing
results in resprouted beaver-felled trees with consistently fewer leafy growing tips,
there could be cascading ecological implications for insect pollinators (McDermott et

al., 2021) or bird species (Gill & Fuller, 2007) that rely on understorey foliage.

Our findings showed that trees clipped at intermediate intensity had a lower (-20%)
growing tip density. However, contrary to our hypothesis, this effect was non-
significant. Although not entirely consistent, the literature generally implies that
repeated browsing of the top leader stem in some tree species can suppress growth
and result in bushier trees (i.e., higher leaf density), whereas browsing of the lateral
branches can result in compensatory growth and spindlier trees (Kupferschmid, 2007).
The leafy growing tips in our study were clipped at random, but always below 150cm.
Therefore, it was possible that the leader stem was clipped in some but not others,
especially in trees that were already taller than 150cm. Pépin et al., (2006) noted that
the top leader stem of some willow seedlings could be browsed by deer once and still
result in compensatory growth. The regrowth from beaver-felled stumps initially
consists of several unbranched shoots. If changes in tree structure in response to
browsing are dependent on whether the top leader stem is browsed, then we
hypothesise that deer browsing of secondary shoots from beaver-felled trees will

generally result in suppressed growth.

4.3.4. Soil moisture
The strong, positive correlation between soil moisture and mean SLA was indicative
of trees directing their resource allocation into rapid leaf growth in wetter soils.

Although soil moisture had no relationship with mean tree height or diameter in the
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BACI models, there was a significant, positive effect on maximum tree height and
diameter. This indicates that higher soil moisture conditions allowed the dominant
stem in each cluster to grow faster, an effect which may have been masked by the
height of the shorter stems included in the averaged height and diameter values. While
trees growing near standing water will naturally be subject to greater water logging
influence, beaver dam construction can result in localised increases in soil moisture
(Law et al., 2017). Soil moisture has been shown to decrease with distance from
beaver ponds (Donkor & Fryxell, 2000). This damming effect may be over and above
the basic topographic one and may alter seasonal soil moisture regimes, keeping them
higher in summer. Studies have shown that wetter soils can allow willow trees to grow
tall quickly enough to potentially escape the browsing height of elk (Bilyeu et al., 2008).
In our study, there was no significant interaction between soil moisture and clipping
on any of the tree growth responses. However, the significant effect of soil moisture
on SLA and maximum tree height/diameter strongly highlights the potential importance

of this abiotic variable in the dynamics of beaver-deer interactions.

It has been recognised that prolonged high soil moisture conditions (i.e., flooding) may
not always result in healthy trees and can impede the survival of willow (Pezeshki et
al., 1998). However, increased soil moisture through beaver damming also may be
able to negate some of the effects of deer browsing. We found that trees growing in
wetter soils had significantly higher SLA. Beaver damming may therefore have a
similar result and shift the tree’s resource allocation towards rapid growth. Inevitably,
this would allow trees to grow quicker, placing their top leader stem out of reach of
browsing deer. As soil moisture generally tends to decrease with distance from the
shore, we can hypothesise that woodland further from the water's edge might see the

most prominent structural changes from deer browsing.

4.5. Conclusions

The potential impacts of beaver-deer interactions are virtually unstudied in Europe yet
are of crucial significance for riparian woodland conservation and management. We
demonstrate that after one growing season, beaver-deer interactions can systemically
alter the resource allocation, growth, and structure of riparian trees. The intensity of

browsing is most likely to result in contrasting responses in trees. Intermediate
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browsing may eventually result in better-defended trees that are less palatable to
herbivores, whereas heavy browsing may produce rapid-growing ‘spindly’ trees. From
our findings, we hypothesise that deer browsing of resprouted beaver-felled trees is
likely to suppress tree growth. However, individual-tree-level responses are likely
highly-specific and dependent on the key characteristics of plants (age and species),
deer browsing (intensity and frequency) and their local environment (soil moisture
levels). Beaver damming and its effect on soil waterlogging may also regulate the
dynamics of beaver-deer interactions and future research should therefore not be

based on browsing alone.
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CHAPTER 5: GENERAL DISCUSSION

Freshwater ecosystems have been described as some of the most sensitive
ecosystems to global change (Feld et al., 2018). Planting and restoring riparian
woodlands can mitigate some of the effects of global change on freshwaters, whilst
providing numerous ecosystem services (Woodward et al., 2010). Reintroductions are
also being increasingly utilised as nature-based solutions in the field of restoration
ecology to restore lost ecological processes that produce resilient, biodiverse, self-
regulating ecosystems (Tanentzap & Smith, 2018). However, the reintroduction (or
removal) of one species can completely reshape the structure and functioning of
ecosystems, with potentially significant knock-on effects (Ripple & Beschta, 2012).
These knock-on effects may subsequently conflict with other restoration policies, such

as those aiming to protect or enhance riparian woodlands.

Many reintroductions in restoration ecology focus on restoring top-down trophic
interactions (Kéfi et al., 2012). Few studies focus on the interspecific interactions
between herbivores (such as beaver and deer). As a result, herbivore interspecific
interactions are rarely considered or included in policies or woodland targets, despite
their potential role in shaping ecosystem function. Furthermore, it is uncommon for
riparian woodlands to be specifically included in targets and they often fall between
the cracks into a category of either wetland or woodland (Ogilvy et al., 2022). Arguably,
neither of these designations fully encompasses the vast ecological benefits and

services that arise from their unique ecotonal position.

This thesis comprises the first research in a European context to explore beaver and
deer interactions in riparian woodlands in detail. The hypotheses explored are rooted
in preliminary field studies, literature reviews and key modelling studies from North
America. The findings of studying the combined effects of beaver and deer browsing,
in a habitat of high conservation value, provide new insights into woodland resilience

in the face of evolving global change.

5.1. Thesis summary
The introductory chapter of this thesis highlighted how beaver and deer populations

are expanding and that they can each independently present significant influences on
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riparian woodlands through browsing. A pertinent research gap was identified in
beaver-deer interactions in European riparian woodlands, with implications that span

beaver, deer, and riparian woodland management.

In Chapter 2, we investigated beaver tree foraging preferences and long-term impacts
(11 years) of beaver browsing in riparian woodlands. As beavers are highly selective
foragers known as ‘ecosystem engineers’ and ‘keystone species’ (key drivers of
landscape change) (Jones et al., 1994), we expected to see pronounced changes in
woodland structure and composition over 11 years. The main finding from this study
was that changes may be relatively more subtle than anticipated. Although beaver
browsing can have significant impacts on trees at a patch scale, the woodland-level
effects of browsing are less obvious over time. Other key findings that can inform
beaver management are that beavers were highly selective for tree species (e.g.,
hazel) and smaller diameters (<10cm) and predominantly forage within 10m of the
shore. While tree felling by beavers can be a very graphic localised influence, dam
building, subsequent inundation and death of trees is likely a more wholesale and

drastic influence.

3

SR
Figure 5.1. Surveying woodland transects inundated due to localised beaver damming

in Knapdale Forest, Scotland (K Wilson, November 2019).
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In Chapter 3, we then investigated how tree felling by beaver influences woodland
regeneration, before determining the drivers behind their interaction with deer. We
found that beaver felling actively promotes the growth of secondary shoots, but we
were unable to ascertain if tree felling by beaver fully replaces mature trees.
Furthermore, we discovered that tree felling by beaver provided deer with a nitrogen-
enriched, abundant, novel forage that would otherwise be absent in un-coppiced

woodlands without beavers.

Chapter 4 then delved into the mechanistic aspects of beaver-deer interactions. We
planted an experimental riparian willow woodland to assess how deer browsing on
simulated beaver-felled trees affected their resource allocation, structure, and growth.
We found that after one growing season, simulated deer browsing (clipping) had
significant impacts on growth and structure, which varied with clipping intensity and
soil moisture. Intermediate clipping resulted in trees with significantly fewer leafy
growing tips and a weak association with higher SLA, implying a future shift in resource
allocation towards defence (Figure 5.2). Heavy clipping produced significantly taller
trees, consistent with compensatory growth to recover biomass, potentially leading to
‘spindly’ trees.

Beaver Browsing + Deer Browsing = Beaver-Deer Impact

|l number of
leafy growing tips

Figure 5.2. Diagram summarising the main findings arising from beaver-deer

browsing interactions in Chapter 4.
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This final discussion chapter now focuses on a review of our approaches in the context
of future research needs, before using the main findings of our research to hypothesise
predicted outcomes and propose guidance for managing deer and riparian woodlands
in the presence of beavers. The significance of these findings is also placed into the

wider context of conservation policy, habitat restoration and species reintroduction.

5.2. Experimental methodology & future research

A wide range of techniques were used to establish relationships between beaver and
deer in riparian woodlands in this thesis. In Chapter 2, the primary consideration was
to ensure that our data collection methods were compatible with the previous study by
lason et al. (2014) in the same study area to allow a valid assessment of change.
Although this provided the baseline for a set group of variables to record, our scope to
deviate from the original methods was limited. The visual analyses of ground
vegetation cover could be viewed as subjective, and research has shown high levels
of decadal environmental variation in ground vegetation cover (Kirby et al., 2022). A
full census of ground vegetation species diversity (richness and coverage of each
species) would be more reliable and provide more detailed information on key shifts
in species-richness or functional traits over time. Although the monitoring period of 11
years is seemingly the longest study on Eurasian beaver foraging to date, it is still a
remarkably short period of time when compared to the beaver’s extirpation. North
American studies have demonstrated important long-term impacts of prolonged
selective browsing by beaver, such as shifts in woodland composition (Johnston &
Naiman, 1990) and woodland structure (Peinetti et al., 2009). Resurveying Knapdale
Forest transects after a further 30 or 40 years will provide key insights on Eurasian
beaver territory persistence and whether selective browsing alters woodland

composition and structure over the longer term.

In Chapter 3, the palatability of secondary shoots from beaver-felled trees for deer was
investigated by measuring levels of nitrogen (N) and carbon (C). Although N and C
are effective indicators of nutritional content, there are an array of components that
contribute to the palatability of forage (Bryant et al., 1983). Leaf removal often induces

the production of defence metabolites rendering foliage less palatable (Tuomi et al.,
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1990). Comparing defence metabolites (such as phenolic acids, tannins and flavanols)
in unbrowsed and deer-browsed material will provide further insight to the
physiological factors behind beaver-deer interactions. Furthermore, plant species
respond to herbivory in different ways (Bryant et al., 1983). Our research mainly
focused on birch and willow due to their local availability, but other woody species
should also be investigated to gauge a wide range of potential plant responses to
beaver-deer interactions. Although we found that herbivory responses are highly
context-dependent, understanding the drivers of this variability in a variety of contexts

is critical to predict riparian ecosystems responses to ongoing global change.

Exclosure experiments are crucial in understanding herbivore interactions (Hester et
al., 2000). Our experimental woodland study (Chapter 4) was initially designed to
include natural deer browsing in the paired exclosures as opposed to simulating deer
browsing via clipping. Half of the fenced exclosures were opened to deer browsing but
remained closed to beaver browsing by removing the outer layer of line wire.
Exclosures were monitored over winter using camera traps, but no deer entered to
browse on the willow (but readily grazed around them (Figure 5.3)). This selective
fencing method was not effective, possibly due to shortcomings in the exclosure
design where the exclosure area was too small for deer to easily jump in/out (Pepper,
1999) or due to the ready availability of forage externally. In place of natural browsing,
the experiment was adapted to simulate deer effects by clipping. The input of deer
nutrients (urine and dung) or ungulate salivary components can have significant
impacts on riparian woodlands (Ohse et al., 2017; Riesch et al., 2022). Nonetheless,
the clipping methodology was beneficial as it allowed precise control over the browsing

intensities, which we could not have achieved using wild animals.
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Figure 5.3. Camera trap image from exclosure experiments in Chapter 4 at Bamff
Estate, Perthshire. Roe deer on right hand side (K Wilson, February 2021).

There are ample means of manipulating the experimental design of Chapter 4 to
answer key interspecific herbivore browsing questions. Given the opportunity to repeat
the study without a restricted timeframe, we would simulate beaver felling on mature
willow trees and then monitor the process of resprouting (i.e., timing, rate). Mature
trees are potentially more resilient to browsing than young trees due to an increased
reserve of resources that can be quickly diverted to recovery. This alternative design
could firstly provide insight into woodland regeneration in beaver territories. The
impacts of simulated and natural deer browsing could then be compared between
exclosures to investigate the role of confounding biotic factors such as deer nutrient
inputs and saliva. Additionally, deer and beaver entry could also be permitted into
selected exclosures to assess hypotheses of competitive exclusion and woodland
responses under a double browsing pressure. Plans are in place to continue this
experiment in 2023 and make assessments on the effects of repeated browsing over
further growing seasons. In general, although our research focuses on the herbivory
aspects of beaver-deer interactions, we found evidence that soil moisture may also
play an important role in the dynamic. The effects of beaver dam building should

therefore be incorporated into future beaver-deer studies.
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Figure 5.4. Aerial view of two of six exclosures established to investigate beaver-deer

interactions in Chapter 4 at Bamff Estate, Perthshire (A Law, April 2019).

5.3. Outcomes & wider implications

5.3.1. Beaver management

Mammalian herbivory plays a pivotal role in shaping ecosystems, however it can also
be a major source of human-wildlife conflict (Reimoser & Putman, 2011). Human
wildlife conflict is a global social issue that can threaten human livelihoods and
influence the outcome of animal reintroduction and conservation projects (Madden,
2004). In 2022, the human population surpassed eight billion and is expected to reach
9.7 billion in 2050 (United Nations, 2022). Humans are therefore likely to come into
increasing contact with wildlife populations and conflict may become a more common
occurrence. Understanding the foraging preferences of key herbivore species,
especially when they have been absent for centuries, can allow us to manage their
impacts and mitigate any conflicts that may arise more effectively.

Beaver management has polarized landowners and conservationists for decades in

Scotland (Coz & Young, 2020), Europe (Wrébel & Krysztofiak-Kaniewska, 2020) and
North America (Yarmey & Hood, 2020). Like deer, beaver management issues
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typically concern the farming and forestry industries (Wrobel & Krysztofiak-Kaniewska,
2020). For example, 60% of all beaver management problems in Scotland in 2018-
2019 were recorded on agricultural land (Campbell-Palmer et al., 2021a). Whilst
beaver damming appears to result in the highest number of human-beaver conflicts,
tree-felling also plays a significant part (Janiszewski & Hermanowska, 2019). The
foraging preferences of beavers are generally well studied (Haarberg & Rosell, 2006;
Janiszewski et al., 2017; Wazna et al., 2018); however, Chapter 2 of this thesis
comprises the first study to monitor the impacts of Eurasian beaver foraging over a
prolonged period (11 years). Our findings demonstrated that beaver browsing had no
significant changes in woodland composition over this period. Although beavers may
still have drastic patch-scale impacts during their initial arrival into a territory, it may
come as a relief to some landowners to know that the structure and composition of the
riparian woodland will not be significantly altered by beaver browsing over these time

scales.

In Chapter 2, we also demonstrated clear beaver foraging patterns in a sample size
comprising around 600 trees. Recent research in the Czech Republic studied beaver
foraging preferences in around 22,000 trees (Mikulka et al., 2022). Despite
dramatically different sample sizes and environments, the foraging preferences of
beavers were almost identical in terms of preferred species, diameter, and distance
from the water. These findings confirm that beaver foraging is highly predictable which

is potentially valuable information when trying to mitigate human-beaver conflicts.

Current beaver management and mitigation solutions involve a combination of culling,
translocation, and practical mitigation techniques. Many European countries such as
Norway, Sweden and Finland have a seasonal, fixed hunting period for beaver (Parker
& Rosell, 2001). The Scottish Government’s decision to issue licences to cull beavers,
a species protected under EU law, has however proved controversial. Translocations
are generally the offered alternative and involve rehoming ‘problem beavers’ to less-
populated areas. Other non-lethal practical mitigation techniques involve wrapping
trees with mesh wire or layering them in deterrent paint (Campbell-Palmer et al., 2016;
Westbrook & England, 2022). Fences and human paths are also effective in
preventing riparian vegetation damage (Nolte et al., 2003; Loeb et al., 2014). Installing

flow levelling devices (‘beaver deceivers’) into dams are an effective technique for
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reducing inundation of roads and pathways (Taylor & Singleton, 2003). However,
these solutions are quick-fixes and are often only applied after an initial problem has

been identified, by which point it is often too late for preventative methods.

LS . 3

Figure 5.5. An example of human-beaver conflict: beavers begin felling a large
(~40cm diameter) poplar tree (Populus spp.) in the direction of a busy road in
Perthshire (K Wilson, October 2022).

The root of the human-beaver conflict problem in Scotland (and likely elsewhere in
Europe) lies within the current poor state of riparian woodlands and their contracted
distribution (Brown et al., 2018). With fewer, and poorer quality riparian woodlands,
beavers may have little option but to venture into agricultural or populated areas in
search of food. This scenario of poor-quality habitat, coupled with an increasing human
population, is synonymous with most human-wildlife conflicts around the world. For
example, degraded forest habitats in India have driven large herbivores such as nilgai
(Boselaphus tragocamelus), and Asian elephant (Elephas maximus) to raid crops,
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affecting local livelihoods (Tahoor et al., 2021). Planting high quality riparian
woodlands along water courses on a national scale - most likely to happen for reasons
of stream or floodplain restoration, diffuse pollution reduction, or climate mitigation -
may also therefore offer a long-term, preventative solution to human-beaver conflicts.
Knowing that beaver foraging follows highly predictable patterns can help us tailor
where best to enhance riparian woodlands to prevent human-beaver conflict before

problems occur.

Figure 5.6. A thin strip (<10m) of degraded riparian vegetation separates the river Isla
(left) and a cider apple tree (Malus spp.) plantation (right) in Perthshire (K Wilson,
October 2020).

5.3.2. Deer management

Understanding the spatial ecology of large herbivores throughout the world is crucial
due to their ability to influence vegetation, wildfires, and ultimately climate (Owen-
Smith, 2014; Ramsay et al., 2022). Many large herbivores have undergone declines
in recent decades; however, deer populations are increasing (Ripple et al., 2015).
Their distribution is strongly dictated by the availability of food (Palmer & Truscott,
2003; Borkowski & Ukalska, 2008). We observed that beaver-inhabited riparian
woodlands had a higher cover of herbs (Chapter 2) and abundance of nutritious
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secondary shoots (Chapter 3). Therefore, we infer that tree felling by beaver may
ultimately influence deer distribution by attracting them into riparian woodlands.
Potential shifts in deer distribution could have important consequences for their

management as well as vegetation dynamics.

Deer can contribute to extensive commercial crop damage (Putman & Moore, 1998).
In 2018, around 40% of the total European Union area comprised agricultural land
(Eurostat, 2018). Meanwhile, Eurasian beaver populations are expanding rapidly into
populated, managed, low-relief areas in western and central Europe (Wrdébel, 2020).
If tree felling by beaver promotes an abundant, nutritional, and novel source of deer
forage located within the riparian woodlands that border arable farmland, then a
diversionary feeding effect may be created for deer. As well as lessening deer
browsing impacts on crops, this effect could also reduce deer impacts on managed
commercial forestry stands located close to riparian woodlands. Diversionary feeding
of ungulates has shown to be an effective, but costly, mitigation method (Kubasiewicz
et al., 2016). Our findings suggest that beavers could naturally provide this ‘service’
for free. Furthermore, deer reproductive and survival rates, as well as increased
weight/condition, are associated with an increase in forage availability (Milner et al.,
2014). Tree felling by beavers may therefore support an increase in the productivity of
deer populations living in and around beaver-inhabited riparian woodlands. However,
it is unlikely that tree felling by beaver would have a significant positive impact on

overall deer population numbers.

Another scenario is that deer may eventually outcompete beavers. Hood and Bayley
(2008a) implied that in restricted-quality habitats in Canada, beaver and ungulates
could forage to the point of competitive exclusion. They showed that heavy deer
browsing suppressed the growth of trees preferred by beavers which led to beavers
having to adapt their foraging strategy. It was found that competitive beaver-deer
exclusion could be ‘buffered’ and both species could thrive - but only in high quality,
diverse riparian woodlands. In terms of competitive exclusion, deer utilise a specific
niche of the total woodland resource that is typically not browsed by beavers i.e.,
saplings. Deer forage on young saplings and twigs of several millimetres in diameter
(Gill, 1992a), whereas beavers typically browse stem diameters of >3cm (Haarberg &

Rosell, 2006). By stimulating tree suckering, beaver felling has the potential to
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increase the resource of the stem size preferred by deer therefore leading to an
increase in beaver-deer interactions. If deer repeatedly hinder the development of
saplings into mature trees through intensive browsing, there may be a reduced
resource for beavers in the future. The scenario would be particularly applicable in
degraded (or newly-established) riparian woodlands that lack trees of diverse species,
ages, and sizes. However, in mature, diverse, and resilient riparian woodlands, it is

expected that beavers and deer will generally occupy two distinct browsing niches.

If beavers are forced out of riparian woodlands by deer, they may enter more human-
dominated landscapes, which could lead to more human-beaver conflict. It could be
argued that this is a likely scenario in Europe in future years because riparian
woodlands are currently severely restricted in their quality and extent (Brown et al.,
2018). A recent study in Denmark investigated how beavers influence space use by
deer but found that roe and red deer avoided areas of high beaver activity (Svanholm
Pejstrup et al., 2023). Ultimately, these findings were attributed to anthropogenic
disturbance, which was thought to supersede the influence of beaver activity on space

use by deer.

Furthermore, a process-orientated model developed by Baker et al. (2012) in the USA
demonstrated that there is a specific ecological threshold of ungulate density that
beaver can tolerate before being excluded via food limitation. Their threshold value
(<20 elk km?) is not applicable to a European context due to fundamental differences
in species and environment. Nonetheless, there is likely to be a particular threshold of
deer density that maintains a functional beaver-deer dynamic in Scotland, although
this is likely to be highly site-specific. Deer populations are still rising throughout
Europe despite continuous culling efforts (Linnell et al., 2020; Carpio et al., 2021).
Therefore, resting the solution to the beaver-deer interaction problem on deer culling
alone may be unrealistic. Targeted effort and funding should alternatively be invested
into protecting, planting, and enhancing riparian woodlands to reduce the potential risk

of beaver-deer competitive exclusion.
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Figure 5.7. Riparian vegetation quality in Scotland based on Morphological Impact
Assessment System surveys in 2015-16. Red indicates ‘poor quality’ riparian

vegetation. Adapted from Ogilvy et al. (2022).

5.3.3. Riparian woodland management

Woodland expansion and restoration is a global aim. For example, the ‘Bonn
Challenge’ is a campaign that aims to regenerate 350 million ha of deforested and
degraded landscapes across the world by 2030. Scotland has pledged to support this
challenge and has outlined ambitious woodland creation goals (Scottish Government,
2019). Scotland’s Forestry Strategy (2019-2029) aims to restore native woodland by
working with private woodland owners and deer management plans. However, the
detailed 50-page strategy fails to mention riparian woodlands. In scientific literature
and policy, riparian woodlands tend to be categorised as either woodlands or
wetlands, arguably neither of which accurately represents this unique habitat. Beavers
are also not mentioned in Scotland’s Forestry Strategy despite their ability to shape
riparian woodlands. Although it is unclear if the regrowth that is stimulated can
completely replace the trees felled by beaver, our research confirms that beaver-felling
promotes multi-stemmed architecture. Provided that deer do not suppress this
regrowth through browsing, tree felling by beaver may thus contribute to wider riparian

woodland expansion and restoration goals. However, it should be noted that beavers
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can only revive degraded riparian woodlands in places where there are at least some

trees to transform.

Rewilding and restoration

The use of beaver reintroductions in restoration ecology has been described as ‘a
cost-effective means of repairing degraded riparian areas’ (Ripple et al., 2022). In
recent years, ‘rewilding’ has been a frequently used term in conservation around the
world. Rewilding encompasses many definitions but broadly describes the process of
returning degraded landscapes back to their former unmanaged ‘wild’ state
(Jargensen, 2015). There are multiple branches of rewilding, not all of which include
translocations or reintroductions (Hayward et al., 2019). For example, ‘Pleistocene
rewilding’ typically involves restoring lost historic ecological processes via
translocations (Donlan et al., 2006), but ‘passive rewilding’ alternatively comprises

abandoning rural land to natural succession (Navarro and Pereira, 2012).

Rewilding is a highly polarizing concept. While the ideology of the term is generally
favoured by conservation bodies, the concept has resulted in an active discourse with
the people who inhabit the rural landscapes that are to be rewilded (Martin et al.,
2021). For example, rewilding has been compared to the second wave of the Highland
Clearances in Scotland (Martin et al., 2021). The term ’rewilding’ has since been
labelled a buzzword in the scientific community with some authors suggesting that
simply referring to 'ecological restoration’ avoids confusion and eases controversy
(Hayward et al., 2019). Realistically, very few people are likely to live specifically within
riparian woodlands due to flooding risks. Riparian woodlands could therefore act as
ideal model ecosystems in practical restoration ecology projects without any concerns
of displacing human livelihoods at the expense of conservation. We propose that if
beavers are to be utilised in restoring riparian habitats in Europe (or North America),
then the site-specific browsing impacts of other large herbivores should be studied

beforehand.

Resilience to climate change
Riparian woodland restoration has been frequently described as a key strategy in
mitigating effects of climate change on freshwater ecosystems (Rivaes et al., 2014;

Jackson et al., 2018). Freshwaters are particularly vulnerable to climate change
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because water temperature and availability are both highly climate-dependent
(Woodward et al., 2010). Riparian woodland planting has been shown to regulate river
water temperatures (Justice et al., 2017) and contribute to carbon sequestration
(Dybala et al., 2018). Beaver translocation has also been proposed as an effective
solution specifically for climate change mitigation (Hood & Bayley, 2008b; Dittbrenner
et al., 2018; Westbrook et al., 2020). Ungulate browsing, against a backdrop of climate
change, is likely to exacerbate structural changes in riparian woodlands. For example,
in the presence of red deer, Scots pine (Pinus sylvestris) growth responded more
strongly to climate warming than in the absence of deer (Vuorinen et al., 2020). Given
that forest structure has direct impacts on functional diversity (Thom et al., 2021),
ungulate herbivory may ultimately influence riparian woodland resilience to climate
change. Planting and enhancing high-quality, heterogeneous riparian woodlands
through balanced interspecific interactions may therefore also help to increase riparian

woodland resilience to climate change.

The beaver-deer dynamic in an area of reintroductions

Our findings surrounding beaver-deer interactions raise important questions for the
reintroduction of other woodland species that have been absent for centuries. To date,
the Eurasian beaver is still the only approved mammal reintroduction to Britain.
Throughout Europe, bison (Bisus bonasus), are being reintroduced to restore lost
trophic interactions and fill a wide range of foraging niches to promote biodiverse
ecosystems (Vasile, 2018; Lord et al., 2020). Various horse and cattle breeds are also
being introduced as surrogates for the extinct tarpan (Equus ferus) and aurochs (Bos
primigenius) (Cromsigt et al., 2018). Next on the reintroduction wish list for Scotland
are lynx and wolf. The ecological and social feasibility of both lynx and wolf
reintroductions have been widely debated (Nilsen et al., 2007; Hetherington et al.,
2008; Johnson & Greenwood, 2020; Gwynn & Symeonakis, 2022). Realistically, if the
reintroduction of beaver (a 20kg herbivore) took two decades of debate due to social
implications and public perceptions, then the reintroduction of wolf (a 40kg carnivore)

is unlikely to occur any time soon.

Nonetheless, the reintroduction of the wolf (and lynx to a lesser extent) would likely
shape beaver-deer interactions in Scotland. As a key predator of both beaver and deer

(Meriggi et al., 2011; Gable et al., 2018a), the addition of a widespread wolf population
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in Scotland could potentially exert control over the beaver-deer dynamic through
regulating population sizes. Conversely, the reintroduction of wolves to Yellowstone
National Park, USA, in the 1990s ultimately benefitted beavers (Ripple & Beschta,
2004). The resident elk population adapted behaviourally to reduce wolf predation by
spending less time foraging in fixed or open locations. The pronounced change in elk
distribution ultimately resulted in a resurgence of willow which provided an ample
source of forage for the beaver population (Ripple & Beschta, 2012). Although the
outcome of wolf reintroduction on beaver-deer interactions in a Scottish context can
only be speculated, it has the potential to shape riparian woodlands and the ecosystem
services they provide. It also highlights that we need a robust understanding of existing
interspecific interactions between herbivores before other species are reintroduced for

habitat restoration purposes.

Monitoring browser impacts in riparian woodlands

As beaver distribution is expanding, and deer populations are steadily rising, beaver-
deer interactions in riparian woodlands are likely to become more commonplace.
Therefore, the ongoing impacts of beaver-deer interactions should be monitored in
woodland assessments. For example, the Woodland Herbivore Impact Assessment is
a method used in Scotland to assess and monitor the impact of large herbivores (deer,
cattle, sheep, pigs etc.) on woodland habitats (Armstrong & Holl, 2015). Adapting pre-
existing national, standardised woodland survey methods to include beaver-deer
impacts will readily inform how woodlands are being impacted over time. Specifically,
incorporating simple quantitative measurements of deer browsing on the secondary

shoots that resprout from beaver-felled trees could be a beneficial addition.

The extent to which beaver browse on the resprouted secondary shoots from beaver-
felled trees is largely unknown. Some studies have recorded low levels of beaver
browsing on secondary shoots, but do not report specific rates (Jones et al., 2009;
lason et al., 2014). Others suggest an avoidance due to high levels of defence
chemicals (Durben et al., 2021). The resprouted secondary shoots can be considered
the basis of a tree’s ability to re-establish and indeed to become a utilisable food
source to beaver in the future. If there is no recruitment of saplings into the riparian
woodland territory (e.g., due to high deer activity) then beavers may be compelled into

eating the regrowth. This would essentially elicit a double browsing pressure on the
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resprouted secondary shoots from beaver-felled trees. Acquiring national, long-term
data on the combined interactive beaver-deer browsing effects as part of standardised
woodland herbivore monitoring could be critical for predicting the future of riparian

woodlands.

5.4. Conclusion

Despite their crucial significance for riparian woodland conservation and management,
beaver-deer interactions are virtually unstudied in Europe — until now. As beaver and
deer continue to expand into intensely-modified, populated landscapes, their
interactions in riparian woodlands, and the consequences of these will become
increasingly commonplace. Restoring lost interspecific interactions between large
herbivores can be considered as a key aim in restoration projects. However, we
demonstrate that this ideology is not straightforward in practise, especially when one
species (deer) has undergone pronounced expansion during the other’s prolonged
absence (beaver). Deer are predominantly managed for their detrimental impact on
vegetation dynamics; however, we argue that their management should also focus on
balancing their interspecific interactions with beaver in riparian woodlands. Overall,
our findings raise important questions for human-wildlife conflict, restoration ecology,
climate change and the reintroduction of other woodland mammals. The answers do
not lie within current mitigation and quick-fix management methods. Moving forward,
implementing nationwide riparian planting and enhancement, as well as integrating
monitoring of ongoing beaver-deer impacts within woodland herbivore impact
assessments, should be considered a preventative priority in Scotland’s (and
Europe’s) future beaver, deer, and riparian woodland management policies and
targets. These changes will also have wider benefits for freshwaters and help to

restore ecosystems that are resilient in the face of ongoing global change.

115



References

Abdala-Roberts, L., Galman, A., Petry, W. K., Covelo, F., de la Fuente, M., Glauser, G., &
Moreira, X. (2018). Interspecific variation in leaf functional and defensive traits in oak
species and its underlying climatic drivers. PLoS One, 13(8), e0202548.

Aitken, K. E. H., & Martin, K. (2007). The importance of excavators in hole-nesting
communities: availability and use of natural tree holes in old mixed forests of western
Canada. Journal of Ornithology, 148(2), 425-434.

Albon, S., McLeod, J., Potts, J., Brewer, M., Irvine, J., Towers, M., Elston, D., Fraser, D., &
Irvine, R. J. (2017). Estimating national trends and regional differences in red deer
density on open-hill ground in Scotland: identifying the causes of change and
consequences for upland habitats. Scottish Natural Heritage Commissioned Report,
981.

Andersen, J., & Hanssen, O. (2005). Riparian beetles, a unique, but vulnerable element in
the fauna of Fennoscandia. Biodiversity and Conservation, 14(14), 3497-3524.

Apollonio, M., Andersen, R., & Putman, R. (2010). European ungulates and their
management in the 21st century. Cambridge University Press.

Armstrong, H.M., Poulsom, L., Simson, P., Wilson, J. and Tracey, D. (2004). Testing methods
for monitoring beaver impacts on terrestrial vegetation in Knapdale. Scottish Natural
Heritage Commissioned Report, 026.

Armstrong, H. M., & Holl, K. (2015). Assessing the impact of deer on woodlands: a new
method. Botanical Journal of Scotland, 52, 11-13.

Auster, R. E., Barr, S. W., & Brazier, R. E. (2021). Improving engagement in managing
reintroduction conflicts: learning from beaver reintroduction. Journal of Environmental
Planning and Management, 64(10), 1713-1734.

Averett, J. P., Endress, B. A., Rowland, M. M., Naylor, B. J., & Wisdom, M. J. (2017). Wild
ungulate herbivory suppresses deciduous woody plant establishment following
salmonid stream restoration. Forest Ecology and Management, 391, 135—144.

Baker, B. W. (2003). Beaver (Castor canadensis) in heavily browsed environments. Lutra, 46
(2), 173-181.

Baker, B. W., Ducharme, H. C., Mitchell, D. C. S., Stanley, T. R., & Peinetti, H. R. (2005).
Interaction of beaver and elk herbivory reduces standing crop of willow. Ecological
Applications, 15(1), 110-118.

Baker, B. W., Peinetti, H. R., Coughenour, M. B., & Johnson, T. L. (2012). Competition favors
elk over beaver in a riparian willow ecosystem. Ecosphere, 3(11), 1-15.

116



Ball, J. P., Danell, K., & Sunesson, P. (2000). Response of a herbivore community to
increased food quality and quantity: an experiment with nitrogen fertilizer in a boreal
forest. Journal of Applied Ecology, 37(2), 247-255.

Bang, P., & Dahlstrom, P. (1972). Collins Guide to Animal Tracks and Signs. Collins.

Barancekova, M. (2004). The roe deer diet: Is floodplain forest optimal habitat? Folia
Zoologica, 53(3), 285-292.

Barrere, J., Collet, C., Said, S., Bastianelli, D., Verheyden, H., Courtines, H., Bonnet, A,,
Segrestin, J., & Boulanger, V. (2022). Do trait responses to simulated browsing in
Quercus robur saplings affect their attractiveness to Capreolus capreolus the following
year? Environmental and Experimental Botany, 194(104743).

Baruzzi, C., & Krofel, M. (2017). Friends or foes? Importance of wild ungulates as ecosystem
engineers for amphibian communities. North-Western Journal of Zoology, 13(2), 320—
325.

Basey, J. M., & Jenkins, S. H. (1995). Influences off predation risk and energy maximization
on food selection by beavers (Castor canadensis). Canadian Journal of Zoology,
73(12), 2197-2208.

Bateman, H. L., & Merritt, D. M. (2020). Complex riparian habitats predict reptile and
amphibian diversity. Global Ecology and Conservation, 22(June), e00957.

BDS. (2016). Deer Distribution Survey 2016. British Deer Society. Available at:
https://bds.org.uk/science-research/deer-surveys/deer-distribution-survey/

Beaver Trust. (2022). Map of Eurasian beavers (Castor fiber) in Britain. Available at:
https://beavertrust.org/reintroducing-beavers-and-endangered-wildlife-on-a-stream-
near-you/.

Bennett, A. F., Nimmo, D. G., & Radford, J. Q. (2014). Riparian vegetation has
disproportionate benefits for landscape- scale conservation of woodland birds in highly
modified environments. Journal of Applied Ecology, 51(2), 514-523.

Bergman, M. (2002). Can saliva from moose, Alces alces, affect growth responses in the
sallow, Salix caprea? Oikos, 96(1), 164—168.

Bilyeu, D. M., Cooper, D. J., & Hobbs, N. T. (2008). Water tables constrain height recovery
of willow on Yellowstone’s northern range. Ecological Applications, 18(1), 80-92.

Borkowski, J., & Ukalska, J. (2008). Winter habitat use by red and roe deer in pine-dominated
forest. Forest Ecology and Management, 255(3—4), 468—475.

117



Borowski, Z., Barton, K., Gil, W., Wojcicki, A., & Pawlak, B. (2021). Factors affecting deer
pressure on forest regeneration: The roles of forest roads, visibility and forage
availability. Pest Management Science, 77(2), 628-634.

Boycott, T. J., Gao, J., & Gall, M. D. (2019). Deer browsing alters sound propagation in
temperate deciduous forests. PloS One, 14(2), e0211569.

Broadmeadow, S., & Nisbet, T. R. (2004). The effects of riparian forest management on the
freshwater environment: A literature review of best management practice. Hydrology
and Earth System Sciences, 8(3), 286-305.

Brookshire, J. E., Kauffman, B. J., Lytjen, D., & Otting, N. (2002). Cumulative effects of wild
ungulate and livestock herbivory on riparian willows. Oecologia, 132(4), 559-566.

Brown, A. G., Lespez, L., Sear, D. A., Macaire, J.-J., Houben, P., Klimek, K., Brazier, R. E.,
van Oost, K., & Pears, B. (2018). Natural vs anthropogenic streams in Europe: History,
ecology and implications for restoration, river-rewilding and riverine ecosystem
services. Earth-Science Reviews, 180, 185-205.

Bryant, J. P., Chapin, F. S., & Klein, D. R. (1983). Carbon/Nutrient Balance of Boreal Plants
in Relation to Vertebrate Herbivory. Oikos, 40(3), 357.

Buckley, P. (2020). Coppice restoration and conservation: a European perspective. Journal
of Forest Research, 25(3), 125-133.

Budny, M., Zalewski, K., Stolarski, M. J., Wiczkowski, W., Okorski, A., & Stryinski, R. (2021).
The phenolic compounds in the young shoots of selected willow cultivars as a
determinant of the plants’ attractiveness to cervids (Cervidae, mammalia). Biology,
10(7).

Bujoczek, L., Bujoczek, M., & Zieba, S. (2021). How much, why and where? Deadwood in
forest ecosystems: The case of Poland. Ecological Indicators, 121.

Burton, V., Metzger, M. J., Brown, C., & Moseley, D. (2018). Green Gold to Wild Woodlands;
understanding stakeholder visions for woodland expansion in Scotland. Landscape
Ecology, 1-21.

Campbell, R., Harrington, A., Ross, A., & Harrington, L. A. (2012). Distribution, Population
Assessment and Activities of Beavers in Tayside. Scottish Natural Heritage
Commissioned Report, 504.

Campbell-Palmer, R., Gow, D., Schwab, G., Halley, D. J., Gurnell, J., Girling, S., Lisle, S.,
Campbell, R., Dickinson, H., & Jones, S. (2016). The Eurasian beaver handbook:
ecology and management of Castor fiber. Pelagic Publishing Ltd.

118



Campbell-Palmer, R., Puttock, A., Graham, H., Wilson, K., Shcwab, G., Gaywood, M. J., &
Brazier, R. E. (2018). Survey of the Tayside area beaver population 2017-2018. In
Scottish Natural Heritage Commissioned Report, 1013.

Campbell-Palmer, R., Senn, H., Girling, S., Pizzi, R., Elliott, M., Gaywood, M., & Rosell, F.
(2020). Beaver genetic surveillance in Britain. Global Ecology and Conservation, 24,
e01275.

Campbell-Palmer, R., Puttock, A., Wilson, K. A., Leow-Dyke, A., Graham, H. A., Gaywood,
M. J., & Brazier, R. E. (2021a). Using field sign surveys to estimate spatial distribution
and territory dynamics following reintroduction of the Eurasian beaver to British river
catchments. River Research and Applications, 37(3), 343-357.

Campbell-Palmer, R., Rosell, F., Naylor, A., Cole, G., Mota, S., Brown, D., Fraser, M., Pizzi,
R., Elliott, M., Wilson, K., Gaywood, M., & Girling, S. (2021b). Eurasian beaver (Castor
fiber) health surveillance in Britain: Assessing a disjunctive reintroduced population.
Veterinary Record, 188(8), no.

Carpio, A. J., Apollonio, M., & Acevedo, P. (2021). Wild ungulate overabundance in Europe:
contexts, causes, monitoring and management recommendations. Mammal Review,
51(1), 95-108.

Christie, K. S., Ruess, R. W., Lindberg, M. S., & Mulder, C. P. (2014). Herbivores influence
the growth, reproduction, and morphology of a widespread Arctic willow. PLoS One,
9(7), e101716.

Churski, M., Charles-Dominique, T., Bubnicki, J. W., Jedrzejewska, B., Kuijper, D. P. J., &
Cromsigt, J. P. G. M. (2022). Herbivore-induced branching increases sapling survival
in temperate forest canopy gaps. Journal of Ecology, 110(6), 1390—1402.

Clutton-Brock, T. H., Guinness, F. E., & Albon, S. D. (1982). Red deer: behavior and ecology
of two sexes. University of Chicago press.

Cole, L. J., Stockan, J., & Helliwell, R. (2020). Managing riparian buffer strips to optimise
ecosystem services: A review. Agriculture, Ecosystems and Environment, 296(April),
106891.

Coles, B. (2006). Beavers in Britain’s past. Oxbow Books.

Coley, P. D. (1983). Herbivory and defensive characteristics of tree species in a lowland
tropical forest. Ecological Monographs, 53(2), 209-234.

Corbacho, C., Sanchez, J. M., & Costillo, E. (2003). Patterns of structural complexity and
human disturbance of riparian vegetation in agricultural landscapes of a
Mediterranean area. Agriculture, Ecosystems & Environment, 95(2-3), 495-507.

119



Cornelissen, J. H. C., Cerabolini, B., Castro-Diez, P., Villar-Salvador, P., Montserrat-Marti,
G., Puyravaud, J. P., Maestro, M., Werger, M. J. A., & Aerts, R. (2003). Functional
traits of woody plants: correspondence of species rankings between field adults and
laboratory-grown seedlings? Journal of Vegetation Science, 14(3), 311-322.

Coz, D. M., & Young, J. C. (2020). Conflicts over wildlife conservation: Learning from the
reintroduction of beavers in Scotland. People and Nature, 2(2), 406—419.

Crawley, M. J. (1984). Herbivory: the dynamics of animal-plant interactions. Studies in
Ecology. In Progress in Physical Geography: Earth and Environment (Vol. 10).
Blackwell Scientific Publications.

Cromsigt, J. P. G. M., Kemp, Y. J. M., Rodriguez, E., & Kivit, H. (2018). Rewilding Europe’s
large grazer community: how functionally diverse are the diets of European bison,
cattle, and horses? Restoration Ecology, 26(5), 891-899.

Czernik, M., Taberlet, P., Swistocka, M., Czajkowska, M., Duda, N., & Ratkiewicz, M. (2013).
Fast and efficient DNA-based method for winter diet analysis from stools of three
cervids: Moose, red deer, and roe deer. Acta Theriologica, 58(4), 379-386.

Dalbeck, L., Hachtel, M., & Campbell-Palmer, R. (2020). A review of the influence of beaver
Castor fiber on amphibian assemblages in the floodplains of European temperate
streams and rivers. Herpetological Journal, 30(July), 135-146.

Danell, K., Huss-Danell, K., & Bergstrom, R. (1985). Interactions between Browsing Moose
and Two Species of Birch in Sweden. Ecology, 66(6), 1867—1878.

Danell, K., Niemela, P., Varvikko, T., & Vuorisalo, T. (1991). Moose Browsing on Scots Pine
along a Gradient of Plant Productivity. Ecology, 72(5), 1624—1633.

Del-Claro, K., & Torezan-Silingardi, H. M. (2021). An Evolutionary Perspective on Plant-
Animal Interactions - Plant-Animal Interactions: Source of Biodiversity (K. Del-Claro &
H. M. Torezan-Silingardi, Eds.; pp. 1-15). Springer International Publishing.

Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P., Cornwell, W. K., Craine, J.
M., Gurvich, D. E., Urcelay, C., Veneklaas, E. J., Reich, P. B., Poorter, L., Wright, I.
J., Ray, P., Enrico, L., Pausas, J. G., Vos, A. C. De, Buchmann, N., Funes, G.,
Cornelissen, J. H. C. (2016). Corrigendum: New handbook for standardised
measurement of plant functional traits worldwide. Australian Journal of Botany, 64(8),
715-716.

Dittbrenner, B. J., Pollock, M. M., Schilling, J. W., Olden, J. D., Lawler, J. J., & Torgersen, C.
E. (2018). Modeling intrinsic potential for beaver (Castor canadensis) habitat to inform
restoration and climate change adaptation. PLoS ONE, 13(2).

120



Donkor, N. T., & Fryxell, J. M. (1999). Impact of beaver foraging on structure of lowland boreal
forests of Algonquin Provincial Park, Ontario. Forest Ecology and Management,
118(1-3), 83-92.

Donkor, N. T., & Fryxell, J. M. (2000). Lowland boreal forests characterization in Algonquin
Provincial Park relative to beaver (Castor canadensis) foraging and edaphic factors.
Plant Ecology, 148(1), 1-12.

Donlan, J. C., Berger, J., Bock, C. E., Bock, J. H., Burney, D. A,, Estes, J. A., Foreman, D.,
Martin, P. S., Roemer, G. W., Smith, F. A., Soulé, M. E., & Greene, H. W. (2006).
Pleistocene rewilding: an optimistic agenda for twenty-first century conservation. The
American naturalist, 168(5), 660—681.

Doucet, C. M., & Fryxell, J. M. (1993). The effect of nutritional quality on forage preference
by beavers. Oikos, 67, 201-208.

Doughty, C. E., Wolf, A., & Malhi, Y. (2013). The legacy of the Pleistocene megafauna
extinctions on nutrient availability in Amazonia. Nature Geoscience, 6(9), 761-764.

Dowse, G., Taylor, H., Girling, S., Costanzi, J., Robinson, S., & Senn, H. (2020). Beavers in
Knapdale: Final report from the Scottish Beavers Reinforcement Project Published by
Scottish Beavers, Edinburgh, UK.

Drexhage, M., & Colin, F. (2003). Effects of browsing on shoots and roots of naturally
regenerated sessile oak seedlings. Annals of Forest Science, 60(2), 173-178.

Duncan, A. J., Hartley, S. E., & lason, G. R. (1998). The effect of previous browsing damage
on the morphology and chemical composition of Sitka spruce (Picea sitchensis)
saplings and on their subsequent susceptibility to browsing by red deer (Cervus
elaphus). Forest Ecology and Management, 103(1), 57—-67.

Duncan, P., Tixier, H., Hofmann, R. R., & Lechner-Doll, M. (1998). Feeding strategies and
the physiology of digestion in roe deer. The European Roe Deer: The Biology of
Success, 91-116.

Durben, R. M., Walker, F. M., Holeski, L., Keith, A. R., Kovacs, Z., Hurteau, S. R., Lindroth,
R. L., Shuster, S. M., & Whitham, T. G. (2021). Beavers, bugs and chemistry: A
mammalian herbivore changes chemistry composition and arthropod communities in
foundation tree species. Forests, 12(7), 1-18.

Dusek, J., & Kvét, J. (2006). Seasonal dynamics of dry weight, growth rate and root/shoot
ratio in different aged seedlings of Salix caprea. Biologia, 61(4), 441-447.

Dvorsky, M., Mudrak, O., Dolezal, J., & Jirka, M. (2021). Rewilding With Large Herbivores
Helped Increase Plant Species Richness in Dry Grasslands. Plant Ecology, 1-14.

121



Dybala, K. E., Matzek, V., Gardali, T., & Seavy, N. E. (2019). Carbon sequestration in riparian
forests: A global synthesis and meta-analysis. Global Change Biology, 25(1), 57—67.

Effert-Fanta, E. L., Fischer, R. U., & Wahl, D. H. (2022). Riparian and watershed land use
alters food web structure and shifts basal energy in agricultural streams. Aquatic
Sciences, 84(4), 1-18.

Eichhorn, M. P., Ryding, J., Smith, M. J., Gill, R. M. A., Siriwardena, G. M., & Fuller, R. J.
(2017). Effects of deer on woodland structure revealed through terrestrial laser
scanning. Journal of Applied Ecology, 54(6), 1615-1626.

Ellison, A. M. (2019). Foundation Species, Non-trophic Interactions, and the Value of Being
Common. IScience, 13, 254—268.

England, K., & Westbrook, C. J. (2021). Comparison of beaver density and foraging
preferences between urban and rural riparian forests along the South Saskatchewan
River, Canada. Journal of Urban Ecology, 7(1), juab021.

Erdozain, M., Kidd, K. A., Emilson, E. J. S., Capell, S. S., Kreutzweiser, D. P., & Gray, M. A.
(2021). Elevated Allochthony in Stream Food Webs as a Result of Longitudinal
Cumulative Effects of Forest Management. Ecosystems, 25(6), 1311-1327.

Eurostat. (2018). Land wuse overview by NUTS 2 regions. Available at:
https://ec.europa.eu/eurostat/databrowser/view/lan_use_ovw/default/table?lang=en

Feld, C. K., Fernandes, M. R., Ferreira, M. T., Hering, D., Ormerod, S. J., Venohr, M., &
Gutiérrez-Canovas, C. (2018). Evaluating riparian solutions to multiple stressor
problems in river ecosystems — A conceptual study. Water Research, 139, 381-394.

Fontaine, C., Guimaraes, P. R., Kéfi, S., Loeuille, N., Memmott, J., van der Putten, W. H.,
vanVeen, F. J. F. F., Thébault, E., Guimaraes Jr, P. R., Kéfi, S., Loeuille, N., Memmott,
J., van der Putten, W. H., van Veen, F. J. F. F., & Thébault, E. (2011). The ecological
and evolutionary implications of merging different types of networks. Ecology Letters,
14(11), 1170-1181.

Forest Research. (2020). NFI woodland ecological condition in Scotland: Statistics. Available
at: https://www.forestresearch.gov.uk/tools-and-resources/national-forest-inventory

Fryxell, J. M., Vamosi, S. M., Walton, R. A., & Doucet, C. M. (1994). Retention time and the
functional response of beavers. Oikos, 71, 207-214.

Gable, T. D., Stanger, T., Windels, S. K., & Bump, J. K. (2018a). Do wolves ambush beavers?
Video evidence for higher-order hunting strategies. Ecosphere, 9(3).

Gable, T. D., Windels, S. K., Romanski, M. C., & Rosell, F. (2018b). The forgotten prey of an
iconic predator: a review of interactions between grey wolves Canis lupus and beavers
Castor spp. Mammal Review, 48(2), 123—-138.

122



Gaywood, M., Stringer, A., Blake, D., Hall, J., Tree, A., Genney, D., Macdonald, |., Tonhasca,
A., Bean, C., Mckinnell, J., Raynor, R., Watkinson, P., Bale, D., Scott, J., & Blyth, S.
(2015). Beavers in Scotland: A report to the Scottish Government. Scottish Natural
Heritage.

Genes, L., & Dirzo, R. (2022). Restoration of plant-animal interactions in terrestrial
ecosystems. Biological Conservation, 265(August 2021), 109393.

Gervais-Bergeron, B., Chagnon, P. L., & Labrecque, M. (2021). Willow aboveground and
belowground traits can predict phytoremediation services. Plants, 10(9).

Gill, R. M. A. (1992a). A review of damage by mammals in north temperate forests: 1. Deer.
Forestry, 65(4), 363—388.

Gill, R. M. A. (1992b). A review of damage by mammals in north temperate forests: 3. Impact
on trees and forests. Forestry, 65(4), 363—388.

Gill, R. M. A. (2000). The impact of deer on woodland biodiversity. Information Note - Forestry
Commission.

Gill, R. M. A,, & Fuller, R. J. (2007). The effects of deer browsing on woodland structure and
songbirds in lowland Britain. /bis, 149(Suppl. 2), 119-127.

Gill, R. M. A., Webber, J., & Peace, A. (2000). The Economic Implications of Deer Damage -
- A review of current evidence. Final Report for the Deer Commission of Scotland,
second edition. Forest Research.

Glenz, C., Schlaepfer, R., lorgulescu, I., & Kienast, F. (2006). Flooding tolerance of Central
European tree and shrub species. Forest Ecology and Management, 235(1-3), 1-13.

Gong, H., & Gao, J. (2019). Soil and climatic drivers of plant SLA (specific leaf area). Global
Ecology and Conservation, 20, e00696.

Gorczyca, E., Krzemien, K., Sobucki, M., & Jarzyna, K. (2018). Can beaver impact promote
river renaturalization? The example of the Raba River, southern Poland. Science of
the Total Environment, 615.

Goryainova, Z. |., Katsman, E. A., Zavyalov, N. A., Khlyap, L. A., & Petrosyan, V. G. (2014).
Evaluation of tree and shrub resources of the Eurasian beaver (Castor fiber L.) and
changes in beaver foraging strategy after resources depletion. Russian Journal of
Biological Invasions, 5(4), 242—-254.

Graham, H. A., Puttock, A., Macfarlane, W. W., Wheaton, J. M., Gilbert, J. T., Campbell-
Palmer, R., Elliott, M., Gaywood, M. J., Anderson, K., & Brazier, R. E. (2020).
Modelling Eurasian beaver foraging habitat and dam suitability, for predicting the
location and number of dams throughout catchments in Great Britain. European
Journal of Wildlife Research, 66(3).

123



Grayson, D. K. (2001). The archaeological record of human impacts on animal populations.
Journal of World Prehistory, 15(1), 1-68.

Guillet, C., & Bergstrom, R. (2006). Compensatory growth of fast-growing willow (Salix)
coppice in response to simulated large herbivore browsing. Oikos, 113(1), 33—42.

Gwynn, V., & Symeonakis, E. (2022). Rule-based habitat suitability modelling for the
reintroduction of the grey wolf. PLOS ONE, 17(10): e0265293.

Haarberg, O., & Rosell, F. (2006). Selective foraging on woody plant species by the Eurasian
beaver (Castor fiber) in Telemark, Norway. Journal of Zoology, 270(2), 201-208.

Halder, |., Barnagaud, J. Y., Jactel, H., & Barbaro, L. (2015). Woodland habitat quality
prevails over fragmentation for shaping butterfly diversity in deciduous forest
remnants. Forest Ecology and Management, 357, 171-180.

Halley, D. J., Saveljev, A. P., & Rosell, F. (2021). Population and distribution of beavers
Castor fiber and Castor canadensis in Eurasia. Mammal Review, mam.12216.

Harrington, L. A., Feber, R., Raynor, R., Macdonald, D. W., Harrington, L. A., Feber, R.,
Raynor, R., & Macdonald, D. W. (2015). The Scottish Beaver Trial: Ecological
monitoring of the European beaver Castor fiber and other riparian mammals 2009-
2014, final report. Scottish Natural Heritage Commissioned Report No. 685.

Harris, S. J., Massimino, D., Balmer, D. E., Eaton, M. A., Noble, D. G., Pearce-Higgins, J.
W., Woodcock, P., & Gillings, S. (2021). The breeding bird survey 2020. BTO
Research Report, 736. Available at: https://www.bto.org/our-
science/projects/breeding-bird-survey/latest-results/mammal-monitoring

Hartman, G., & Tornlov, S. (2006). Influence of watercourse depth and width on dam-building
behaviour by Eurasian beaver (Castor fiber). Journal of Zoology, 268(2), 127-131.

Haukioja, E., Ruohomaki, K., Senn, J., Suomela, J., & Walls, M. (1990). Consequences of
herbivory in the mountain birch (Betula pubescens ssp tortuosa): importance of the
functional organization of the tree. Oecologia, 82(2), 238-247.

Haynes, G. (2012). Elephants (and extinct relatives) as earth-movers and ecosystem
engineers. Geomorphology, 157, 99-107.

Haynes, R. J., & Williams, P. H. (1993). Nutrient cycling and soil fertility in the grazed pasture
ecosystem. Advances in Agronomy, 49, 119-199.

Hayward, M. W., Scanlon, R. J., Callen, A., Howell, L. G., Klop-Toker, K. L., di Blanco, Y.,
Balkenhol, N., Bugir, C. K., Campbell, L., Caravaggi, A., Chalmers, A. C., Clulow, J.,
Clulow, S., Cross, P., Gould, J. A., Griffin, A. S., Heurich, M., Howe, B. K., Jachowski,
D. S., ... Weise, F. J. (2019). Reintroducing rewilding to restoration — Rejecting the
search for novelty. Biological Conservation, 233, 255-259.

124



Hedwall, P. O., Churski, M., Jedrzejewska, B., Miscicki, S., & Kuijper, D. P. J. (2018).
Functional composition of temperate forest trees under chronic ungulate herbivory.
Journal of Vegetation Science, 29(2), 179-188.

Herder, M. den, Bergstrom, R., Niemela, P., Danell, K., & Lindgren, M. (2009). Effects of
Natural Winter Browsing and Simulated Summer Browsing by Moose on Growth and
Shoot Biomass of Birch and Its Associated Invertebrate Fauna. Annales Zoologici
Fennici, 46(1), 63—74.

Hester, A. J., Bergman, M., lason, G. R., & Moen, J. (2010). Impacts of large herbivores on
plant community structure and dynamics. In Large Herbivore Ecology, Ecosystem
Dynamics and Conservation.

Hester, A. J., Edenius, L., Buttenschen, R. M., & Kuiters, A. T. (2000). Interactions between
forests and herbivores: The role of controlled grazing experiments. Forestry, 73(4),
381-391.

Hetherington, D. A., Miller, D. R., Macleod, C. D., & Gorman, M. L. (2008). A potential habitat
network for the Eurasian lynx Lynx lynx in Scotland. Mammal Review, 38(4), 285-303.

Heurich, M., Brand, T. T. G., Kaandorp, M. Y., Sustr, P., Miiller, J., & Reineking, B. (2015).
Country, Cover or Protection: What Shapes the Distribution of Red Deer and Roe Deer
in the Bohemian Forest Ecosystem? PLoS ONE, 10(3).

Hewett, C. J. M., Wilkinson, M. E., Jonczyk, J., & Quinn, P. F. (2020). Catchment systems
engineering: An holistic approach to catchment management. Wiley Interdisciplinary
Reviews: Water, 7(3), 1-14.

Hofmann, R. R. (1985). Digestive physiology of the deer-Their morphophysiological
specialisation and adaptation. Biology of Deer Production. Proceedings of an
International Conference Held at Dunedin, New Zealand, 13-18 February 1983, 393—
407.

Hofmann, R. R., & Stewart, D. R. M. (1972). Grazer or browser: a classification based on the
stomach-structure and feeding habits of East African ruminants. Mammalia, 36(2),
226-236.

Hood, G. A., & Bayley, S. E. (2008a). The effects of high ungulate densities on foraging
choices by beaver (Castor canadensis) in the mixed-wood boreal forest. Canadian
Journal of Zoology, 86(6), 484—496.

Hood, G. A., & Bayley, S. E. (2008b). Beaver (Castor canadensis) mitigate the effects of
climate on the area of open water in boreal wetlands in western Canada. Biological
Conservation, 141(2), 556-567.

125



Hood, G. A., & Bayley, S. E. (2009). A comparison of riparian plant community response to
herbivory by beavers (Castor canadensis) and ungulates in Canada’s boreal mixed-
wood forest. Forest Ecology and Management, 258(9), 1979-1989.

Hoppenreijs, J. H. T., Eckstein, R. L., & Lind, L. (2022). Pressures on Boreal Riparian
Vegetation: A Literature Review. Frontiers in Ecology and Evolution, 9(January), 1-
19.

Hovardas, T. (2018). Large carnivore conservation and management: human dimensions. In
T. Hovardas (Ed.), Routeledge (1st ed.).

Hunter, D. O., Britz, T., Jones, M., & Letnic, M. (2015). Reintroduction of Tasmanian devils
to mainland Australia can restore top-down control in ecosystems where dingoes have
been extirpated. Biological Conservation, 191, 428—435.

Hyvonen, T., & Nummi, P. (2008). Habitat dynamics of beaver Castor canadensis at two
spatial scales. Wildlife Biology, 14(3), 302-308.

lanovici, N., Veres, M., Georgiana Catrina, R., Pirvulescu, A.-M., Madalina Tanase, R., &
Adina Datcu, D. (2015). Methods Of Biomonitoring in Urban Environment. Leaf Area
and Fractal Dimension. 2, 169-178.

lason, G. R. (2005). The role of plant secondary metabolites in mammalian herbivory:
ecological perspectives. Proceedings of the Nuftrition Society, 64(1), 123-131.

lason, G. R., Sim, D., Brewer, M. D., & Moore, B. D. (2014). The Scottish Beaver Trial:
Woodland monitoring 2009-2013, final report. Scoftish Natural Heritage
Commissioned Report, 788.

Iravani, M., Schitz, M., Edwards, P. J., Risch, A. C., Scheidegger, C., & Wagner, H. H.
(2011). Seed dispersal in red deer (Cervus elaphus L.) dung and its potential
importance for vegetation dynamics in subalpine grasslands. Basic and Applied
Ecology, 12(6), 505-515.

IUCN/CPSG. (2022). Scotland’s Beaver Strategy 2022-2045. IUCN SSC Conservation
Planning Specialist Group.

IUCN/SSC. (2013). Guidelines for Reintroductions and Other Conservation Translocations.
(1st ed.). IUCN Species Survival Commission.

Ivlev, V. S. (1962). Experimental Ecology of the Feeding of Fishes. Copeia, 1962(1), 234.

Jackowiak, M., Busher, P., & Krauze-Gryz, D. (2020). Eurasian beaver (Castor fiber) winter
foraging preferences in northern poland—the role of woody vegetation composition
and anthropopression level. Animals, 10(8), 1-12.

126



Jackson, F. L., Fryer, R. J., Hannah, D. M., Millar, C. P., & Malcolm, I. A. (2018). A spatio-
temporal statistical model of maximum daily river temperatures to inform the
management of Scotland’s Atlantic salmon rivers under climate change. Science of
The Total Environment, 612, 1543—-1558.

Janiszewski, P., Hanzal, V., & Misiukiewicz, A. W. (2014). The Eurasian beaver (Castor fiber)
as a keystone species - A literature review. Baltic Forestry, 20(2), 277-286.

Janiszewski, P., Hanzal, V., Weber, B., & Gugotek, A. (2012). Characteristics of riparian trees
and chrubs utilized by the European beaver (Castor fiber) in the Jamy Forest District.
Annales UMCS, Zootechnica, 30(4).

Janiszewski, P., & Hermanowska, Z. (2019). Damage caused by the european beaver
(Castor fiber1.) in agricultural and forest farms in view of selected atmospheric factors
and animal behavior. Applied Ecology and Environmental Research, 17(6), 15633—
15642.

Janiszewski, P., Kolasa, S., & Strychalski, J. (2017). The preferences of the European beaver
Castor fiber for trees and shrubs in riparian zones. Applied Ecology and Environmental
Research, 15, 313-327.

Janssen, J. A. M., Rodwell, J. S., Criado, M. G., Gubbay, S., Haynes, T., Nieto, A., Sanders,
N., & Calix, M. (2016). European red list of habitats. Publications Office of the
European Union Luxembourg.

Jarnemo, A., Minderman, J., Bunnefeld, N., Zidar, J., & Mansson, J. (2014). Managing
landscapes for multiple objectives: Alternative forage can reduce the conflict between
deer and forestry. Ecosphere, 5(8).

Johnson, R., & Greenwood, S. (2020). Assessing the ecological feasibility of reintroducing
the Eurasian lynx (Lynx lynx) to southern Scotland, England and Wales. Biodiversity
and Conservation, 29(3), 771-797.

Johnston, C. A. (2017). Beaver Loggers: Beaver Herbivory Alters Forest Structure. Beavers:
Boreal Ecosystem Engineers, 91-116.

Johnston, C. A., & Naiman, R. J. (1990). Browse selection by beaver: effects on riparian
forest composition. Canadian Journal of Forest Research, 20, 1036—-1043.

Johnston, D. B., Cooper, D. J., & Hobbs, N. T. (2007). ElIk browsing increases aboveground
growth of water-stressed willows by modifying plant architecture. Oecologia, 154(3),
467-478.

Jones, C. G., Lawton, H., Shachak, M., Lawton, J. H., Shachak, M., & Organisms, M. (1994).
Organisms as Ecosystem Engineers. Oikos, 69(3), 373-386.

127



Jones, K. C., Gilvear, D., Willby, N. J., & Gaywood, M. (2009). Willow (Salix spp.) and aspen
(Populus tremula) regrowth after felling by the Eurasian beaver: implications for
riparian woodland conservation in Scotland. Aquatic Conservation: Marine and
Freshwater Ecosystems, 19, 75-87.

Jagrgensen, D. (2015). Rethinking rewilding. Geoforum, 65, 482—-488.

Joys, A. C., Fuller, R. J., & Dolman, P. M. (2004). Influences of deer browsing, coppice
history, and standard trees on the growth and development of vegetation structure in
coppiced woods in lowland England. Forest Ecology and Management, 202(1-3), 23—
37.

Justice, C., White, S. M., McCullough, D. A., Graves, D. S., & Blanchard, M. R. (2017). Can
stream and riparian restoration offset climate change impacts to salmon populations?
Journal of Environmental Management, 188, 212—-227.

Kanga, E. M., Ogutu, J. O., Piepho, H. P., & OIff, H. (2013). Hippopotamus and livestock
grazing: Influences on riparian vegetation and facilitation of other herbivores in the
Mara Region of Kenya. Landscape and Ecological Engineering, 9(1), 47-58.

Keefover-Ring, K., Rubert-Nason, K. F., Bennett, A. E., & Lindroth, R. L. (2016). Growth and
chemical responses of trembling aspen to simulated browsing and ungulate saliva.
Journal of Plant Ecology, 9(4), 474—484.

Kéfi, S., Berlow, E. L., Wieters, E. A., Navarrete, S. A., Petchey, O. L., Wood, S. A., Boit, A,,
Joppa, L. N., Lafferty, K. D., Williams, R. J., Martinez, N. D., Menge, B. A., Blanchette,
C. A, lles, A. C., & Brose, U. (2012). More than a meal... integrating non-feeding
interactions into food webs. Ecology Letters, 15(4), 291-300.

Keren, S., & Diaci, J. (2018). Comparing the quantity and structure of deadwood in selection
managed and old-growth forests in South-East Europe. Forests, 9(2), 1-16.

Keten, A., Eroglu, E., Kaya, S., & Anderson, J. T. (2020). Bird diversity along a riparian
corridor in a moderate urban landscape. Ecological Indicators, 118.

Kierulff, M. C. M., Ruiz-Miranda, C. R., de Oliveira, P. P., Beck, B. B., Martins, A., Dietz, J.
M., Rambaldi, D. M., & Baker, A. J. (2012). The Golden lion tamarin Leontopithecus
rosalia: a conservation success story. International Zoo Yearbook, 46(1), 36—45.

Kirby, K. J., Bazely, D. R., Goldberg, E. A., Hall, J. E., Isted, R., Perry, S. C., & Thomas, R.
C. (2022). Five decades of ground flora changes in a temperate forest: The good, the

bad and the ambiguous in biodiversity terms. Forest Ecology and Management,
505(July 2021), 119896.

128



Kirby, K. J., Buckley, G. P., & Mills, J. (2017). Biodiversity implications of coppice decline,
transformations to high forest and coppice restoration in British woodland. Folia
Geobotanica, 52(1), 5-13.

Kitchener, A. C., & Conroy, J. W. H. (1997). The history of the Eurasian Beaver Castor fiber
in Scotland. Mammal Review, 27(2), 95-108.

Kivinen, S., Nummi, P., & Kumpula, T. (2020). Beaver-induced spatiotemporal patch
dynamics affect landscape-level environmental heterogeneity. Environmental
Research Letters, 15(9).

Klich, D. (2017). Selective bark stripping of various tree species by Polish horses in relation
to bark detachability. Forest Ecology and Management, 384, 65—71.

Koop, H. (1987). Vegetative reproduction of trees in some European natural forests.
Vegetation, 72(2), 103-110.

Krasnov, V., Shelest, Z., Boiko, S., Gulik, I., & Sieniawski, W. (2015). The diet of the roe deer
(Capreolus capreolus) in the forest ecosystems of Zhytomirske Polesie of the Ukraine.
Forest Research Papers, 76(2), 184—190.

Krojerova-Prokesova, J., Baran&ekova, M., Sustr, P., & Heurich, M. (2010). Feeding patterns
of red deer Cervus elaphus along an altitudinal gradient in the Bohemian Forest: Effect
of habitat and season. Wildlife Biology, 16(2), 173—-184.

Kubasiewicz, L. M., Bunnefeld, N., Tulloch, A. I. T., Quine, C. P., & Park, K. J. (2016).
Diversionary feeding: an effective management strategy for conservation conflict?
Biodiversity and Conservation, 25(1), 1-22.

Kuijper, D. P. J., Jedrzejewska, B., Brzeziecki, B., Churski, M., Jedrzejewski, W., & Zybura,
H. (2010). Fluctuating ungulate density shapes tree recruitment in natural stands of
the Biatowieza Primeval Forest, Poland. Journal of Vegetation Science, 21(6), 1082—
1098.

Kupferschmid, A. D. (2017). The compensation capacity of Central European tree species in
response to leader shoot browsing.: Menendez, A., Sanz, N. (eds) Ungulates:
Evolution. Diversity and Ecology. Nova Science Publishing, New York, NY, 1-63.

Landman, M., & Kerley, G. |. (2014). Elephant both increase and decrease availability of
browse resources for black rhinoceros. Biotropica, 46(1), 42—49.

Larson, D. M., Dodds, W. K., & Veach, A. M. (2018). Removal of Woody Riparian Vegetation
Substantially Altered a Stream Ecosystem in an Otherwise Undisturbed Grassland
Watershed. Ecosystems, 1-13.

129



Latham, J., Staines, B. W., & Gorman, M. L. (1997). Correlations of red (Cervus elaphus) and
roe (Capreolus capreolus) deer densities in Scottish forests with environmental
variables. Journal of Zoology, 242(4), 681-704.

Law, A., Bunnefeld, N., & Willby, N. J. (2014). Beavers and lilies: Selective herbivory and
adaptive foraging behaviour. Freshwater Biology, 59(2), 224—-232.

Law, A., Gaywood, M. J., Jones, K. C., Ramsay, P., & Willby, N. J. (2017). Using ecosystem
engineers as tools in habitat restoration and rewilding: beaver and wetlands. Science
of the Total Environment, 605-606, 1021-1030.

Law, A., Levanoni, O., Foster, G., Ecke, F., & Willby, N. J. (2019). Are beavers a solution to
the freshwater biodiversity crisis? Diversity and Distributions, 25(11), 1763-1772.

Law, A., Mclean, F., & Willby, N. J. (2016). Habitat engineering by beaver benefits aquatic
biodiversity and ecosystem processes in agricultural streams. Freshwater Biology,
61(4).

Leroux, S. J., Wiersma, Y. F., & vander Wal, E. (2020). Herbivore Impacts on Carbon Cycling
in Boreal Forests. Trends in Ecology and Evolution, 35(11), 1001-1010.

Lind, E. M., Myron, E. P., Giaccai, J., & Parker, J. D. (2012). White-tailed deer alter specialist
and generalist insect herbivory through plant traits. Environmental Entomology, 41(6),
1409-1416.

Linnell, J. D. C., Cretois, B., Nilsen, E. B., Rolandsen, C. M., Solberg, E. J., Veiberg, V.,
Kaczensky, P., van Moorter, B., Panzacchi, M., Rauset, G. R., & Kaltenborn, B. (2020).
The challenges and opportunities of coexisting with wild ungulates in the human-
dominated landscapes of Europe’s Anthropocene. Biological Conservation,
244(November 2019), 108500.

Linnell, J. D. C., & Zachos, F. E. (2010). Status and distribution patterns of European
ungulates: genetics, population history and conservation. Ungulate Management in
Europe: Problems and Practices, 12-53.

Lodberg-Holm, H. K., Garvik, E. S., Fountain, M. S., Reinhardt, S., & Rosell, F. (2022). Crop
circles revealed spatio-temporal patterns of beaver foraging on cereal fields.
Agriculture, Ecosystems & Environment, 337(December 2021), 108066.

Loeb, R. E., & Garner, T. B. (2022). Natural Forest Regeneration Changes in an Urban
Natural Area Forest with White-Tailed Deer (Odocoileus virginianus) Exclusion and
Felling by North American Beaver (Castor canadensis). Natural Areas Journal, 42(3),
252-256.

130



Loeb, R. E., King, S., & Helton, J. (2014). Human pathways are barriers to beavers damaging
trees and saplings in urban forests. Urban Forestry and Urban Greening, 13(2), 290—
294,

Lord, C. M., Wirebach, K. P., Tompkins, J., Bradshaw-Wilson, C., & Shaffer, C. L. (2020).
Reintroduction of the European bison (Bison bonasus) in central-eastern Europe: a
case study. International Journal of Geographical Information Science, 34(8), 1628-
1647.

Lovari, S., Cuccus, P., Murgia, A., Murgia, C., Soi, F., & Plantamura, G. (2007). Space use,
habitat selection and browsing effects of red deer in Sardinia. ltalian Journal of
Zoology, 74(2), 179-1809.

Madden, F. (2004). Creating coexistence between humans and wildlife: global perspectives
on local efforts to address human—wildlife conflict. Human Dimensions of Wildlife, 9(4),
247-257.

Mancinelli, S., Peters, W., Boitani, L., Hebblewhite, M., & Cagnacci, F. (2015). Roe deer
summer habitat selection at multiple spatio-temporal scales in an alpine environment.
Hystrix, 26(2).

Marion, S., Demsar, U., Davies, A. L., Stephens, P. A, Irvine, R. J., & Long, J. A. (2021).
Red deer exhibit spatial and temporal responses to hiking activity. Wildlife Biology,
2021(3), 210-222.

Martell, K. A., Foote, A. L., & Cumming, S. G. (2006). Riparian disturbance due to beavers
(Castor canadensis) in Alberta’s boreal mixed wood forests: Implications for forest
management. EcoScience, 13(2), 164-171.

Martin, A., Fischer, A., McMorran, R., & Smith, M. (2021). Taming rewilding - from the
ecological to the social: How rewilding discourse in Scotland has come to include
people. Land Use Policy, 111(August), 105677.

Martinsen, G. D., Driebe, E. M., & Whitham, T. G. (1998). Indirect interactions mediated by
changing plant chemistry: Beaver browsing benefits beetles. Ecology, 79(1), 192—-200.

Matos, H. M., Santos, M. J., Palomares, F., & Santos-Reis, M. (2009). Does riparian habitat
condition influence mammalian carnivore abundance in Mediterranean ecosystems?
Biodiversity and Conservation, 18(2), 373-386.

Mattson, W. J. (1980). Herbivory in Relation to Plant Nitrogen Content. Annual Review of
Ecology and Systematics, 11(1), 119-161.

Mayle, B. A., Peace, A. J., & Gill, R. M. A. (1999). How many deer? A field guide to estimating
deer population size. Forestry Commission. Edinburgh, UK, Field Book, 18.

131



McDermott, M. T., Doak, P., Handel, C. M., Breed, G. A., & Mulder, C. P. H. (2021). Willow
drives changes in arthropod communities of northwestern Alaska: ecological
implications of shrub expansion. Ecosphere, 12(5).

Menz, M. H., Dixon, K. W., & Hobbs, R. J. (2013). Hurdles and opportunities for landscape-
scale restoration. Science, 339, 526-527.

Meriggi, A., Brangi, A., Schenone, L., Signorelli, D., & Milanesi, P. (2011). Changes of wolf
(Canis lupus) diet in Italy in relation to the increase of wild ungulate abundance.
Ethology Ecology & Evolution, 23(3), 195-210.

Mikulka, O., Homolka, M., Drimaj, J., & Kamler, J. (2020). European beaver (Castor fiber) in
open agricultural landscapes: crop grazing and the potential for economic damage.
European Journal of Wildlife Research, 66(6).

Mikulka, O., Pyszko, P., Skotak, V., Kamler, J., Drimaj, J., Plhal, R., & Homolka, M. (2022).
The Influence of Forestry Management on the Selection of a Non-Vegetative Diet by
the Eurasian Beaver (Castor fiber L.). Animals, 12(21).

Milewski, A. v, Young, T. P., & Madden, D. (1991). Thorns as induced defenses: experimental
evidence. Oecologia, 86(1), 70-75.

Milner, J. M., van Beest, F. M., Schmidt, K. T., Brook, R. K., & Storaas, T. (2014). To feed or
not to feed? Evidence of the intended and unintended effects of feeding wild
ungulates. The Journal of Wildlife Management, 78(8), 1322—1334.

Misiukiewicz, W., Gruszczynska, J., Grzegrzdtka, B., & Januszewicz, M. (2016). Impact of
the European beaver (Castor fiber L.) population on the woody vegetation of Wigry
National Park. Roczniki Naukowe Polskiego Towarzystwa Zootechnicznego, 12(3),
45-64.

Moore, B. D., lason, G. R., & Sim, D. (2010). The Scottish Beaver Trial: Woodland monitoring
2009. Scottish Natural Heritage Commissioned Report, 393.

Moore, N. P., Hart, J. D., Kelly, P. F., & Langton, S. D. (2000). Browsing by fallow deer (Dama
dama) in young broadleaved plantations: seasonality, the effects of previous browsing
and bud eruption. Forestry, 73(5).

Morellet, N., Klein, F., Solberg, E., & Andersen, R. (2010). The census and management of
populations of ungulates in Europe. Ungulate Management in Europe: Problems and
Practices, 106—-143.

Muller, D., & Leyser, O. (2011). Auxin, cytokinin and the control of shoot branching. Annals
of Botany, 107(7), 1203—-1212.

Muller-Schwarze, Dietland. (2011). The Beaver: Its Life and Impact. (Second Ed.). Cornell
University Press.

132



Muscolo, A., Bagnato, S., Sidari, M., & Mercurio, R. (2014). A review of the roles of forest
canopy gaps. Journal of Forestry Research, 25(4), 725-736.

Naiman, R. J., Decamps, H., & Pollock, M. (1993). The Role of Riparian Corridors in
Maintaining Regional Biodiversity. Ecological Applications, 3(2), 209-212.

NatureScot. (2016). Deer Management in Scotland: Report to the Scottish Government from
Scottish Natural Heritage 2016. Scottish Natural Heritage Commissioned Report, 108.

Navarro, L. M., & Pereira, H. M. (2012). Rewilding Abandoned Landscapes in Europe.
Ecosystems, 15(6), 900-912.

Németh, A., Barany, A., Csorba, G., Magyari, E., Pazonyi, P., & Palfy, J. (2017). Holocene
mammal extinctions in the Carpathian Basin: a review. Mammal Review, 47(1), 38—
52.

Nichols, R. v., Cromsigt, J. P. G. M., & Spong, G. (2015). DNA left on browsed twigs uncovers
bite-scale resource use patterns in European ungulates. Oecologia, 178(1), 275-284.

Nickell, Z., Varriano, S., Plemmons, E., & Moran, M. D. (2018). Ecosystem engineering by
bison (Bison bison) wallowing increases arthropod community heterogeneity in space
and time. Ecosphere, 9(9).

Nilsen, E. B., Milner-Gulland, E. J., Schofield, L., Mysterud, A., Stenseth, N. C., & Coulson,
T. (2007). Wolf reintroduction to Scotland: public attitudes and consequences for red
deer management. Proceedings of the Royal Society B: Biological Sciences,
274(1612), 995-1003.

Nolet, B. A., Hoekstra, A., & Ottenheim, M. M. (1994). Selective foraging on woody species
by the beaver Castor fiber, and its impact on a riparian willow forest. Biological
Conservation, 70(20, 117-128.

Nolet, B. A., & Rosell, F. (1998). Comeback of the beaver Castor fiber: An overview of old
and new conservation problems. Biological Conservation, 83(2), 165-173.

Nolte, D. L., Lutman, M. W., Bergman, D. L., Arjo, W. M., & Perry, K. R. (2003). Feasibility of
non-lethal approaches to protect riparian plants from foraging beavers in North
America. Rats, Mice and People: Rodent Biology and Management, March.

NRFA. (2022a). National River Flow Archive - Tay at Ballathie - 15006. Live Station Data.
https://nrfa.ceh.ac.uk/data/station/info/15006

NRFA. (2022b). National River Flow Archive - Forth at Craigforth - 18011. Live Station Data.
https://nrfa.ceh.ac.uk/data/station/info/18011

Nudds, T. (1980). Forage ‘Preference’: Theoretical Considerations of Diet Selection by Deer.
Journal of Wildlife Management, 44(3), 735—740.

133



Nummi, P., & Hahtola, A. (2008). The beaver as an ecosystem engineer facilitates teal
breeding. Ecography, 31(4), 417-544.

Nummi, P., & Kuuluvainen, T. (2013). Forest disturbance by an ecosystem engineer: Beaver
in boreal forest landscapes. Boreal Environment Research (suppl. A), 13-24.

Nummi, P., Liao, W., Huet, O., Scarpulla, E., & Sundell, J. (2019). The beaver facilitates
species richness and abundance of terrestrial and semi-aquatic mammals. Global
Ecology and Conservation, 20, e00701.

O'Connell, M., Atkinson, S., Gamez, K., Pickering, S., & Dutton, J. (2008). Forage
Preferences of the European Beaver Castor fiber: Implications for Re-introduction.
Conservation and Society, 6(2), 190.

Ogilvy, T., Melville, N., Martinez, R., Stutter, M., Sime, |., Wilkinson, M., Morison, J.,
Broadmeadow, S., & O’Brien, L. (2022). Riverwoods for Scotland - Report on Scientific
Evidence.

Ohse, B., Hammerbacher, A., Seele, C., Meldau, S., Reichelt, M., Ortmann, S., & Wirth, C.
(2017). Salivary cues: simulated roe deer browsing induces systemic changes in
phytohormones and defence chemistry in wild-grown maple and beech saplings.
Functional Ecology, 31(2), 340-349.

Olson, K., Zahler, P., & Odonkhuu, D. (2004). Connectivity, Corridors and Stepping Stones:
Conservation Implications of Roe Deer Distribution on the Eastern Steppe. Mongolian
Journal of Biological Sciences, 2(1), 23-27.

Opperman, J. J., & Merenlender, A. M. (2000). Deer herbivory as an ecological constraint to
restoration of degraded riparian corridors. Restoration Ecology, 8(1), 41-47.

Owen-Smith, N. (2014). Spatial ecology of large herbivore populations. Ecography, 37(5),
416-430.

Palmer, S. C. F., & Truscott, A.-M. (2003). Seasonal habitat use and browsing by deer in
Caledonian pinewoods. Forest Ecology and Management, 174(1-3), 149-166.

Parker, H., & Rosell, F. (2001). Parturition dates for Eurasian beaver Castor fiber: When
should spring hunting cease? Wildlife Biology, 7(3), 237—-241.

Peinetti, H. R., Baker, B. W., & Coughenour, M. B. (2009). Simulation modeling to understand
how selective foraging by beaver can drive the structure and function of a willow
community. Ecological Modelling, 220(7), 998—-1012.

Peinetti, H. R., Menezes, R. S. C., & Coughenour, M. B. (2001). Changes induced by elk
browsing in the aboveground biomass production and distribution of willow (Salix
monticola Bebb): their relationships with plant water, carbon, and nitrogen dynamics.
Oecologia, 127(3), 334-342.

134



Pépin, D., Renaud, P. C., Boscardin, Y., Goulard, M., Mallet, C., Anglard, F., & Ballon, P.
(2006). Relative impact of browsing by red deer on mixed coniferous and broad-leaved
seedlings - An enclosure-based experiment. Forest Ecology and Management, 222(1—
3), 302-313.

Pepper, H. (1999). Recommendations for fallow, roe and muntjac deer fencing: new
proposals for temporary and reusable fencing. Practice Note - Forestry Commission,
9, 6 pp.

Pepper, S., Barbour, A., & Glass, J. (2020). The management of wild deer in Scotland: Report
of the Deer Working Group.

Perring, M. P., Standish, R. J., Price, J. N., Craig, M. D., Erickson, T. E., Ruthrof, K. X,,
Whiteley, A. S., Valentine, L. E., & Hobbs, R. J. (2015). Advances in restoration
ecology: Rising to the challenges of the coming decades. Ecosphere, 6(8).

Petersson, L. K., Milberg, P., Bergstedt, J., Dahlgren, J., Felton, A. M., Gétmark, F., Salk, C.,
& Lof, M. (2019). Changing land use and increasing abundance of deer cause natural
regeneration failure of oaks: Six decades of landscape-scale evidence. Forest Ecology
and Management, 444(April), 299-307.

Pezeshki, S. R., Anderson, P. H., & Shields, F. D. (1998). Effects of soil moisture regimes on
growth and survival of black willow (Salix nigra) posts (cuttings). Wetlands, 18(3), 460—
470.

Pollock, M. M., Beechie, T. J., Wheaton, J. M., Jordan, C. E., Bouwes, N., Weber, N., & Volk,
C. (2014). Using beaver dams to restore incised stream ecosystems. BioScience,
64(4), 279-290.

Prendeville, H. R., Steven, J. C., & Galloway, L. F. (2015). Spatiotemporal variation in deer
browse and tolerance in a woodland herb. Ecology, 96(2), 471-478.

Price, M. R. S. (1989). Animal reintroductions: the Arabian oryx in Oman. Cambridge
University Press.

Prior, R. (1995). The roe deer: conservation of a native species. Swan Hill.

Przepidra, F., & Ciach, M. (2022). Tree microhabitats in natural temperate riparian forests:
An ultra-rich biological complex in a globally vanishing habitat. Science of The Total
Environment, 803, 149881.

Pucci, C., Senserini, D., Mazza, G., & Mori, E. (2021). Reappearance of the Eurasian beaver
Castor fiber L. in Tuscany (Central Italy): the success of unauthorised releases?
Hystrix, the Italian Journal of Mammalogy, 32(2), 182—185.

135



Pulley, S., Goubet, A., Moser, |., Browning, S., & Collins, A. L. (2019). The sources and
dynamics of fine-grained sediment degrading the Freshwater Pearl Mussel
(Margaritifera margaritifera) beds of the River Torridge, Devon, UK. Science of the
Total Environment, 657, 420—-434.

Putman, R., Apollonion, M., & Andersen, R. (2011). Ungulate Management in Europe:
Problems and Practices. Cambridge University Press.

Putman, R. J., & Moore, N. P. (1998). Impact of deer in lowland Britain on agriculture, forestry
and conservation habitats. Mammal Review, 28(4), 141-164.

Puttock, A., Graham, H. A., Ashe, J., Luscombe, D. J., & Brazier, R. E. (2021). Beaver dams
attenuate flow: A multi-site study. Hydrological Processes, 35(2), e14017.

Puttock, A., Graham, H. A., Carless, D., & Brazier, R. E. (2018). Sediment and nutrient
storage in a beaver engineered wetland. Earth Surface Processes and Landforms,
43(11), 2358-2370.

Puttock, A., Graham, H. A., Cunliffe, A. M., Elliott, M., & Brazier, R. E. (2017). Eurasian
beaver activity increases water storage, attenuates flow and mitigates diffuse pollution

from intensively-managed grasslands. Science of the Total Environment, 576, 430—
443.

Radu, S. (2006). The Ecological Role of Deadwood in Natural Forests BT - Nature
Conservation: Concepts and Practice (D. Gafta & J. Akeroyd, Eds.; pp. 137-141).
Springer Berlin Heidelberg.

Raffel, T. R., Smith, N., Cortright, C., & Gatz, A. J. (2009). Central Place Foraging by Beavers
(Castor canadensis) in a Complex Lake Habitat. The American Midland Naturalist,
162(1), 62-73.

Ramberg, E., Burdon, F. J., Sargac, J., Kupilas, B., Risnoveanu, G., Lau, D. C. P., Johnson,
R. K., & McKie, B. G. (2020). The Structure of Riparian Vegetation in Agricultural
Aquatic-Terrestrial Linkages. Water, 12(2855), 1-22.

Ramirez, J. |., Jansen, P. A., den Ouden, J., Moktan, L., Herdoiza, N., & Poorter, L. (2021).
Above- and Below-ground Cascading Effects of Wild Ungulates in Temperate Forests.
Ecosystems, 24(1), 1563-167.

Ramirez, J. |., Jansen, P. A., & Poorter, L. (2018). Effects of wild ungulates on the
regeneration, structure and functioning of temperate forests: A semi-quantitative
review. Forest Ecology and Management, 424(May), 406—419.

Ramsay, J., Sandom, C., Ings, T., & Wheeler, H. C. (2022). What evidence exists on the
impacts of large herbivores on climate change? A systematic map protocol.
Environmental Evidence, 11(1), 1-8.

136



Ranc, N., Moorcroft, P. R., Ossi, F., & Cagnacci, F. (2021). Experimental evidence of
memory-based foraging decisions in a large wild mammal. Proceedings of the
National Academy of Sciences, 118(15), e2014856118.

Ratcliffe, P., & Mayle, B. (1992). Roe Deer Biology and Management: Forestry Commission
Bulletin 105.

Reed, S. P., Royo, A. A,, Fotis, A. T., Knight, K. S., Flower, C. E., & Curtis, P. S. (2022). The
long-term impacts of deer herbivory in determining temperate forest stand and canopy
structural complexity. Journal of Applied Ecology, 59(3), 812—821.

Reimoser, F., & Putman, R. (2011). Impacts of wild ungulates on vegetation: costs and
benefits. In Ungulate Management in Europe: Problems and Practices, eds. Putman,
R., Apollonio, M., and Andersen, R. Published by Cambridge University Press, 2011

Reimoser, F., & Reimoser, S. (2010). Ungulates and their management in Austria. In
European Ungulates and their Management in the 21st Century, eds. Apollonio, M.,
Andersen, R., and Putman, R. Published by Cambridge University Press, 2010

Renaud, P. C., Verheyden-Tixier, H., & Dumont, B. (2003). Damage to saplings by red deer
(Cervus elaphus):. Effect of foliage height and structure. Forest Ecology and
Management, 181(1-2), 31-37.

Riesch, F., Wichelhaus, A., Tonn, B., Meillner, M., Rosenthal, G., & Isselstein, J. (2022).
Grazing by wild red deer can mitigate nutrient enrichment in protected semi-natural
open habitats. Oecologia, 199(2), 471-485.

Ripple, W. J., & Beschta, R. L. (2004). Wolves and the Ecology of Fear: Can Predation Risk
Structure Ecosystems? BioScience, 54(8), 755-766.

Ripple, W. J., & Beschta, R. L. (2012). Trophic cascades in Yellowstone: The first 15years
after wolf reintroduction. Biological Conservation, 145(1), 205-213.

Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G., Hebblewhite, M.,
Berger, J., Elmhagen, B., Letnic, M., Nelson, M. P., Schmitz, O. J., Smith, D. W.,
Wallach, A. D., & Wirsing, A. J. (2014). Status and ecological effects of the world’s
largest carnivores. Science, 343(6167).

Ripple, W. J., Wolf, C., Phillips, M. K., Beschta, R. L., Vucetich, J. A., Kauffman, J. B., Law,
B. E., Wirsing, A. J., Lambert, J. E., Leslie, E., Vynne, C., Dinerstein, E., Noss, R.,
Wuerthner, G., DellaSala, D. A., Bruskotter, J. T., Nelson, M. P., Crist, E., Darimont,
C., & Ashe, D. M. (2022). Rewilding the American West. BioScience, 72(10), 931—
935.

137



Rivaes, R. P., Rodriguez-Gonzalez, P. M., Ferreira, M. T., Pinheiro, A. N., Politti, E., Egger,
G., Garcia-Arias, A., & Francés, F. (2014). Modeling the evolution of riparian
woodlands facing climate change in three European rivers with contrasting flow
regimes. PLoS ONE, 9(10).

Romportl, D., Blahova, A., Andreas, M., Chumanova, E., Andéra, M., & Cerveny, J. (2017).
Current distribution and habitat preferences of red deer and Eurasian elk in the Czech
Republic. European Journal of Environmental Sciences, 7(1), 50—62.

Rosell, F., Bozser, O., Collen, P., & Parker, H. (2005). Ecological impact of beavers Castor
fiber and Castor canadensis and their ability to modify ecosystems. Mammal Review,
35(3—4), 248-276.

Rosell, F., & Czech, A. (2000). Responses of foraging Eurasian beavers Castor fiber to
predator odours. Wildlife Biology, 6(1), 13-21.

Rosell, F., Kniha, D., & Haviar, M. (2020). Dogs can scent-match individual Eurasian beavers
from their anal gland secretion. Wildlife Biology, 2020(2).

Rouet-Leduc, J., Pe’er, G., Moreira, F., Bonn, A., Helmer, W., Shahsavan Zadeh, S. A. A,,
Zizka, A., & van der Plas, F. (2021). Effects of large herbivores on fire regimes and
wildfire mitigation. Journal of Applied Ecology, 58(12), 2690-2702.

Royo, A. A, & Carson, W. P. (2014). Direct and indirect effects of a dense understory on tree
seedling recruitment in temperate forests: Habitat-mediated predation versus
competition. Canadian Journal of Forest Research. 38(6), 1634-1645.

Salandre, J. A., Beil, R., Loehr, J. A., & Sundell, J. (2017). Foraging decisions of North
American beaver (Castor canadensis) are shaped by energy constraints and predation
risk. Mammal Research, 62, 229—239.

Scottish Government. (2019). Scotland’s Forestry Strategy 2019-2029. 60. Available at:
https://www.gov.scot/binaries/content/documents/govscot/publications/publication/20
19/02/scotlands-forestry-strategy-20192029/documents/scotlands-forestry-strategy-
2019-2029/scotlands-forestry-strategy-2019-2029/govscot%3Adocument

Seddon, P. J., & Armstrong, D. P. (2019). The role of translocation in rewilding. Rewilding,
303-324.

Seddon, P. J., Armstrong, D. P., & Maloney, R. F. (2007). Developing the Science of
Reintroduction Biology. Conservation Biology, 21(2), 303-312.

Seibold, S., Hagge, J., Muller, J., Gruppe, A., Brandl, R., Bassler, C., & Thorn, S. (2018).
Experiments with dead wood reveal the importance of dead branches in the canopy
for saproxylic beetle conservation. Forest Ecology and Management, 409(October
2017), 564-570.

138



Shelton, A. L. (2000). Variable chemical defences in plants and their effects on herbivore
behaviour. Evolutionary Ecology Research, 2, 231-249.

Shipley, L. A., Blomquist, S., & Danell, K. (1998). Diet choices made by free-ranging moose
in northern Sweden in relation to plant distribution, chemistry, and morphology.
Canadian Journal of Zoology, 76(9), 1722—1733.

Shipley, L. A., lllius, A. W., Danell, K., Hobbs, N. T., & Spalinger, D. E. (1999). Predicting Bite
Size Selection of Mammalian Herbivores: A Test of a General Model of Diet
Optimization. Oikos, 84(1), 55.

Smart, J. C. R., Ward, A. I., & White, P. C. L. (2004). Monitoring woodland deer populations
in the UK: an imprecise science. Mammal Review, 34(1-2), 99-114.

Smit, C., & Putman, R. (2011). Large herbivores as ‘environmental engineers’. Ungulate
Management in Europe, 260-283.

Spake, R., Bellamy, C., Gill, R. M. A., Watts, K., Wilson, T., Ditchburn, B., & Eigenbrod, F.
(2020). Forest damage by deer depends on cross-scale interactions between climate,
deer density and landscape structure. Journal of Applied Ecology, 57(7), 1376—1390.

Spitzer, R., Felton, A., Landman, M., Singh, N. J., Widemo, F., & Cromsigt, J. P. G. M. (2020).
Fifty years of European ungulate dietary studies: a synthesis. Oikos, 129(11), 1668—
1680.

Stamp, N. (2008). Plant Defense. Academic Press, 2794-2797.

Stewart-Oaten, A., Murdoch, W. W., & Parker, K. R. (1986). Environmental impact
assessment:"Pseudoreplication" in time? Ecology, 67(4), 929-940.

Stringer, A. P., & Gaywood, M. J. (2016). The impacts of beavers Castor spp. on biodiversity
and the ecological basis for their reintroduction to Scotland, UK. Mammal Review,
46(4), 270-283.

Svanholm Pejstrup, M., Andersen, J. R., & Mayer, M. (2023). Beaver foraging patterns in a
human-dominated landscape: Effects on woody vegetation and mammals. Forest
Ecology and Management, 528, 120645.

Tahoor, A., Musavi, A., & Khan, J. A. (2021). Human wildlife conflict: nature and extent in
Katerniaghat wildlife sanctuary, India. International Journal of Ecology &
Environmental Sciences, 3, 321-327.

Tanentzap, A. J., Burrows, L. E., Lee, W. G., Nugent, G., Maxwell, J. M., & Coomes, D. A.
(2009). Landscape-level vegetation recovery from herbivory: Progress after four
decades of invasive red deer control. Journal of Applied Ecology, 46(5), 1064—1072.

139



Tanentzap, A. J., Kirby, K. J., & Goldberg, E. (2012). Slow responses of ecosystems to
reductions in deer (Cervidae) populations and strategies for achieving recovery.
Forest Ecology and Management, 264, 159—166.

Tanentzap, A. J., & Smith, B. R. (2018). Unintentional rewilding: lessons for trophic rewilding
from other forms of species introductions. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences, 373(1761), 20170445.

Taylor, J. D., & Singleton, R. D. (2014). The evolution of flow devices used to reduce flooding
by beavers: A review. Wildlife Society Bulletin, 38(1), 127—-133.

Thom, D., Taylor, A. R., Seidl, R., Thuiller, W., Wang, J., Robideau, M., & Keeton, W. S.
(2021). Forest structure, not climate, is the primary driver of functional diversity in
northeastern North America. Science of The Total Environment, 762, 143070.

Thompson, S., Vehkaoja, M., & Nummi, P. (2016). Beaver-created deadwood dynamics in
the boreal forest. Forest Ecology and Management, 360, 1-8.

Toone, W. D., & Wallace, M. P. (1994). The extinction in the wild and reintroduction of the
California condor (Gymnogyps californianus). In Creative conservation (pp. 411-419).
Springer.

Tuomi, J., Niemela, P., Sirén, S., Niemela, P., & Siren, S. (1990). The Panglossian Paradigm
and Delayed Inducible Accumulation of Foliar Phenolics in Mountain Birch. Oikos,
59(3), 399.

Turunen, J., Elbrecht, V., Steinke, D., & Aroviita, J. (2021). Riparian forests can mitigate
warming and ecological degradation of agricultural headwater streams. Freshwater
Biology, 66(4), 785—798.

Turunen, J., Markkula, J., Rajakallio, M., & Aroviita, J. (2019). Riparian forests mitigate
harmful ecological effects of agricultural diffuse pollution in medium-sized streams.
Science of The Total Environment, 649, 495-503.

United Nations. (2022). World Population Prospects 2022: Summary of Results. In
Department of Economic and Social Affairs, Population Division (Issue 3).

Vasile, M. (2018). The vulnerable bison: practices and meanings of rewilding in the Romanian
Carpathians. Conservation and Society, 16(3), 217-231.

van der Wal, R., Madan, N., van Lieshout, S., Dormann, C., Langvatn, R., & Albon, S. D.
(2000). Trading forage quality for quantity? Plant phenology and patch choice by
Svalbard reindeer. Oecologia, 123, 108-115.

140



van der Zee, E. M., Angelini, C., Govers, L. L., Christianen, M. J. A., Altieri, A. H., van der
Reijden, K. J., Silliman, B. R., van de Koppel, J., van der Geest, M., van Gils, J. A.,
van der Veer, H. W., Piersma, T., de Ruiter, P. C., OIff, H., & van der Heide, T. (2016).
How habitat-modifying organisms structure the food web of two coastal ecosystems.
Proceedings of the Royal Society B: Biological Sciences, 283(1826).

van Ginkel, H. A. L., Churski, M., Kuijper, D. P. J., & Smit, C. (2021). Impediments affect deer
foraging decisions and sapling performance. Forest Ecology and Management, 482.

Virgos, E. (2001). Relative value of riparian woodlands in landscapes with different forest
cover for medium-sized Iberian carnivores. Biodiversity and Conservation, 10(7),
1039-1049.

Vorel, A., Valkova, L., HamSikova, L., Malon, J., & Korbelova, J. (2015). Beaver foraging
behaviour: Seasonal foraging specialization by a choosy generalist herbivore.
Behavioral Ecology and Sociobiology, 69(7), 1221-1235.

Vuorinen, K. E. M., Rao, S. J., Hester, A. J., & Speed, J. D. M. (2020). Herbivory and climate
as drivers of woody plant growth: Do deer decrease the impacts of warming?
Ecological Applications, 30(6), 1-13.

Wam, H. K., & Hjeljord, O. (2010). Moose summer and winter diets along a large-scale
gradient of forage availability in southern Norway. European Journal of Wildlife
Research, 56(5), 745-755.

Ward, A. I., White, P. C. L., Smith, A., & Critchley, C. H. (2004). Modelling the cost of roe
deer browsing damage to forestry. Forest Ecology and Management, 191, 301-310.

Wathen, G., Allgeier, J. E., Bouwes, N., Pollock, M. M., Schindler, D. E., & Jordan, C. E.
(2019). Beaver activity increases habitat complexity and spatial partitioning by
steelhead trout. Canadian Journal of Fisheries and Aquatic Sciences, 76(7), 1086-
1095.

Wazna, A., Cichocki, J., Bojarski, J., & Gabrys, G. (2018). Selective foraging on tree and
shrub species by the European beaver castor fiber in lowland and highland habitats in
Western Poland. Polish Journal of Ecology, 66(3), 286—300.

Westbrook, C. J., & England, K. (2022). Relative Effectiveness of Four Different Guards. In
Preventing Beaver Cutting of Urban Trees. Environmental Management, 70(1), 97—
104.

Westbrook, C. J., Ronnquist, A., & Bedard-Haughn, A. (2020). Hydrological functioning of a
beaver dam sequence and regional dam persistence during an extreme rainstorm.
Hydrological Processes, 34(18), 3726-3737.

141



Willby, N. J., Law, A., Levanoni, O., Foster, G., & Ecke, F. (2018). Rewilding wetlands: beaver
as agents of within-habitat heterogeneity and the responses of contrasting biota.
Philosophical Transactions of the Royal Society of London. Series B, Biological
Sciences, 373(1761), 20170444.

Willby, N. J., Perfect, C., & Law, A. (2014). The Scottish Beaver Trial: Monitoring of aquatic
vegetation and associated features of the Knapdale lochs 2008-2013, final report.
Scottish Natural Heritage Commissioned Report, 688.

Wilmers, C. C., Estes, J. A., Edwards, M., Laidre, K. L., & Konar, B. (2012). Do trophic
cascades affect the storage and flux of atmospheric carbon? An analysis of sea otters
and kelp forests. Frontiers in Ecology and the Environment, 10(8), 409—-415.

Wilsson, L. (1971). Observations and experiments on the ethology of the European beaver
(Castor fiber L.). Vitrevy, 8, 115-306.

Woodland Trust. (2018). Emma Jolly illustrations: types of woodland management.
https://www.woodlandtrust.org.uk/plant-trees/managing-trees-and-woods/types-of-
woodland-management.

Woodward, G., Perkins, D. M., & Brown, L. E. (2010). Climate change and freshwater
ecosystems: impacts across multiple levels of organization. Philosophical
Transactions of the Royal Society B: Biological Sciences, 365(1549), 2093-2106.

Wratten, S. D., Edwards, P. J., & Dunn, |. (1984). Wound-induced changes in the palatability
of Betula pubescens and B. pendula. Oecologia, 61(3), 372-375.

Wrébel, M. (2020). Population of Eurasian beaver (Castor fiber) in Europe. Global Ecology
and Conservation, 23, e01046.

Wrébel, M., & Krysztofiak-Kaniewska, A. (2020). Long-term dynamics of and potential
management strategies for the beaver (Castor fiber) population in Poland. The
European Zoological Journal, 87(1), 116—-121.

Yabuhara, Y., Yamaura, Y., Akasaka, T., Yamanaka, S., & Nakamura, F. (2019). Seasonal
variation in patch and landscape effects on forest bird communities in a lowland
fragmented landscape. Forest Ecology and Management, 454.

Yalden, D. (1999). The History of British Mammals. Academic Press.

Yarmey, N. T., & Hood, G. A. (2020). Resident perceptions of human-beaver conflict in a
rural landscape in Alberta, Human-wildlife Interactions, 14(3), 476—486.

Zaimes, G. N., lakovoglou, V., Emmanouloudis, D., & Gounaridis, D. (2010). Riparian areas
of Greece: Their definition and characteristics. Journal of Engineering Science and
Technology Review, 3(1), 176—183.

142



Appendices

Appendix 2.1. Knapdale Forest survey plot details.

Transect f?ésraa:zer Established Grid Reference ':/IZ;erznos 1'8 l'\\l/lzsatyerznoszl: 2?3\;?;
Lily Loch 0-4m 2010 NR7880388441 76 54 Y
Lily Loch 6-10m 2010 NR7880988430 65 51 Y
Linne 0-4m 2009 NR8002891433 16 16 Y
Linne 6-10m 2009 NR8003191439 5 5 N
Linne 16-20m 2009 NR8003791451 4 2 N
Linne 26-30m 2009 NR8004391459 24 15 N
Buic 0-4m 2010 NR7882988860 16 29 Y
Buic 6-10m 2010 NR7882288861 27 23 Y
Buic 16-20m 2010 NR7881788862 51 33 N
Creagmhor 0-4m 2009 NR8049291072 31 26 Y
Creagmhor 6-10m 2009 NR8049391073 10 8 N
Creagmhor 16-20m 2009 NR8050191064 42 38 Y
Creagmhor 26-30m 2009 NR8051091058 33 24 N
Coille-Bharr  0-4m 2009 NR7785189397 26 33 Y
Coille-Bharr2 ~ 6-10m 2009 NR7784689391 1 0 NA
Coille-Bharr  16-20m 2009 NR7784389387 47 21 Y
Coille-Bharr ~ 26-30m 2009 NR7782389384 56 36 Y
Barnluasgan  0-4m 2018 NR7924191293 NA 12 Y
Barnluasgan  6-10m 2018 NR7923491297 NA 9 Y
Barnluasgan  16-20m 2018 NR7922891300 NA 44 Y
Faery Isles 0-4m 2018 NR7752289567 NA 56 Y
Faery Isles 6-10m 2018 NR7751689571 NA 35 Y
Loch Mckay  0-4m 2018 NR7991388568 NA 13 Y
Loch Mckay  6-10m 2018 NR7991888566 NA 5 Y
Loch Mckay  16-20m 2018 NR7992588566 NA 8 Y
Losgunn 0-4m 2018 NR7905289725 NA 17 Y
Losgunn 6-10m 2018 NR7905689710 NA 25 Y
Losgunn 16-20m 2018 NR7905489710 NA 21 N
Losgunn 26-30m 2018 NR7905489707 NA 5 N
Laraiche® 0-4m 2018 NR7859085961 NA 33 N
Laraiche® 6-10m 2018 NR7858685956 NA 10 N
Laraiche® 16-20m 2018 NR7858085949 NA 19 N
Laraiche® 26-30m 2018 NR7857485943 NA 10 N

4 removed from analyses due to no trees being present

b

removed from analyses due to lack of beaver territory
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Appendix 2.2. Parameter estimates from model investigating tree selection by

beaver.

Generalised Linear Mixed Model (GLMM) with binomial error distribution and a logit

link investigating the effects of tree species, tree diameter (cm), duration of territory

occupancy (short vs long) and distance from the shore (0-4m, 6-10m, 16-20m, 26-

30m) using the browsing status (browsed/unbrowsed) of trees as the response

variable. Transect was used as random effect. Tree species codes are in Table 2.1.

Predictors Estimate  SE Z Value P Value
(intercept) -2.11 0.71 - -
Species (Betpub) 0.48 0.39 1.23 0.22
Species (Corave) 1.49 0.58 2.57 0.01
Species (Picsit) 0.5 0.81 0.61 0.5
Species (Salix) 2.76 0.65 4.24 <0.001
Species (Sorauc) 211 0.81 2.60 0.009
Diameter (cm) 0.1 0.03 3.39 <0.001
Duration of occupancy (long) <0.01 0.81 <0.01 0.99
Distance (6-10m) -0.51 0.26 -1.96 0.05
Distance (16-20m) -2.14 0.44 -4.82 <0.001
Distance (26-30m) -2.22 0.64 -3.45 <0.001
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Appendix 2.3. Parameter estimates from models investigating changes in woodland

structure over time.

a) Linear mixed model investigating the effect of relative change in mean plot diameter

(%), distance from shore (0-4m, 6-10m, 16-20m, 26-30m) and beaver browsing

intensity (%) on relative change in tree stem density (%). Predictors were centred and

scaled. Transect was used as a random effect.

Predictors Estimate = SE T Value P Value
(intercept) -10.2 13.8 - -
Relative change in tree diameter (%) -30.9 8.87 -3.5 0.01
Distance from shore (6-10m) -2.2 15.3 -0.1 0.9
Distance from shore (16-20m) 9.9 25.8 04 0.7
Distance from shore (26-30m) 0.18 23.3 0.008 0.99
Beaver browsing intensity (%) 3.1 7.7 04 0.7

b) Linear mixed model investigating the effect of relative change in tree stem density

(%), distance from shore (0-4m, 6-10m, 16-20m, 26-30m) and beaver browsing

intensity (%) on relative change in mean plot diameter (%). Predictors were centred

and scaled. Transect was used as a random effect.

Predictors Estimate  SE T Value P Value
(intercept) 4.44 6.68 - -
Relative change in tree density (%) -12.4 3.97 -3.14 0.01
Distance from shore (6-10m) 10.2 8.22 1.24 0.25
Distance from shore (16-20m) 30.6 1.4 2.66 0.03
Distance from shore (26-30m) 20.7 11.7 1.76 0.1
Beaver browsing intensity (%) 5.9 3.57 1.67 0.1
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Appendix 2.4. Parameter estimates from models investigating change in ground
vegetation cover over time.

Five linear mixed models investigating the effect of year (2010 and 2021) and distance
from water (0-4m, 6-10m, 16-20m, 26-30m) on ground cover (%) of a) graminoids, b)
bryophytes, c) ferns, d) shrubs, and e) herbs. Both shrubs and herbs response

variables were square root transformed. Transect was used as a random effect.

Response Predictors Estimate SE T value P Value
a) Graminoids (intercept) 46.36 1.8 - -
(% ground cover) Year [2021] 19.09 10.21 1.87 0.07
Distance from water [6-10m] 1.6 10.01 0.16 0.87
Distance from water [16-20m] -14.45 1218 -1.19 0.24
Distance from water [26-30m] -21.79 14.21 -1.53 0.14
b) Bryophytes (intercept) 54.9 106 - -
(% ground cover) Year [2021] 0.17 852 0.02 0.98
Distance from water [6-10m]  7.75 8.76 0.88 0.38
Distance from water [16-20m] 19.03 949 2.00 0.05
Distance from water [26-30m] 20.12 12.28 1.6 0.11
c) Ferns (intercept) 2.04 0.64 - -
(% ground cover) Year [2021] 0.98 0.65 1.55 0.15
Distance from water [6-10m]  0.37 0.84 0.44 0.66
Distance from water [16-20m] 1.47 085 1.72 0.11
Distance from water [26-30m] 0.69 0.94 0.73 0.47
d) Shrubs (intercept) 228 104 - _
(% ground cover) Year [2021] 55 10.7 0.51 0.64
Distance from water [6-10m]  12.55 13.0 0.96 0.36
Distance from water [16-20m] -9.68 12.0 -0.81 0.45
Distance from water [26-30m] -13.21 20.22 -0.65 0.53
e) Herbs (intercept) 1.64 041 - -
(% ground cover) Year [2021] 3.06 0.41 7.44 <0.0001
Distance from water [6-10m]  -0.67 0.53 -1.28 0.22
Distance from water [16-20m] 0.33 0.5 0.67 0.51
Distance from water [26-30m] 0.44 0.6 0.73 0.47

146



Appendix 3.1. Study site characteristics and sampling totals.

Site characteristics and collected shoot samples from four deer and beaver felling
treatments: BD = deer-browsed shoots from beaver-browsed trees, BND = non-deer-
browsed shoots from beaver-browsed trees, NBD = deer-browsed shoots from non-
beaver-browsed trees, and NBND = shoots with no beaver/deer browsing (control).
Samples collected were birch (Betula spp.) unless denoted by brackets which refer to

willow (Salix spp.).

Site Name of Freshwater . Number of samples collected
Location
number  freshwater type BD BND NBD NBND (total)

Dunalastair 56° 42' 07.3"N,

v reservoir och o040 180w 0 ° 0 > 20
: . 56° 35' 59.6"N,

2 River Lyon river 04° 15' 33 7"W 5 0 5 5 15
, 56° 37' 25.8"N,

3 River Tay wetland 03° 52' 17 4"W 5 3(7) 5 6(5) 31
. , 56° 39' 32.8"N,

4 River Tummel river 03° 40' 31 6"W 7 5 5 5 22
: 56° 20' 55.1"N,

5 River Earn loch 03° 49' 42 4"W 5 5 5 6 21
Loch of . 56° 34' 59.5"N,

®  Craiglush wer  ozeszasew 2 0 ° ° 17
. , 56° 33' 40.6"N,

7 River Braan river 03° 35' 38.0"W 0 (6) 0 (5) 1
56° 38' 49.8"N,

8 Bamff ponds wetland 03° 16' 04.1"W 0 8 5 6 19

total 29 44 35 48 156
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Appendix 3.2. Parameter estimates from model investigating the height structure of

secondary shoots on trees.

Linear mixed model investigating the effect of height category and tree felling on

shoots available (n; log transformed) in each height band. Predictors were centred and

scaled. Site and individual tree were used as nested random effects.

Predictors Estimate = SE T Value P Value
(intercept) 0.77 0.16 - -

Height category (50-100cm) 0.39 0.15 2.56 0.01
Height category (100-150cm) 0.59 0.15 3.89 <0.001
Beaver felling (felled) 0.91 0.16 5.51 <0.001
Height (50-100 cm) x Beaver felling (felled) -0.52 0.22 -2.35 0.01
Height (100—150 cm) x Beaver felling (felled) -1.43 0.22 -6.42 <0.001

Appendix 3.3. Parameter estimates from model investigating the nutritional content

of plant material (bud vs shoot).

Two linear mixed models investigating the effect of plant material (shoot/bud) on a)

nitrogen content (%) and b) carbon content (%). Both response variables (n) were

square root transformed. Site was used as a random effect.

Response Predictors Estimate SE T Value P Value
a) Nitrogen (%) (intercept) 1.32 0.01 - -

Plant material (shoot) -0.26 0.01 -24.7 <0.001
b) Carbon (%) (intercept) 7.58 0.02 - -

Plant material (shoot) -0.49 0.02 -28.9 <0.001
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Appendix 4.1. Experimental woodland summary statistics at start vs end of monitoring

period.

a) Chapter 4 summary statistics for the experimental woodland in August 2020 prior

to monitoring period. Total number of Salix cinerea per exclosure, their mean diameter

(cm), mean height (cm), mean growing tips per cluster (n) and mean soil moisture (%)

+ standard error (range).

Exclosure Totaltree  Mean tree  Mean diameter Mean growing Mean soil
stems (n)  height (cm) (mm) tips per cluster (n) moisture (%)

A 49 81164 56+05 422 +6.3 76.4+25
(25-222) (1.8-14.9) (10-85) (57.7-100)

B 54 81+8.6 58+0.6 58.0+4.1 46.7£1.6
(18-235) (1-15.2) (33-88) (23.1-47.9)

C 66 75+4.3 5+04 59.2+7.3 31.5+£3.7
(22-170) (1.5-14.4) (13-112) (23.9-84.6)

D 48 101 £8.5 6.8+0.6 709+ 134 55127
(22-240) (1.6-18.5) (4-169) (34.9-72.2)

E 56 69 +6.8 49+05 48.9+6.9 525+2.6
(18-225) (1.1-14.2) (6-133) (37.5-76.4)

E 63 73+3.9 49+0.3 46.5+54 255+11
(28-165) (1.8-12.2) (16-95) (18.8-32.9)

b) Summary statistics for the experimental woodland in August 2021 at the end of the

monitoring period. Total number of Salix cinerea per exclosure, their mean diameter

(cm), mean height (cm), mean growing tips per cluster (n) and mean soil moisture (%)

+ standard error (range).

Exclosure Totaltree  Mean tree  Mean diameter Mean growing Mean soil
stems (n)  height (cm) (mm) tips per cluster(n) moisture (%)
A 46 146 + 9.6 11.4+1 122.8 +17.7 414 +28
(42-270) (3.2-32) (32-252) (24.6-60.3)
B 46 137 £ 13 106+£1.2 153.2+14.5 214 +£11
(29-295) (2.1-26.7) (83-225) (15.7-33.2)
C 59 115+ 6.4 9+0.7 946+9.9 13+0.6
(26-226) (2.5-26.2) (41-167) (8.8-17)
D 46 160 £ 11.3 126 +1.3 159 + 255 334+3
(39-345) (2.4-35.5) (29-302) (20.2-61.2)
E 44 111+ 115 8.4 +1 95+ 19.1 26.3+2.38
(20-290) (1.1-24.3 (7-294) (7.4-41.6)
E 59 101 +4.6 7.5+04 83.8+8.5 13.5+0.6
(33-189) (2.8-16.4 (55-126 (8.7-18.7)
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Appendix 4.2. List of clipping treatments used in study design.

The simulated browsing treatment application per cluster of Salix cinerea trees with A)
no leafy growing tips clipped (control), B) one third of leafy growing tips clipped and
C) two thirds of leafy growing tips clipped. ‘N/A’ indicates there were no surviving trees

in the cluster to record.

Cluster D~ C'PPINg Clusterip  ClIPPINg Cluster I C'PPINg
treatment treatment treatment
A1 B CA1 C E1 B
A2 A C2 A E2 A
A3 C c3 C E3 B
A4 B C4 B E4 C
A5 A C5 C E5 A
AB B C6 A E6 C
A7 C C7 B E7 B
A8 A C8 A ES A
A9 C C9 C E9 c
A10 B C10 A E10 B
A1 A C11 C E11 A
A12 C C12 B E12 C
A13 B C13 B E13 A
Al4 C C14 C E14 B
A15 A C15 B E15 A
A16 B C16 A E16 B
B1 A D1 C F1 A
B2 B D2 A E2 B
B3 c D3 B F3 A
B4 A D4 C F4 C
B5 C D5 A F5 A
B6 B D6 C F6 B
B7 A D7 B F7 c
B8 B D8 N/A F8 B
B9 C D9 B F9 A
B10 B D10 C F10 B
B11 C D11 A F11 A
B12 A D12 C F12 C
B13 B D13 A F13 A
B14 A D14 B F14 B
B15 c D15 A F15 A
B16 A D16 C F16 C
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Appendix 4.3. Parameter estimates from models investigating the effect of soll
moisture on maximum tree height and diameter.

Two linear mixed models investigating the effect of soil moisture (scale 1-10) on
maximum a) tree height (cm) and b) diameter (mm) per tree cluster. Both response

variables were square root transformed. ‘Exclosure’ was used as a random effect.

Response Predictors Estimate SE T Value P Value
a) Maximum tree height (cm)  (intercept) 54 0.38 - -
Soil moisture 0.33 0.08 4.1 <0.001
b) Maximum diameter (cm) (intercept) 7.4 0.43 - -
Soil moisture 0.33 0.09 3.7 0.01

Appendix 4.4. Plots from supplementary models investigating the effects of clipping
on the relative change in tree growth, structure, and resource allocation.

Plots from additional linear mixed models for relative change (%) between 2020 and
2021 in mean a) specific leaf area (SLA) (%), b) total leafy growing tips (n), c) tree
height (cm), and d) tree diameter (cm). Predictors are coloured by significance (grey
= not significant, black = significant). *P=0.05. Response variables were square root

transformed. ‘Exclosure’ was used as a random effect.

a) Relative change b) Relative change c) Relative change d) Relative change €) Relative change
mean SLA (%) mean height (%) mean diameter (%) total growing tips (%) growing tip density (%)
Clipping - - o . ) -
(intermediate)
*
Clipping C el L o N P - R
(heavy)
Seil moisture o o — ot o
(scale 1-10)
A0 05 00 05 10 04 00 02 04 15 05 0.5 15 3 2 1 0 1 2 3 2 <10 1 2
Estimates
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