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Preface

Throughout my PhD many people have asked me why | am studying something as peculiar as
beavers. The question “What will do you do with a PhD on beavers?” has been asked more
than once. My interest in wildlife and animal behavior did not start with a fascination for
beavers. Growing up in Telemark, beavers were just a natural part of the landscape and
occasionally a source of annoyance when they swam over my fishing line. | was, however,
fascinated by large carnivores, especially wolves, from an early age. This passion lingered over
the years and steered me in the direction of behavioral ecology. Through my masters and
working with wolves and brown bears, | realized that my fascination with these species was
to a large degree based around their impacts on the ecosystem and the trophic cascades this
might create. It turned out that large carnivores were not the only species worth mentioning

in that regard.

The beaver’s role as an ecosystem engineer is fundamental for why beavers deserve our
research attention, in my opinion. Few species have such a large impact on ecosystems.
Beavers can transform small creeks and forests into connected wetlands teaming with
biodiversity (Hood and Larson 2015, Law et al. 2017a, Law et al. 2019), while cleaning polluted
waters, preventing floods, fires, and droughts, and storing carbon with potential implications
for climate change (Rosell et al. 2005, Wohl 2021). Beavers have exposed to human
eradication campaigns for centuries as hunters pursued their furs and castoreum sacks, but
they persisted and are now recovering through large parts of their prior range (Nolet and
Rosell 1998, Halley et al. 2021). Despite increased recognition of their role as an keystone
species and ecosystem engineer, conflicts often arise with human communities (Parker and
Rosell 2012, Campbell-Palmer et al. 2016). Research can hopefully contribute to mitigate some

of these conflicts through insights into beaver behavior.

Beavers are not one homogenous group but consisting of families made up of individuals with
different ages, social responsibilities, and energetic needs. Behavioral ecology is increasingly
acknowledging the complexities of wildlife behavior and interactions with the ecosystem.

Beavers provide a perfect model species to study some of these complexities by inhabiting
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both the aquatic and terrestrial sphere, being generalists and opportunistic foragers and with
intricate social systems. They are also unique by being among the few monogamous and

monomorphic mammals (Kleiman 1977).

Beaver habitats consists of varying resources and threats that are dynamic in both space and
time. Large parts of their historic range have been converted into an anthropogenic landscape,
which means beavers must adapt their spatial and temporal activities, foraging and habitat
selection to human disturbances and novel food sources. At the same time, beavers are
affected by our efforts to study them, which calls for investigations of the impact of our
research methods. In this thesis | have investigated temporal trends in beaver behavior, while
exploring drivers of individual differences, as well as the impact of bio-logging methods used
to study these mechanisms. As | have so often explained to people wondering why | am doing
this PhD, these topics not only provides insight into an important ecosystem engineer but may
also provide knowledge relevant for wider topics within ecology. | hope that increased
knowledge of temporal dynamics and individual differences may contribute to give wildlife
more space and encourage the conservation of more diverse landscapes, while also

encouraging co-existence with human communities.

A beaver splashes its tail as the sun sets during fieldwork in the Gvarv river. Photo: Frank Rosell
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Abstract

Wild animals deal with a dynamic landscape consisting of both food resources and threats that
vary across space and time. This thesis investigated spatio-temporal foraging behavior and
habitat selection of Eurasian beavers (Castor fiber), while also exploring potential negative
impacts of the methods used to study their behavior. We explored how sex, age, reproductive
status, body condition, and density impacted beaver behavior. Through tagging beavers with
VHF transmitters and GPS loggers, we could track beaver movements and behavior across the
landscape, seasons, and the night. We found that reproductively active females displayed
similar foraging patterns as males, but differed in seasonal activity patterns, habitat selection,
and diet during certain times of the year. The socio-reproductive groups also differed in
circadian habitat selection patterns, revealing potentially different strategies in balancing
foraging and risk. These differences indicate that even monogamous and monomorphic
species may display sex-specific behavioral differences and differences related to age and
other physiological and demographic characteristics. We found that beavers foraged
extensively on cereals during late summer, which may play an important role in beaver
foraging ecology and body condition. Beavers tagged with bio-loggers displayed lower weight
gain during the tagging period, but the difference was small and there was much individual
variability. There was also considerable individual variability in beaver habitat selection, some
influenced by age and other beaver-specific characteristics, but much remained unexplained
and raised new research questions. We concluded that beaver behavior is highly dynamic and
variable across time and among individuals, which highlights the complexity of wildlife

behavior and interactions within the ecosystem.

Vil
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1 Introduction

A species survival is closely related to its behavior, which enables animals to find food, mates,
reproduce and protect themselves from predators and conspecifics (Drickamer et al. 2002).
Habitat selection and foraging behavior are key to how animals interact with their
environments and often display clear spatial and temporal patterns. Habitat selection occurs
on different levels, which refers to the hierarchical organization of the habitat. The first-order
refers to the physical or geographical range of a species, second-order to the selection of a
home range, third-order is selection of habitat patches within the home range, and fourth-
order represents selection of specific resources within these habitat patches (Johnson 1980,
McGarigal et al. 2016). Scale of habitat selection on the other hand refers to the grain of
observation on a spatial or temporal scale, which are the units in which animal selection is
explored (Mayor et al. 2009, McGarigal et al. 2016). Habitat selection and foraging patterns
may both be highly variable across time, which requires attention not only on the spatial scales

but also temporal.

1.1 Temporal trends in foraging and habitat selection

Animals respond to spatial and temporal environmental variation through habitat selection
while balancing the need to obtain resources and avoid predators (Milligan et al. 2020).
Especially in temperate and polar regions, seasonal changes in food availability, nutritional
content and energetic demands of certain life-history events may impact these patterns
(Owen-Smith et al. 2010, Merems et al. 2020). When food availability differs in both space and
time, it impacts foraging behavior and habitat selection, but such temporal trends generally
receive less research attention (Dupke et al. 2017, Northrup et al. 2021). Seasonal and diurnal
activity patterns are often complex and affected by factors such as weather, disturbance,
predation, and access to forage (Dupke et al. 2017). Animals also engage in different activities
throughout the day, that spans from resting to foraging, and the resources and habitats used
for these activities may vary (Northrup et al. 2021). This again leads to different habitat

selection patterns that also vary spatially between geographic regions and across time

[



Lodberg-Holm: Spatio-temporal foraging behavior, habitat selection and impacts of bio-
logging on Eurasian beavers, Castor fiber

influenced by factors such as predation risk and human disturbances (Mayor et al. 2009,

Richter et al. 2020).

1.2 Human disturbances and predation risk

Human disturbances or predation risk may drive temporal and spatial adaptions such as
selection of areas with higher vegetation cover during daytime and more open areas during
night (Bjgrneraas et al. 2011, Dupke et al. 2017), or adopting a completely nocturnal lifestyle
with physiological adaptions to support this (Hut et al. 2012). However, temporal switches
may also occur within shorter time frames in response to environmental cues, predation or
social interactions (Hut et al. 2012). Diurnal patterns reflect activity budgets as well as the
balance between obtaining food resources and avoiding predators, including humans that
tend to be more active during the day (Richter et al. 2020, de Gabriel Hernando et al. 2021).
Brown bears (Ursus arctos) in Greece for example displayed clear diurnal patterns by being
closer to human settlements at night and moving to remote natural habitats during daytime
(de Gabriel Hernando et al. 2021), while in Sweden bears became more nocturnal as a
response to the onset of the bear hunting season (Ordiz et al. 2012). Diel patterns may be
more pronounced in certain seasons than others (Roberts et al. 2017). Red deer (Cervus
elaphus) for example selected for more vegetation cover in summer and fall compared to
other seasons, probably due to higher levels of human activity as well as climatic factors
(Richter et al. 2020). Such switches are also often linked to food availability and nutritional

content of food items.

1.3 Temporal variation in food availability

Animal movement patterns may change in response to seasonal foraging opportunities and
some species expand their home range or even become nomadic when food resources are
seasonally variable or less abundant (Owen-Smith et al. 2010). Wildlife often switch between
different food items according to availability, but may also reduce foraging activity during
times of high availability (Bertolino et al. 2004). Certain food items may also offer attractive

nutrients leading to increased foraging, shift in diet, or spatial movement, such as moose

2
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(Alces alces) foraging on aquatic vegetation in spring and early summer to obtain sodium
(Fraser et al. 1982), or red deer jumping the green wave by moving to higher elevation during
spring to access more palatable young plants (Bischof et al. 2012). Brown bears on the other
hand switch to strong selection for berries when these become available in late summer, but
selection is weakened at the onset of the hunting season (Hertel et al. 2016, Lodberg-Holm et
al. 2019). Another such seasonally abundant food item, crops, may provide wildlife with extra

nutrients, but also pose a risk of human encounters.

Agriculture is expanding globally and has contributed to large-scale global biodiversity loss
(Sanchez-Bayo and Wyckhuys 2019), but also provides supplementary food for many
generalist and omnivorous species (Oro et al. 2013). Availability of nutritious crops may induce
wildlife to shift foraging towards these abundant food resources, and is not necessarily linked
to declines in natural forage (Chiyo et al. 2005). Energy maximizing species such as black bears
(U. americanus) opportunistically forage on crops to supplement their natural diet as these
food sources have a high calorie content (Ditmer et al. 2018). Crops and especially cereals are
a good source of both proteins and carbohydrates (Remonti et al. 2011). By being spatially
clustered and temporally predictable, access to crops may decrease foraging time and
increase fitness for a wide range of species (Oro et al. 2013, Ditmer et al. 2015b). Seasonal
timing of crop depredation depends on both species and growth stage of the crop plant in
guestion. Badgers (Meles meles) for example forage extensively on cereals when these are
available during fall to build up fat reserves (Roper et al. 1995). Crop-raiding behavior often
also display clear diurnal patterns such as African elephants (Loxodonta africana) foraging in
crop fields at nigh to reduce the risk of encountering humans (Troup et al. 2020, Vogel et al.
2020), but such diurnal patterns may differ in relation to sex and reproductive status for many
species (Bjgrneraas et al. 2011, Ditmer et al. 2018, Vogel et al. 2020). Demographic and
physiological characteristics may also impact general habitat selection patterns and act as

drivers of individual variability.

w
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1.4 Drivers of individual variability

Individual variation in habitat selection may be extensive and make it challenging to conclude
on population-level trends (Milligan et al. 2020). However, these differences are also
interesting to explore rather than treat them as a nuisance (Hertel et al. 2020, Northrup et al.
2021). A wide range of factors may impact this variability including behavioral syndromes
linked to personality (Hertel et al. 2019, Aliperti et al. 2021), a reflection of beneficial
environmental conditions (William et al. 2018), physiological variables such as sex and
reproductive status (Bjgrneraas et al. 2011, Ditmer et al. 2015a), as well as age and body
condition (Hertel et al. 2017, Hata et al. 2021). Habitat selection and foraging commonly differ
between males and females, especially in size dimorphic species, driven by different energetic
needs associated with body size, mating systems and vulnerability to predation (Oehlers et al.
2011, Ditmer et al. 2015b, Pecorella et al. 2019). In African elephants for example, females are
often more risk aversive and mostly foraged on crops during nighttime and displayed different
diurnal habitat selection and activity patterns compared to males (Vogel et al. 2020).
However, in red deer, females are more willing to risk crossing roads compared to males,
indicating that females are not always more risk aversive than males (Meisingset et al. 2013).
Sexual segregation have a wide range of causes and most likely a combination is the best
reflection of the truth, as one main theory has not yet been able to account for all differences
in various species (Ruckstuhl 2007). Still, in habitat selection studies, sex-specific patterns are
often ignored, which may cause overestimation or underestimation of the importance of
certain habitat types (Oliveira et al. 2018). Differences between the sexes may also be
seasonally specific such as female Mediterranean mouflons (Ovis gmelini musimon) selecting
for better foraging locations during gestation and after weaning, while shifting to safer
habitats when accompanied by dependent lambs, but displaying similar habitat selection as
males in autumn and winter (Marchand et al. 2015). During reproductive periods, differences
may even occur between males and females in monogamous and monomorphic species

where fewer such differences are expected and investigated (Lewis et al. 2002).

D
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Bi-parental care is more common in monogamous species which may cause more similar
habitat selection and foraging patterns (Kleiman 1977, Burke et al. 2015). However, females
may still have higher energy requirements during gestation and lactation, which may lead to
increased foraging or selection of habitats with higher food quality (Clutton-Brock et al. 1982,
Logan and Sanson 2003, Pipia et al. 2008). Female red ruffed lemurs (Varecia rubra) for
example foraged more than males during lactation, even though they both rested less and
travelled more during the same time (Vasey 2005). In several monomorphic sea birds, females
travelled further or dived deeper to access better quality food compared to males especially
prior to reproduction (Lewis et al. 2002, Hedd et al. 2014). However, in monomorphic African
oryx (Oryx beisa), males spent the longest time foraging, but females still took more bites per

time unit (Ruckstuhl and Neuhaus 2009).

Reproductive cycles not only impact foraging and habitat selection, but reproductive success
may be the best measure of true habitat quality and fitness consequences of differing
strategies (McLoughlin et al. 2007, Gaillard et al. 2010). In roe deer (Capreolus capreolus) in
France, lifetime reproductive success could be explained by several habitat features within
individual territories (McLoughlin et al. 2007). While in young sika deer (Cervus nippon),
individuals foraging on crops had larger body size and also a higher reproductive rate than
those that did not exploit this food source (Hata et al. 2021), and adult male elephants that
foraged on crops became larger for their age with possible implications for the length of musth
episodes and increased reproduction (Chiyo et al. 2011). In black bears in Minnesota, cereal
consumption increased body condition of males and body mass of females, but there was no
evidence that this impacted reproduction (Ditmer et al. 2015b). Foraging and habitat selection
may differ among individuals and offer the possibility to link different strategies to its
consequences in terms of body condition, reproduction, survival, and ultimately fitness
(McLoughlin et al. 2007, Merems et al. 2020, Ofstad et al. 2020, Northrup et al. 2021).
However, investigating these differences require tools to monitor spatial movements and

behavior of individuals as well as long-term monitoring of populations.

(2}
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1.5 Methods to study animal behavior

Observations of wild animals can be challenging due to the environment the animal moves
through (Ropert-Coudert and Wilson 2005). In recent decades, new technology to track
animals using bio-loggers are creating opportunities to explore animal behavior and
movements (Wilson et al. 2008, Wilmers et al. 2015). Bio-loggers enables researchers to
monitor animals as they move through widely different environments spanning from
terrestrial, avian and aquatic ecosystems (Cooke et al. 2004, Hussey et al. 2015, Kays et al.
2015), and explore how animals move through a complex landscape consisting of unevenly
spread food resources, predation risk, environmental conditions and anthropogenic
disturbances (Hays et al. 2016). Bio-loggers such as GPS and Daily Diaries containing both tri-
axial accelerometers and magnetometers can study animal behavior and spatial movement in
great detail, and shed light on both foraging behavior and habitat selection (Wilmers et al.
2015). Many of these devices were developed to monitor marine species that are difficult to
observe while moving across vast ocean distances (Wilson et al. 2007, Hussey et al. 2015), but
are increasingly being used to study also terrestrial species (Kays et al. 2015). Through
technological development these devices are becoming increasingly smaller, enabling

attachment on a wider range of species (Portugal and White 2018).

However, as new species are targeted and new attachment mechanisms developed, a wide
range of negative impacts may arise, which should be carefully investigated and considered
(Hawkins 2004). Negative impacts maybe associated with capture stress (Jordan 2005, Baylis
et al. 2015), increased drag (Bodey et al. 2018, Rosen et al. 2018) and adding weight to an
animal amongst many others (Portugal and White 2018). These impacts are often species-
specific, dependent on animal lifestyles (Wilson et al. 2021) and may vary among individuals
(Lear et al. 2018). Impacts may include energy expenditure related to movement (Rosen et al.
2018), survival or reproduction (Barron et al. 2010, Bodey et al. 2018). A main challenge with
studying potential negative effects of bio-logging is the need for a control group of untagged
animals to compare the tagged animals with (Authier et al. 2013). Without direct comparisons

with a control group, subtle differences in behavior or body condition may be missed.
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Negative impacts may have important consequences for both data validity and animal welfare
(Soulsbury et al. 2020, Cleasby et al. 2021), but bio-logging still opens unique opportunities to

study interesting aspects of animal ecology.

Data from bio-loggers may inform us about temporal trends in foraging behavior and habitat
selection, which can be matched with information about reproduction and physiology to
explore both the drivers and consequences of different foraging and habitat selection
strategies (Ropert-Coudert and Wilson 2005, Northrup et al. 2021). In some species these
patterns are not only important to understand the ecology of the species and to inform
management and conservation (Milligan et al. 2020, Northrup et al. 2021), but may also have
wide scale consequences for the very structure of the ecosystem. One such species, the
Eurasian beaver (Castor fiber), is known as an ecosystem engineer, together with its close

relative the North American beaver (C. canadensis) (Rosell et al. 2005, Hood and Larson 2014).
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2 Study species

2.1 The beaver — an ecosystem engineer on the rebound

Eurasian and North American beavers appear similar, and despite the eight chromosomes
separating them, their behavior and ecological niche are almost identical (Parker et al. 2012),
and both species are therefore discussed interchangeably throughout this thesis. Eurasian
beavers used to be distributed from British Isles to Eastern Siberia, but by the 19th century
they were almost eliminated with only 1200 individuals in eight isolated populations
remaining (Nolet and Rosell 1998). In North America, there is great uncertainty concerning
population sizes prior to European arrival, but probably beavers populated close to half the
continent playing an important role in maintaining large wetland areas (Wohl 2021). In recent
decades, both beaver species have been reintroduced within their previous ranges in Europe
and North America motivated by an effort to recover the species and/or to restore their
ecological functions (Gibson and Olden 2014, Halley et al. 2021). Beavers have in some places
settled into areas with a very high human density, which illustrate that they do not require
untouched wilderness to persist (Halley and Rosell 2002, Halley et al. 2021), even though they

prefer to settle outside highly anthropogenic areas (Zwolicki et al. 2019).

Beavers are known as ecosystem engineers through their foraging and building activities,
which changes the structure of ecosystems and creates habitats for other species, with
implications for biodiversity (Hood and Larson 2014, Law et al. 2017b, Law et al. 2019). They
play a key role in ecosystem processes such as species composition, vegetation structure,
hydrology, and water chemistry (Rosell et al. 2005, Parker et al. 2007, Gibson and Olden 2014).
Beavers mostly impact the relatively undisturbed forest zone located around waterways
where they may contribute to transform forested areas into wetlands (Nummi and
Kuuluvainen 2013, Wohl 2021), and connect these through beaver constructed channels
(Hood and Larson 2015). Beaver foraging can also cause shifts in the composition of
herbaceous plant species and biomass due to selective felling and browsing on certain species

(Jones et al. 2009, Law et al. 2014b), and reduce biomass of invasive species (Parker et al.,
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2007). The beaver is also unique by being semi-aquatic that inhabits both the aquatic and
terrestrial spheres, which may contribute to energy fluxes between these zones (Johnston
2017). As beavers contribute to shape ecosystems, it is especially important to understand

their foraging strategies (Gallant et al. 2016) and habitat selection patterns.

2.2 Diet and foraging behavior

Beavers focus their foraging close to the water and are characterized as central place foragers,
even though there is conflicting evidence on whether they are more selective (Raffel et al.
2009, Gerwing et al. 2013), or prefer larger or smaller food items with increasing distance from
water (Belovsky 1984, Haarberg and Rosell 2006, Raffel et al. 2009). Beavers are also energy-
maximizers, which implies that they cut more vegetation than they need in high quality
habitats (Gallant et al. 2016). In autumn, beavers increase felling rates of trees in order to
construct a winter food cache consisting of sticks and branches, which they subsequently
forage on during the winter season in ice-covered areas (Svendsen 1980, Busher et al. 2020).
After relying mostly on the bark of trees as their main food source in winter, beavers tend to

switch towards a more diverse diet in summer.

The beaver summer diet includes twigs, leaves and roots (Nolet et al. 1995), as well as aquatic
plants that are more digestible, nutritious, less costly to transport, and may provide safer
foraging habitats in relation to predators (Cebrian and Lartigue 2004, Law et al. 20143,
Bergman et al. 2018). Aquatic vegetation provides an important food source for beavers
especially during summer (Svendsen 1980, Milligan and Humphries 2010, Mortensen et al.
2021). Beavers may also forage on crops, which has occasionally been found in their diet
(Roberts and Arner 1984, Betzecki et al. 2018), even though extensive conflicts with farmers
due to foraging are rarely mentioned (Campbell et al. 201243, Ulicsni et al. 2020). A study from
the Czech Republic showed that beavers preferred wheat (Triticum aestivum) and barley
(Hordeum sativum), but also foraged on several other crop species when these were available
(Mikulka et al. 2020). The highly variable diet of beavers is both a result of seasonal availability
(Krojerova-Prokesova et al. 2010), but also an adaption to obtain a variety of nutrients (Nolet

et al. 1995). Beavers deposit fat reserves in autumn, which they then mobilize in winter and
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spring (Aleksiuk and Cowan 1969). There have been conflicting results on whether the beaver
diet differs between the males and females or age groups, with some studies finding no
differences (Roberts and Arner 1984, Krojerova-Prokesova et al. 2010), and other studies

identifying differences between males and females (Betzecki et al. 2018).

2.3 Territoriality and activity patterns

Beavers are highly territorial and maintain exclusive territories that they protect year around
(Nolet and Rosell 1994). The territories rarely change in size and seem to depend more on
colonization history than the quality of habitats (Campbell et al. 2005). Beavers are sexually
monomorphic and monogamous (Aleksiuk and Cowan 1969), even though partner changes
and extra pair copulations do occur (Nimje et al. 2019, Mayer et al. 2020). They are also
nocturnal and mostly active between dusk and dawn (Sharpe and Rosell 2003, Swinnen et al.
2015), while maintaining a 24 hour activity cycle that may expand to 26-28 hour cycles during
winter (Potvin and Bovet 1975). Beavers usually emerge from their lodges between 18:00-
20:00 and remain active until 04:30-06:00 in the morning (Sharpe and Rosell 2003). They
mostly reside within their lodge or burrow during daytime, where sleeping and eating are
dominating activities (Mott et al. 2011). Their nocturnal lifestyle is surprising as it requires
increased energy use, combined with their poor eyesight, food sources being equally available
during daytime, this circadian rhythm is most likely an adaption to avoid human persecutors

(Swinnen et al. 2015).

Beavers are often studied as family groups, but differences related to age, reproductive status
and sex have also been identified. The territory of male and female beavers have been found
to overlap with 81%, they moved similar distances during a night, but males patrolled a slightly
larger area and tended to spend more time at the territory borders, while having slightly
longer activity periods (Sharpe and Rosell 2003, Herr and Rosell 2004, Rosell and Thomsen
2006). When moving outside the lodge, the pair tends to move independent of each other,
which may increase the efficiency of territory defense (McClanahan et al. 2020). All beavers
contribute to patrol and scent mark their territory after 5 months (Wilsson 1971, Herr and

Rosell 2004). Still, the reproductive pair, and especially the male, contributes the most to scent
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marking (Rosell and Thomsen 2006, Hohwieler et al. 2018). Scent marking peaks in April and
May when most young beavers disperse (Rosell and Nolet 1997, Rosell et al. 1998). Female
beavers give birth within the lodge sometime in May-June (Wilsson 1971, Mayer et al. 2017b)
whereupon the reproductive female spends most of her time in the lodge during lactation
(Zurowski et al. 1974). Young beavers tend to be active for longer periods per day, while older
beavers spend more time on land during senescence (Graf et al. 2016b, Cabré et al. 2020).
Pregnant female beavers are disproportionally killed during spring hunting in Norway (Parker
et al. 2002), but the cause of them being more exposed to hunters have not yet been identified
(Mayer et al. 2017b). Studying sex-specific differences in beaver habitat selection may
contribute to answer this question and inform wider research topics such as the occurrence
of behavioral differences in monogamous and monomorphic mammals and individual

differences within group-living species.

2.4 Beaver habitat selection

Beaver habitat selection has received substantial research attention especially following
recent beaver reintroductions and recovery efforts (Fustec et al. 2001, Scrafford et al. 2018).
Several studies have focused on second-order habitat selection exploring where beavers place
their territories in relation to large scale landscape features (Curtis and Jensen 2004, Francis
et al. 2017) or third-order selection based on visible signs of beaver use within the territory
such as foraging on trees, construction of lodges or dams (Pinto et al. 2009, John et al. 2010,
Scrafford et al. 2018). Several studies have shown that beavers reside close to waterways with
a low stream gradient, increased sinuosity, and with riverbanks consisting of silt-soil banks
(Curtis and Jensen 2004, Pinto et al. 2009, Scrafford et al. 2018). Within territories they prefer
open water, wetlands and terrestrial habitats close to water (Steyaert et al. 2015, Wang et al.
2019, Barela et al. 2021). In terms of vegetation, they select for woody areas dominated by
shrubs and deciduous trees such as willows (Salix) (Fustec et al. 2001, Pinto et al. 2009,
Gerwing et al. 2013). A special challenge with beaver habitat selection studies is distinguishing
between vegetation types and landscape features that beavers select for, and those that are

the result of beaver habitat engineering (Hood and Bayley 2008, Barela et al. 2020). Increased
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dominance of deciduous trees and shrubs may be the result of beaver foraging, creation of
gaps in the forest and regrowth from foraged stumps (Jones et al. 2009, Nummi and
Kuuluvainen 2013). Beavers are considered a forest species that either avoids or display no
selection patterns in relation to open areas such as agriculture (Curtis and Jensen 2004,
Steyaert et al. 2015, Wang et al. 2019), but individual differences, seasonal or circadian habitat

selection have not been investigated in beavers to the best of our knowledge.

Only a small selection of studies has investigated beaver habitat selection using spatial
locations obtained either from VHF transmitters or GPS loggers but these have not
investigated temporal trends (Steyaert et al. 2015, Francis et al. 2017, Wang et al. 2019, Barela
et al. 2020). Sex-specific differences in beaver habitat selection has not been identified
(Steyaert et al. 2015), but such differences have not been investigated within different time
periods to the best of our knowledge. The size of beaver territories have been found to differ
between seasons (Korbelova et al. 2016) and core areas may shift (McClintic et al. 2014a), but
this trend tend to disappear once beavers get more established and beaver densities increase
(Nolet and Rosell 1994). To the best of our knowledge, no previous studies have explored
seasonal or diurnal changes in third-order beaver habitat selection, despite foraging studies
indicating that diets vary considerably across seasons (Svendsen 1980, Milligan and
Humphries 2010, Vorel et al. 2015). Insight into both beaver foraging behavior and habitat
selection requires detailed knowledge of how beavers move in the landscape. This may be
revealed by tagging beavers using bio-loggers, but this also involves inherent risks that must

always be considered when applying such methods.

2.5 Tagging of beavers

The body shape of beavers with thick necks and small heads have made them challenging to
tag with conventional methods such as collars (Rothmeyer et al. 2002). Attachment of radio
transmitters on the tail (Korbelova et al. 2016, Smith et al. 2016, Barela et al. 2020) or
surgically implanted transmitters (Nolet and Rosell 1994, McKinstry and Anderson 2003,
Ranheim et al. 2004) are the most common attachment procedures on beavers. However,

these methods are invasive and requires full anesthesia in the case of implants with inherent
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risks (Ranheim et al. 2004). Tail mounts require local anesthesia while drilling of a hole through
the beaver tail, which may cause permanent damage and potential weight loss during winter
(Smith et al. 2016). Still, equipping beavers with these radio transmitters has facilitated spatial
tracking of beavers (Francis et al. 2017, Barela et al. 2020), and behavioral observations by
allowing the beaver to be tracked and observed during nighttime (Nolet and Rosell 1994,
Sharpe and Rosell 2003). Tracking beavers using radio transmitters is however time consuming

and entail a risk of disturbing their behavior.

The Norwegian Beaver Project (NBP) has developed a new method to attach bio-loggers by
gluing the tag onto the fur at the lower back of the beaver that allows for the attachment of
several devices, including VHF to facilitate radio tracking in the field, GPS to log spatial
locations, and Daily Diary to log movement in a three dimensional space, which can later be
translated into behaviors (Graf et al. 2015). These bio-loggers have provided extensive data
on beaver behavior with topics ranging from territory use and behavior (Graf et al. 2016b,
Mayer et al. 2017c, Mayer et al. 2020), movement patterns of the reproductive pair
(McClanahan et al. 2020), habitat selection (Steyaert et al. 2015), diving behavior (Graf et al.
2018, Mortensen et al. 2021) and activity periods and movement (Cabré et al. 2020). Several
studies have assessed this method and found only short-term changes in activity patterns the
day following tagging (Graf et al. 2016a), but no long-term effects of being tagged at least
once on body condition, reproduction or survival (Mortensen and Rosell 2020). However, the
impact of tagging on beaver body condition during the tagging period has not yet been
investigated, nor individual variability in potential impacts or in comparison with a control
group. Assessing such impacts should always be given careful consideration, but at the same

time bio-logging offers a valuable tool to gain insight into the behavior of this cryptic species.
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3 Objectives

The goal of this thesis was to explore spatio-temporal foraging and habitat selection of
Eurasian beavers, while also assessing potential negative impacts of attaching bio-logging
tags. We investigated potential drivers of individual differences such as age, sex, socio-
reproductive status, reproductive effort, beaver density, and body condition, to better

understand the mechanisms that drives foraging and habitat selection (Fig. 1).

Figure 1: Graphical summary of the content of the four research articles included in this thesis.

Article | deal with beaver activity budgets and foraging activity, article Il with foraging on
cereal fields, article 1ll with beaver habitat selection and article IV with the effects of bio-
logging. Habitat, seasonality, circadian patterns, human disturbances, and individual

variability are symbolized as common topics across these articles.
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3.1 Foraging behavior, diet, and crop depredation (Article | and Il)

The first article explored temporal activity patterns of beavers and how they balance foraging
against other activities across the seasons and the night. We also investigated sex-specific
seasonal use of different food items. We hypothesized that due to the cost of reproduction,
females should forage more, travel less, and spend more time in the lodge during the
reproductive period and during the night. We also expected females to travel and forage more
in summer and forage on nutritious plants such as aquatic vegetation and herbs. In the second
article, we focused in on beaver foraging on a novel food source, cereals. We investigated the
extent of foraging, spatio-temporal foraging patterns as well as drivers behind beaver use of
crop fields. We hypothesized that beavers would forage close to the water with less buffer
vegetation, as well as in areas with lower elevational gain from the river and lower slopes and
on mature wheat and barley. We hypothesized more extensive foraging within territories with
higher coverage of agriculture and individual use of crop fields might differ in relation to age,

sex, reproductive status, and body condition.

3.2 Individual and temporal habitat selection (Article Ill)

In the third article, we explored individual variability and spatio-temporal habitat selection of
beavers. The focus was set on terrestrial environments and wetlands as habitat selection has
already been investigated in aquatic environments within the study area (Mortensen et al.
2021). We hypothesized that we would find individual differences driven by reproductive
effort, age, body condition and beaver density. We also hypothesized distinct temporal trends
related to seasonal food availability and human disturbances, and that these might differ

according to socio-reproductive status.

3.3 Assessing impacts of tagging (Article IV)

In the fourth article, we investigated potential negative effects of tagging beavers with bio-
loggers and compared weight gain in tagged and untagged beavers as a control group. We
hypothesized that the glue-on tags used in the NBP would reduce body weight gain in beavers

compared to untagged beavers. We predicted that these negative effects would increase
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during the colder months of the year when beavers spend more energy on thermoregulation
and have lower food access. We also hypothesized that beavers would gain less weight with
increasing tag weight and duration of tagging and accounted for potential impacts of sex and

age.
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4 Material and methods

4.1 Study area

The study area of the NBP encompasses three rivers: Gvarv, Sauar and Staumen, located in
Midt-Telemark and Nome municipalities in Telemark, southeastern Norway (Fig. 2). These
rivers all converge into lake Norsj@, and the sections incorporated in the study area includes
32 km of river, with widths varying between 30 to 150 m. Due to the size of the rivers and the
amount of water running through, beavers cannot construct dams in the main rivers, and large
stretches of the rivers are usually ice-free during winter (Herr and Rosell 2004). The landscape
surrounding the rivers are a patchwork of agricultural land and forested areas with a few
smaller villages, roads, and railways. Cereals are the most common crop and was grown on
60% of all fields in 2019-2020 (Landbruksdirektoratet 2021a). Wheat and oats dominate the
production followed by barley and rye (Landbruksdirektoratet 2021b). The forested areas
surrounding the rivers are dominated by Norway spruce (Picea abies), grey alder (Alnus
incana), Scots pine (Pinus sylvestris), silver birch (Betula pendula), downy birch (Betula
pubescens), bird cherry (Prunus padus), and rowan (Sorbus aucuparia) (Haarberg and Rosell
2006). Mean daily temperature is 6.5 °C with a mean precipitation of 2.3 mm (eKlima 2020).
Human activity on the rivers is highest during summer when boat traffic increase for

recreational purposes (Flemseeter et al. 2020).

19



Lodberg-Holm: Spatio-temporal foraging behavior, habitat selection and impacts of bio-
logging on Eurasian beavers, Castor fiber

_ﬂﬁain habitat types

Water
Agriculture
Forest
Developed
Wetland
Open

6595000

oomEOO

6590000
|

Sauar

6585000
|

6580000
|

6575000
1

Sources: NVE & MNIBIO © OpenStreetiap contributors
T I ] ] I I

500000 505000 510000 515000 520000 525000

Figure 2: Study area of the Norwegian Beaver Project including the three rivers Straumen,

Gvarv and Sauar in Midt-Telemark and Nome municipalities in southeastern Norway.

4.2 Study animals and population

Eurasian beavers have been present in the rivers for approximately 100 years and are believed
to be at carrying capacity (Campbell et al. 2012b, Mayer et al. 2020). Monitoring of the
resident beaver population has been ongoing as part of the NBP since 1997. From yearly live-
captures and observations, all territory owners or reproductive pairs have been identified
(Mayer et al. 2017a), as well as any beavers still residing within their parents territories (Mayer
et al. 2017d). Beaver kits have been registered after they emerge from the lodge. Genetic
testing using hair samples was used to determine parentage of some beavers (Nimje et al.
2021). Average reproductive effort of tagged beavers was estimated by summing all the kits
born by that beaver and dividing it with the number of years that beaver was monitored. We
found that average yearly reproduction of beavers older than 3 years was 0.52 kits per year.
Over the course of the study, around 30 beaver families have been monitored continuously
(Mayer et al. 2017a), with some variations as certain territories have dissolved into separate

territories and sometimes merged back together in later years. Family sizes within the study
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area ranges from 2 to 12 beavers with an average of 3.97 + 1.88 members (Mayer et al. 2020).
The beaver density is 1.23 + 0.32 beavers per km of shoreline, and each beaver territory ranges
from 3.5 +£1.59 km and 3.28 + 1.45 km of river length, as identified in different studies (Graf et
al. 2016b, Mayer et al. 2020). The high beaver density is the main limitation for dispersal of
young beavers that may remain within their parents territories up to seven years old (Mayer
et al. 2017d). There is a low risk of predation for beavers within the study area, as most large
carnivores that pose a threat to beavers have been exterminated, but there is a low but stable
population of lynx (Lynx lynx) (Rovdata 2021). Beaver hunting takes place from 1 October until
30 April (Miljgdirektoratet 2022). During 2009-2014, hunters did not harvest more than 5% of
the population (Graf et al. 2016b), while 12% of the population were harvested between 1998-
2017 (Mayer 2017). However, hunting has not been closely monitored after a change in
beaver hunting policy in 2017, when municipalities were no longer required to set quotas
giving landowners more opportunity to regulate hunting on their own property (Lovdata
2017). Beavers in the study area tend to focus their foraging on woody vegetation on grey
alder, rowan, willow, birch, the prunus family and few conifers (Haarberg and Rosell 2006).
The resident beaver population select for habitats in narrow stretches of the river, shallow
areas close to the bank, gentle bank slopes and areas with deciduous forest cover (Pinto et al.

2009).

4.3 Beaver captures and monitoring

All the articles included in this thesis depends on live-capturing beavers to tag them with bio-
loggers or radio transmitters. A special live-capture method has been developed by the NBP
and remained unchanged throughout the study period (Rosell and Hovde 2001). Beavers were
captured during hours of darkness using a small motorboat with an outward engine and
spotlights to locate beavers along the riverbanks. Captures took place during the ice-free
season from March to November. Spotted beavers were tracked to a shallow area and
captured using a net either in the water or on land (Rosell and Hovde 2001). Captured beavers
were transferred to a cloth sack where they could be handled without the use on anesthesia.

Body length and tail measurements were taken and used to calculate tail fat index as an
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indication of body condition (Rosell et al. 2010, Parker et al. 2017). Each beaver was weighed
and aged based on weight during the first capture (Rosell et al. 2010). One additional year was
added every year since the initial capture. During most tagging events, we weighed beavers
both during tag attachment and after tag removal, which was used to estimate daily
percentage weight change used in article IV. Captured beavers were sexed during the first
capture by extracting anal gland secretion from the cloaca and determining the color and
viscosity. Female secretion is characterized as a thick grey paste, while male is fluid and straw
colored (Rosell and Sun 1999). Each beaver was inserted with a passive integrated responder
(PIT) used to identify individuals with a scanner during captures and sometimes using a reader
installed by the lodge entrance to identify which beavers used the lodge (Briggs et al. 2021).
Each beaver was also fitted with a plastic or metal ear tag to facilitate visual identification

(Sharpe and Rosell 2003).

4.4 VHF and GPS tagging

Beavers were tagged with two types of telemetry. In article |, we used an older dataset with
radio tracking of beavers during 2000, 2001, 2006 and 2007 including 41 beavers from 20
territories. The radio transmitters were either attached to the beaver tail or implanted
surgically (Sharpe and Rosell 2003, Ranheim et al. 2004). Tagged beavers were monitored in
the field in the immediate days following attachment, and while one beaver died post-
operatively, the others were observed moving around normally within their territories
following tag attachment (Sharpe and Rosell 2003, Ranheim et al. 2004). One week prior to
attachment, two observers started tracking beavers from the same territory on successive
nights (on average 7 + 2.89 SD nights per beaver) from the time they emerged from their lodge
in the evening until their returned in the morning while recording their behavior, social
interactions and foraging items and recording spatial locations every 15 min (Sharpe and
Rosell 2003). In total, we used 5430 15-min observations of beaver behavior and 3312
continuous observations of foraging events to investigate temporal activity patterns and
foraging. Direct observations of animals can be used to study behaviors such as foraging,

especially when the animals are habituated to human observers (Pelletier and Festa-Bianchet
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2004, Masi et al. 2009), or are observed at sufficient distance to limit disruption (White et al.
1998, Ruckstuhl and Neuhaus 2009). According to Sharpe and Rosell (2003) the disturbance
to the beavers appeared to be minimal, supported by previous studies that have used similar

observation methodology (Nolet and Rosell 1994, Buech 1995).

In the third article, GPS loggers were attached to 74 beavers during 104 tagging events
(tagging event = one beaver tagged in a particular year) for periods of 2-22 days during the
months March to November in 2009 to 2021. The GPS recorded a spatial location every 15
min from 19:00 until 07:00/08:00 in the morning, but did not track beavers during daytime,
which is outside the main activity periods (Sharpe and Rosell 2003), and locations could not
be fixed from within beaver lodges or burrows (Justicia et al. 2018). GPS loggers were
combined with a VHF and Daily Diary. Data from the Daily Diaries was not used in the research
articles included in this thesis. The tag was glued onto the fur of the beaver on the lower back,
approximately 15 cm above the tail, using two-component epoxy (Graf et al. 2016a). The
position was chosen both to minimize drag and ensure that the tag would stay above water
during swimming at the surface and thereby able to connect with the satellites. The tag either
fell off by itself after 2-3 weeks and subsequently collected from the water, on land or the
beaver lodge, or the beaver was recaptured, and the tag removed from the outer fur using a
scalpel. Some of the GPS loggers used for article Ill were tested for performance on beavers
and had a locational error of 15.7 £ 21.9 m and a fix rate of 86%, which is only 8% lower than
the fix rate of stationary GPS units (Justicia et al. 2018). We removed all 2-D locations and
those with a HDOP >5 from the dataset to increase accuracy (Justicia et al. 2018). As the focus
in both article Il and Ill was beaver movement and habitat selection in terrestrial
environments, we removed all GPS fixes in the water. Misclassifications of GPS locations in
water or on land probably occurs, but this error should be unbiased (Cabré et al. 2020).
Beavers may change their behavior during the trapping night by spending more time in the
lodge (Graf et al. 2016a), and we therefore removed GPS data collected during capturing

nights.
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4.5 Ethical statement and animal welfare

Beaver capture and handling was approved by Norwegian Experimental Animal Board (FOTS
id 742, id 2170, 2579, 4384, 6282, 8687, 15947, 19557) and the Norwegian Directorate for
Nature Management (2008/14367 ART-VI-ID, archive code 444.5, 446.15/3, 14415). All
studies also complied with the ASAB/ABS guidelines for treatment of animals in behavioral
research (ASAB/ABS 2020) and was carried out according to the ARRIVE guidelines (Percie du
Sert et al. 2020). We did not record any significant injuries to beavers caused by our research
methods, but one beaver died post-operatively during implanting of a VHF transmitter in
2001. Three tagged beavers died of natural causes or were shot by hunters during this study
in 2000-2001, but these deaths were not related to tagging. One female beaver tagged with
GPS was found dead in a lodge entrance in 2018 and sent to the Norwegian Veterinary
Institute for a necropsy, but the cause of death and whether it was related to tagging could
not be determined. Potential long-term effects of capture, handling and tagging of beavers in
the project has been investigated by Mortensen and Rosell (2020) who found that the number
of capture and handling events negatively affected reproduction during the first years of the
project, but this effect subsided in more recent years, possibly due to habituation. Being
tagged at least once in a beavers’ lifetime did not impact body condition, survival and
reproduction (Mortensen and Rosell 2020). However, impacts on body weight have not been

investigated during the tagging period, nor has individual impacts been assessed.

4.6 Territory estimates

The estimates of territory size and placement used in article |, Il and Il were established based
on tracking beavers in the field using VHF transmitters, observations of scent marking
locations at the territory borders and GPS data. In article I, we identified the main lodge for
each beaver-year using spatial locations from when the beaver was observed either in a lodge
or burrow and estimated the most intensely used 10% kernel using the adehabitatHR package
(Calenge 2006). In article Ill, we experimented with different territory estimation methods and
found that they often exaggerated the size of the beaver territories by including inland areas

especially where rivers meander (John et al. 2010, Mayer et al. 2017c). The definition of
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habitat available within the territory is important for accurate results in habitat selection
studies (Northrup et al. 2021, Street et al. 2021). Beavers usually stays within 60-77 m from
water but may move further to obtain especially attractive food sources (Donkor and Fryxell
1999, Steyaert et al. 2015). We decided to include areas within 100 m from the river as
potentially “available” habitats in article Ill and searched this zone for beaver foraging in cereal
fields in article Il. To analyze beaver habitat selection in article 1ll, we also buffered the 95%
MCP with 100 m to include areas next to the rivers where beavers swim past while removing
areas more than 100 m away from water. In article Il that investigated seasonal foraging on
cereals, we used a combination of GPS data and scent marking observations to determine the
territory extents as we did not have GPS data from all surveyed territories during the relevant

study years.

4.7 Field registrations

In article Il, we documented beaver foraging on cereals fields during late summer and early
autumn 2019 and 2020. We surveyed all cereal fields within 100 m of the river within 17
beaver territories throughout the field season, with an average 11 days between each survey.
We also surveyed control plots not foraged by beavers spaced 50 m apart along the edges of
the fields to represent available but non-foraged locations. The size of each foraged patch was
estimated and in both foraged and control locations, we registered distance to the closest
water, percentage cover of trees, shrubs and grass/field layer between the river and the field.
In every location we also recorded the species of cereal and the maturity of the cereal plants.
Beaver foraging was distinguished based on the presence of a trail going down to the river

with cereal plants deposited along the trail and in the water.

4.8 Data preparation

This thesis utilized three main datasets; the first article is based on an old dataset containing
behavioral observations of VHF tagged beavers, while article Il use both field surveys in cereal
fields and GPS data collected between 2010-2021. Article Il uses only the GPS dataset, while

article IV investigates weight change in some of these GPS tagged beavers during the tagging
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period. In article |, we grouped beaver activity observations into the same categories as Sharpe
and Rosell (2003), and decided to focus on foraging and the other two most common activities,
travelling and being in the lodge. Foraging items were classified into three groups:

trees/shrubs, aquatic vegetation, and herbs/grass.

GPS locational data was used both in in article Il, where we investigated the proportion of GPS
fixes that overlapped with crop fields and in article lll that investigated spatio-temporal and
individual patterns of beaver habitat selection. For both articles we focused on terrestrial GPS
locations. In article Ill, we contrasted GPS locations (used) with random locations (available)
within each beaver territory using resource selection functions (Johnson 1980). We created
available points randomly within each beavers’ yearly territory in a ratio 5:1 in relation to the
GPS locations. Habitat data was extracted from various land cover maps both for article Il
(foraged and control plots and GPS fixes) and article 1l (GPS and available locations). From a
land cover map of Norway (Kartverket 2016), we extracted habitat types both as categorical
variables (article Il and article Ill) and continuous proportions within a 15 m buffer around
each location (article Ill). We calculated the Euclidean distance from each location to water
(article 1l and 1ll) and human developed areas (settlements, roads, and railways) (article Ill).
For both article Il and lll, we obtained elevation data from a digital elevation model (Kartverket
2019), and calculated elevational gain between each location and the closest water. Slope was
estimated for each locations using the “terrain” function in the R package raster (Hijmans
2020). For article IV, we obtained estimates of water temperature in the study area from the

Norwegian Water Resources and Energy Directorate (NVE).

All the articles deal with temporal trends in some form, and in article |, Il and Ill, we converted
date and hour of the night into continuous estimates. Exploring temporal trends by comparing
pre-defined time periods may simplify trends and dealing with time as a continuous variable
is therefore recommended (Richter et al. 2020). We converted date to Julian day, which we
defined as the number of days since 1 January every year. Hour of the night was converted to
active hour, which we defined the first hour where most beavers emerge from the lodge

(19:00) as active hour 1 and the last active hour at 8:00 when most beavers have already
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returned to the lodge. When referring to seasons in the discussions, we defined March-May

as spring, June-August as summer and September-November as autumn.

4.9 Statistical analysis

For each analysis, we followed similar data exploration procedures using the steps suggested
by Zuur et al. (2010). Collinearity between the explanatory variables were investigated using
both Pearson correlation test with a cut-off value of 0.7, and variance inflation factors (VIF)
with a cutoff value of 10 (Zuur et al. 2010, Harrison et al. 2018). In article | and article lll, we
investigated temporal trends over longer time periods, which we did not expect to appear as
linear effect, and therefore used generalized additive mixed effects models (GAMM). In article
I, we used frequentist methods (Wood 2017), while we applied a Bayesian analysis in article
[l (Zuur et al. 2017). In article I, where we modelled temporal foraging over a relatively short
time period while cereals matured, and we therefore treated Julian day as a linear effect using
generalized mixed effects models (GLMM) (Zuur et al. 2009), and in article IV where we only
had two body weight measurements from each beaver, we used daily percent body weight

change as the response using linear mixed models (LMM).

In article I, we investigated seasonal and diurnal activity patterns in beavers and
seasonal use of food items. Whether each activity or food item was observed or not was used
as the response with a Bernoulli distribution. We included Julian day and active hour as a
smoothers interacting with sex to investigate whether males and females displayed different
seasonal and diurnal trends. However, we did not investigate circadian trends for food items
as we did not hypothesize this as important. We accounted for potential effects of distance to
the main lodge interacting with sex (only for the activity analysis) and age, while accounting
for year and beaver ID as random intercepts. In article Il, we modelled the probability that a
location in the cereal fields was foraged by beavers (1=foraged and O=control plot) using a
Bernoulli distribution. Julian day, cereal species, width of the buffer zone covered by trees,
bush or grass, slope, elevational gain, and distance to closest river were included as
explanatory variables. We also modelled the extent of foraging in each foraged patch using

the same explanatory variables but with a gamma distribution. We included plot ID and field
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ID as random intercepts in both analyses. Finally, we summarized the extent of foraging on
cereals in each territory across the two years and used GLM and a negative binomial
distribution to investigate whether territory size or habitat cover within the territories
impacted foraging. We also used the proportion of GPS fixes within crop fields in each beaver-
year and modelled this in relation to sex, age, female reproduction the current or following

year, weight, body condition and year using linear regression.

In article lll, we investigated third-order habitat selection using a Bayesian framework
and integrated nested Laplace approximations (INLA) (Rue et al. 2009). Bayesian modelling of
species occurrence is increasingly being used and INLA is computationally more effective than
methods relying on Markov Chain Monte Carlo simulations (Beguin et al. 2012, Sadykova et
al. 2017, Lezama-Ochoa et al. 2020). INLA can also account for spatial autocorrelation
between locations through stochastic partial differential equations (INLA-SPDE) where
locations closer in space are assumed more similar than those located further apart (Beguin
et al. 2012, Lezama-Ochoa et al. 2020). We used resource selection functions (RSF) and
contrasted GPS with available locations using GLMM and a Bernoulli distribution. RSF and GLM
models are the most common methods to study habitat selection and offers a very flexible
framework (Gaillard et al. 2010, McLoughlin et al. 2010, McGarigal et al. 2016). Random
effects of beaver ID and year were included to account for unbalanced sampling between
individuals and autocorrelation between the same individual and year (McLoughlin et al.
2010). We divided the RSF analysis in two parts; first we investigated population-level and
individual variation in habitat selection, while in part two, we investigated temporal trends
specific to each socio-reproductive group. For the first part, we included both random
intercepts and slopes to obtain individual selection estimates (Northrup et al. 2021). We used
these as the response in a additional set of models using GLM and a Gaussian distribution with
beaver family ID as a random intercept. Average yearly reproduction, age, tail fat index as a
measure of body condition and family size as a measure of density were included as potential
explanatory variables. For the second part, we again used RSF models, but this time applied
GAMM models with interactions between habitat types and both Julian day and active hour,

to investigate temporal trends in habitat selection. We compared four types of spatio-
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temporal models to account for the spatial autocorrelation and conducted the analysis
separately for each socio-reproductive beaver group. We distinguished between

reproductively active females, reproductively active males, and non-reproductive beavers.

In article IV, we investigated body weight change during the tagging period and compared
tagged beavers with an untagged control group. The first analysis contrasted these two groups
using daily percent weight change as the response in relation to tagging status (tagged or
untagged) as well as age, season, and sex. We then focused in on the tagged individuals and
used total percent weight change as the response in relation to season, weight of the tag,
water temperature, sex, age, and tagging duration. Beaver ID and year was accounted for as

random intercepts in all models.

We followed some common model selection procedures in each analysis. In article |, Il and IV
we constructed candidate models including a null model and compared these using AlCc
model selection (Anderson and Burnham 2004), and the model.sel function from the MuMIn
package (Barton 2020). For each candidate model set we selected the top models within a
AAICc <2. In cases with several top models, we selected the most parsimonious (simplest)
among these to avoid including variables with limited statistical importance (Arnold 2010).
Variables included in the final model where 95% confidence intervals overlapped with zero
were considered uninformative. In article lll, we used a different model selection procedure
as these models were very computationally demanding, making in unpractical to run a long
list of candidate models. We instead fitted a full model and compared this with a null model
using deviance information criterion (DIC) (Zuur et al. 2017) to observe whether the
explanatory variables explained any of the variation in the data. If the full model was most
supported, we progressed using a backward selection procedure by variables with credible

intervals overlapping with zero until all parameters were considered informative.
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5 Results and discussion

5.1 Temporal foraging patterns (article | and Il)

Foraging was the most common beaver activity outside the lodge and accounted for 30% of
the tracking observations in article I. However, beavers spent the largest part of the night in
the lodge (34%) and spent considerable time travelling (28%). Other studies have observed
similar activity patterns, but even more time dedicated to foraging (Buech 1995, Gallant et al.
2016). In line with other studies, we found that once foraging, most beavers were mostly alone
and only accompanied by another beaver in 6% of observations, which is similar to what has
been found in previous studies (McClanahan et al. 2020). Surprisingly, we found no clear
seasonal trend in foraging nor any sex-specific trends (Fig. 3). We expected especially females
to forage more in response to reproduction. Monomorphic female meerkats (Suricata
suricatta) for example foraged at a higher intensity than males when they were reproductively
active (Doolan and Macdonald 1996). Female raccoon dogs (Nyctereutes procyonoides) that
usually do not display differences in foraging behavior between the sexes shifted to increased
female foraging during reproductive period probably due to increased energetic needs (Zoller
and Drygala 2013). However, in other monomorphic species such as lemurs (Lepilemur
ruficaudatus) no differences in foraging behavior, travel nor nutritious content in foraging
items were identified even in the reproductive season (Ganzhorn et al. 2004). Our findings are
in line with beavers being income breeders that rely on previously accumulated fat reserves
instead of compensating with increased foraging in spring and summer (Rodel et al. 2015,
Parker et al. 2017), but an investigation of sex-specific foraging patterns during fall could have

revealed larger differences between the sexes.

We did, however, identify some sex-specific activity patterns such as females spending more
time in the lodge during spring (Fig. 3), which could be expected if she has dependent kits
(Wilsson 1971), while males travelled more in late spring and summer, which could be a
response to an increase in dispersing beavers (Rosell et al. 1998). Following reproduction

beavers tend to spend more time closer to the lodge in May-June to protect their kits
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(McClintic et al. 2014b), but this responsibility may fall more on the females especially in
spring (Buech 1995). The beavers also displayed clear circadian patterns in all three activities,
but there were no sex-specific differences (Fig. 3). Foraging peaked in the middle of the night,
being in the lodge was most common in the beginning and end of the beavers’ activity period
and travelling occurred throughout the night, but slightly less in the evening and more in the
morning (Fig. 3). Foraging also increased further away from the lodge and with increasing age

of the beaver.
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Figure 3: Predicted effect of Julian day and hour of the night on the probability of Eurasian
beaver (Castor fiber) activities including foraging (A), being in a lodge (B) and travelling (C).
The left panel show the smoother for Julian day and the right panel presents the estimated
smoother for hour of the night. Red signifies females and the blue males, while the green

represents both groups in cases where there were no differences between the sexes. The
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model predictions are based on beaver activity observations from spring to late summer

during the years 2000, 2001, 2006 and 2007 in southeastern Norway.

We also investigated seasonal shifts in foraging patterns and use of food items in article I. The
most common food items were trees and shrubs that made out 73% of foraging items,
followed by aquatic vegetation (16%) and herbs/grasses (11%). These proportions are not too
dissimilar to a Canadian study showing that beavers spent 18% of their time foraging, in which
48% was spent foraging on trees, 33% on shrubs, 15% on herbs and 7% on aquatic vegetation
(Gallant et al. 2016). Not surprisingly deciduous trees were most dominant food item in the
beaver diet, but beavers also occasionally foraged on coniferous species in spring. We
expected females to forage more on nutritious food sources such as aquatic vegetation and
grasses and herbs during spring. This was partly confirmed, as female aquatic foraging peaked
in both spring and autumn with a subsequent decline in foraging on trees/shrubs, but there
were no sex-specific differences in foraging on herbs/grasses (Fig. 4). Sex-specific foraging on
aquatic vegetation and trees/shrubs maybe a result of female selecting for food items with a
higher nutritional content (Nolet et al. 1995), but could also represent a risk aversive foraging
tactic to reduce predation risk on land where beavers are more vulnerable (Gable et al. 2016).
Aguatic vegetation also has high levels of certain nutrients such as nitrogen, phosphorus and
sodium that may be useful for female beavers during reproduction as shown for several other

species (Blair-West et al. 1968, Cebrian and Lartigue 2004).
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Figure 4: Predicted effects of the probability of Eurasian beaver (Castor fiber) use of
trees/shrubs (A), aquatic vegetation (B) and herbs/grasses (C) across the study season (5
March—-23 September). Red signifies females and the blue males, while the green represents
both groups in cases where there were no differences between the sexes. The predictions are
based on beaver activity observations from spring to late summer during the years 2000, 2001,

2006 and 2007 in southeastern Norway.

In article I, we focused on another seasonally abundant food source that beavers utilize within
our study area, cereals. This food source was included in the herb/grass category explored in
article I. However, use of herb/grass was found to peak during June in article I (Fig. 4), which
is prior to when cereals in the study area is mature. Very few of the behavioral observations
from article | mentioned cereals, possibly suggesting that use of this food item has increased

in recent years. While a study from North America found less beaver activity within
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agricultural areas compared to protected areas (Nelner and Hood 2011), the Eurasian beaver
have been found to settle closer to agriculture than North American beavers (Alakoski et al.
2019). We have observed beaver foraging in cereal fields in recent years, leading us to
investigate their use of this novel food source. During our two-year survey, we found 172
patches foraged by beavers, composing an area of 3136 m2. By far, beavers preferred wheat
that composed 72% of the foraged areas, followed by oat (19%), barley (8%) and rye (2%).
Beavers displayed a preference for mature grains, even though barley was foraged to a larger
extent when still immature (Fig. 5). Camera trap footage indicated that beavers cut cereal
plants close to the ground and transported them down to the river where most of the feeding
occurred. Species such as the Svalbard pink-footed geese (Anser brachyrhynchus) and
Greenland white-fronted geese (A. albifrons flavirostris) have in recent years shifted foraging
areas to agricultural crops, which have caused them to abandon natural foraging areas and
enabled a large scale increase in reproductive output (Fox et al. 2005), which causes conflicts
with local farmers in Norway (Simonsen et al. 2016). Beaver foraging on cereals do not occur
on the same scale or cause such large scale conflicts and has therefore received less research
attention, but cereals may still play an important role in providing beavers with important

nutrients (Mikulka et al. 2020).
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Figure 5: Proportion of barley (Hordeum sativum), oat (Avena sativa), rye (Secale cereale) and
wheat (Triticum aestivum) foraged by Eurasian beavers (Castor fiber) in southeastern Norway

2019 and 2020. The proportion foraged of each maturity level is also shown.

As we expected there were some clear spatial patterns in beaver foraging on cereals and
foraging occurred mostly in fields with lower elevational gain and with a smaller vegetated
buffer zone between the field and the closest river (Fig. 6). These trends are in line with
previous beaver habitat selection studies that concluded that beavers avoid steep climbs and
areas far away from water (Pinto et al. 2009, Steyaert et al. 2015). The forest edge or
protected areas may represent safety for other crop depredating species (Lemessa et al. 2013,
Regmi et al. 2013), and water offers safety for beavers, clearly illustrated by how they
transport this food source to the water for consumption. However, when foraging further
from water, they surprisingly foraged larger areas, which may reflect their nature as central-
place foragers that tend to select larger food items with increasing distance (Haarberg and
Rosell 2006). Studies of other central place foragers have also indicated that load sized may
increase when foraging further away from their central place (Orians and Pearson 1979,
Jackson 2001). We also identified beaver foraging on crops further from water compared to

what has been reported in previous studies (Campbell et al. 2012a, Mikulka et al. 2020).
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Clear temporal trends were also identified with an increase in the probability of cereal
foraging until the end of the season when crops were harvested by the farmers (Fig. 6).
Wildlife crop depredation often increases during attractive phenological stages (Putman 1986,
Roper et al. 1995, Chiyo et al. 2005). Cereals seemed to become most attractive when the
plants changed color from green to yellow. Certain beaver families foraged more within their
territories than others, but the drivers of these difference were not clear. There were
indications that the extent of foraging increased with higher cover of agricultural fields,
suggesting that differences might be related to availability. Some species such as European
bison (Bison bonasus) are driven to forage on crops due to depleted food sources in winter
(Hofman-Kamirnska and Kowalczyk 2012). While we did not assess natural food availability for
beavers, we found no indication that low availability of natural habitats influenced beaver
foraging on cereals. Sex, age, or reproduction did not impact beaver use of crop fields. This is
contrary to other crop depredating species that display large increases reproduction due to
access to crops (Fox et al. 2005, Becker et al. 2015). We did, however, find that beavers in
good body condition used crop fields more, which suggests they do gain some benefits (Fig.
7). There were also tendencies that heavier beavers using crop fields more and an increase in
use over years, but this was not statistically important. We concluded that beaver foraging on
cereals represent optimistic foraging behavior and while foraging still occurs in low levels, it
might represent an increasingly important part of the foraging ecology of beavers within

anthropogenic landscapes.
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Figure 6: Probability of foraging on cereals within Eurasian beaver (Castor fiber) territories in
southeastern Norway, 2019 and 2020. Predictions of foraging probability have been predicted
in relation to elevational difference from water level in meters (A) and distance to river
covered by trees (B) and days since 1 January (Julian day) converted here to date for

visualization purposes (C). All predictions are based on a generalized linear mixed effect model
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(GLMM) with a Bernoulli distribution contrasting foraged and control plots within cereal fields
less than 100 m from water. Model estimates have been converted from the logit scales to

probabilities, and the colored area represents the 95% confidence intervals.
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Figure 7: Predicted effect of tail fat index as a measure of body condition on the proportion of
GPS fixes within crop fields in each tagging event (beaver-year) for Eurasian beavers (Castor
fiber) in southeastern Norway, 2010-2021. All predictions are based on a linear regression
model with a Gaussian distribution. and the colored area represents the 95% confidence
intervals. The blue points represent proportion of GPS fixes within crop fields for each beaver-

year.

5.2 Spatio-temporal habitat selection

In article 1ll, we explored habitat selection of beavers and investigated individual variation,
seasonal and circadian trends. Habitat selection implies that a resource or a habitat is used
disproportionally to its availability, and is calculated based on the relationship between use

and availability within a landscape (Gaillard et al. 2010). Underlying habitat selection studies
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is the theory of ideal free distribution stating that animals select habitats that maximize their
fitness until density of animals increases to a level where advantages are no longer gained
(Northrup et al. 2021). Different terms are often used in association with habitat selection
studies such as probability of use, selection, occupancy and preference, which often leads to
confusion (Lele et al. 2013). However, methods that rely on an RSF framework estimates the
probability of selection, which does not inform about the probability of use that also depends
on the probability that a resource is actually encountered. Habitats can therefore have a high
probability of selection because they are especially attractive, but a low probability of use

because they represent rare habitat types (Lele et al. 2013, Fieberg et al. 2021).

We found that while beavers used forests the most with 75% of GPS fixes overlapping within
this habitat type, they only selected against increasing distance to water and higher
elevational gain, as well as against crops, developed- and open areas, while forests, distance
to developed areas, slope and wetlands did not impact population-level habitat selection. The
beavers revealed the clearest selection patterns in relation to distance to water, with all
beavers selecting against, except six that did not display any clear selection patterns. Beavers
staying close to water matches well with central place foraging behavior and trends in other
semi-aquatic species such as southern water voles (Arvicola sapidus) (Cameron et al. 2018)
and wood turtles (Clemmys insculpta) (Compton et al. 2002) that found safety and food
sources in close proximity to water. Habitat types such as crops, developed- and open areas
represent typical high-risk habitats of encountering humans and are often avoided by wildlife
(Mori et al. 2014, Steyaert et al. 2016, Ofstad et al. 2020). For certain species such as caribou
(Rangifer tarandus caribou), distance to areas with human disturbances was a key predictor
for resource selection (DeCesare et al. 2012). While beavers also avoided developed areas,
they showed no population-level avoidance of distance to developed areas, indicating that
they do not respond as strongly to these areas as other species, which has also been confirmed
in previous beaver studies (Hood 2020). We also found considerable individual variation in
beaver selection especially in relation to distance to developed areas and forests (Fig. 8).
While some beavers selected strongly against these, others selected for them, which may

have caused the lack of clear population-level trend (Newediuk et al. 2022).
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Figure 8: Individual selection estimates for Eurasian beaver (Castor fiber) selection of
percentage habitat types, elevation, slope, and distance to water and developed areas in
southeastern Norway, 2009-2021. Each point represents a specific beaver-year while the
vertical lines represent the 95% credible intervals around each estimate. The dashed red line
represents zero and individual estimates with credible intervals that overlap with this line
means that the beaver does not display selection either for or against the habitat variable in
guestion. Estimates above this line indicates selection for the habitat variable in questions and

estimates bellow the lines indicates selection against.
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We explored potential drivers of these individual difference but could not identify any
demographic or physiological variables that explained a complete shift in selection among
beavers. Age of the beaver had the strongest impact on selection estimates and with
increasing age, beavers avoid elevational gain more but selected less strongly against crops
and open areas and stronger for forests (Fig. 9). This may reflect an age trend where older
beavers spend more time on land while increasing foraging (Graf et al. 2016b, Lodberg-Holm
et al. 2021), which they may engage in within these habitats. Younger beavers on the other
hand were willing to climb further up from water level (Fig. 9), which may give access higher
food availability as food items tend to be depleted close to the water’s edge within beaver
territories (Fryxell 1992). Differences in habitat selection in relation to age have received
overall less research attention in habitat selection studies, but examples of such differences
have been identified in a wide range of species (Ficetola et al. 2013, Cameron et al. 2018). We
also investigated impacts of average reproduction, beaver density and body condition, but
these had mostly negligible impacts on individual variation. We did, however, find that
individuals with higher average reproduction selected less strongly against elevation and
those in good body condition and from larger families less strongly against distance to water.
This could suggest that accepting a higher climb and further distance to water might give some
benefits in terms of reproduction and body condition, and that beavers from larger families
need to walk further to obtain food resources. Beavers in better body condition also avoided
crops more strongly, which contradicts findings from other crop depredating species that
tended to increase in body size when foraging on crops (Ditmer et al. 2015b, Hata et al. 2021).
However, this article explores selection across all seasons, while article Il focus in on the cereal
season, which indicated that increased crop use may in fact be associated with a better body

condition.
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Figure 9: Individual habitat selection estimates of Eurasian beavers (Castor fiber) (N=90) in
southeastern Norway, 2009-2021. Predicted effect of age is obtained from a linear mixed
effect model using integrated nested Laplace approximation (R-INLA) while accounting for
beaver family ID as a random effect. Estimates above the stabled line indicates selection for

the habitat variable in question and estimates bellow the lines indicates selection against.
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Spatial scales have received much research attention in habitat selection studies, but less
attention has been directed on temporal scales that may be more important in certain
contexts (Mayor et al. 2009). Differences between males and females may for example only
become apparent within certain seasons, while they display similar habitat selection patterns
at other times of the year (McLoughlin et al. 2002). Especially for monogamous species that
usually display low levels of behavioral sexual dimorphism (Kleiman 1977), differences could
be restricted to the reproductive period when females experience increased energy use
(Elliott et al. 2010, Zoller and Drygala 2013). We therefore investigated temporal habitat
selection separately for the different socio-reproductive groups. In terms of seasonal habitat
selection trends, the combined group of reproductively active males and non-reproductive
beavers displayed different trends than reproductively active females for certain habitat
types. All beavers switched to selection for crops in mid-summer, but the reproductive active
males and non-reproductive selected against developed areas during late summer and the
reproductively active females selected against wetlands in early summer. The reproductively
active males and non-reproductive also selected for open areas and wetlands during spring

(Fig. 10).
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Figure 10: Habitat selection estimate smoothers for Julian day interacting with habitat types
for Eurasian beavers (Castor fiber) (N=104) in southeastern Norway, 2009-2021. Julian day has
been converted to months for visual interpretation. A generalized additive mixed model using
integrated nested Laplace approximation and stochastic partial differential equations (INLA-
SPDE) was fitted for each socio-reproductive group. This includes reproductively active
females (Reprod. females), and combined group of reproductively active males and non-
reproductive beavers (Other beavers). The stapled black line represents zero, which means no
selection for or against the habitat variable in question. Estimates above the stabled line
indicates selection for the habitat variable in question and estimates bellow the lines indicates

selection against.
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These seasonal patterns most likely reflect both temporal foraging opportunities and varying
risk of human encounters. Selection for open areas and wetlands in spring coincides with the
emergence of herbs and aquatic vegetation that are important foraging items for beavers
during the vegetation season (Svendsen 1980, Nolet et al. 1995, Milligan and Humphries
2010). Open areas are often selected for by other herbivores in spring when they are foraging
on palatable young plants (Godvik et al. 2009, Ofstad et al. 2020). Reproductively active
females show tendencies towards increased selection for open areas and wetlands during this
time also, but this effect was not statistically important (Fig. 8). This may be a result of female
beavers spending more time in the lodge with the kits during this period (Wilsson 1971, Sun
2003). In mid-summer cereals mature within our study area, which coincides with the strong
switch in selection of all beavers towards crops (Fig. 10). Temporally abundant and highly
nutritious crops provides and additional food source for a wide range of wildlife species (Roper
et al. 1995, Chiyo et al. 2011, Oro et al. 2013). However, the selection for crops among some
beavers suggests that this food source may play a part in beavers foraging ecology especially
within agricultural landscapes, which also supports our findings in article Il. The lack of
population-level selection for forests, that are usually important foraging habitats for beavers
(Haarberg and Rosell 2006, Pinto et al. 2009), could be due to these areas being the most
common habitat type in the study area. Frequent use by beavers may therefore not be
translated to strong selection. However, we also lacked data on vegetation structure within
the different forest types, which may play an important role in selection patterns for
herbivores (Mysterud et al. 1999, Bjgrneraas et al. 2012). The avoidance of developed areas
during summer may reflect increased human activity within the study area during this time
(Flemszeter et al. 2020). Deer in Germany similarly selected for more vegetation cover due to
increased human activity in summer (Dupke et al. 2017, Richter et al. 2020). Reproductively
active females did not, however, avoid developed areas during summer (Fig. 8), which may
reflect less risk aversion in females (Meisingset et al. 2013). Especially in monogamous species
with a high level of co-parenting, females might accept more risks than males to obtain high
quality foraging areas to compensate for their increased energy use during reproduction

(Lewis et al. 2002, Zoller and Drygala 2013).
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Circadian patterns of habitat selection commonly reflects human disturbances and predation
risk especially for herbivores (Dupke et al. 2017). The reproductively active pair seemed to
display circadian patterns adapted to avoid encounters with humans. They selected for
wetlands during morning and evening, which presumably would have lower human
disturbances, while they selected for more exposed open areas in the middle of the night (Fig.
11). Open areas entail a high risk of being shot by human hunters for large ungulates (Godvik
et al. 2009, Ofstad et al. 2020), and we expect beavers to also perceive a higher risk in these
areas. Non-reproductive beavers, however, displayed opposite patterns and selected for open
areas mostly in the morning, while selecting for wetlands in the middle of the night (Fig. 11).
This might reflect less experience in these individuals or a mechanism among social species to
reduce competition for food sources. Platypuses (Ornithorhynchus anatinus) for example
although not group-living, often share burrows with conspecifics, but avoid each other while
foraging to reduce competition (Bethge et al. 2009). Group-living species such as badgers and
wild banded mongoose (Mungos mungo) also foraged in different locations within their
shared territory presumably to reduce competition (Robertson et al. 2014, Sheppard et al.
2018). The varying circadian habitat selection patterns of beavers could also be a mechanism

to reduce conflicts or a strategy for effective territory defense (McClanahan et al. 2020).
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Figure 11: Habitat selection estimate smoothers for active hour interacting with habitat types
for Eurasian beavers (Castor fiber) (N=104) in southeastern Norway, 2009-2021. Active hour
has been converted into a 24-hour format to aid interpretation. A generalized additive mixed
model using integrated nested Laplace approximation and stochastic partial differential
equations (INLA-SPDE) was fitted for each socio-reproductive group. This includes
reproductively active females (Reprod. females), reproductively active males (Reprod. Males)
and non-reproductive beavers (Other beavers). The stapled black line represents zero, which
means no selection for or against the habitat variable in question. Estimates above the stabled
line indicates selection for the habitat variable in question and estimates bellow the lines
indicates selection against. The lighter background represents the range of sundown to

sunrise times across the study period, while the dark represents the hours of darkness.
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5.3 Impacts of tagging on body condition

In article IV, we investigated potential negative impacts of tagging beavers using the same bio-
loggers as applied in article Ill. We found a statistically important difference in daily percent
weight change of the untagged versus the tagged beavers. While untagged beavers on average
gained 23 g per day between captures, the untagged beavers declined with 14 g per day. The
effect of tagging status was also retained in the most supported model showing a difference
in percent weight change between the two groups (Fig. 12). These differences were small and
differences in the length between capture events for the two groups may have influenced the
results, but it still indicates that tagging reduces the ability of beavers to gain weight during
the tagging period. It further emphasize the importance of comparing tagging impacts with a
control group, which may reveal that even though tagged animals are not losing weight, they

may gain weight at a lower rate compared to untagged individuals (Authier et al. 2013).
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Figure 12: Estimated daily weight change (%) between captures for tagged and untagged

Eurasian beavers (Castor fiber) in southeastern Norway (2006—2020). The prediction is based
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on a linear mixed effects model using percent daily body weight change as the response

variable. The horizontal lines represent the 95% confidence intervals around each mean.

We also found considerable variation in weight change between individual beavers where one
tagged beaver lost 2,333 g (11.5%) during the tagging period. In total, 57% of the tagged
beavers lost weight, while only two of the untagged beavers (7%) lost weight (Fig. 13). Even
though some tagged beavers gained weight as well (42%), this was a much lower percentage
that the untagged beavers that mostly gained weight (93%) (Fig. 13). This illustrates
considerable individual variation in the impact of tagging, which may be ignored when just
considering population-level trends. We investigated potential causes of this individual
variation in the tagged beavers such as the weight of the tag in relation to the body weight of
the beaver, water temperature, sex, age, season, and length of the tagging period, but none

of these were statistically important.
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Figure 13: Daily percentage body weight change between captures for Eurasian beavers

(Castor fiber) in southeastern Norway 2006—2020. Tagged beavers are shown in black while

untagged are shown in dark grey.

The weight of the tag relative to total body weight did not affect body weight change in the

tagged beavers, which may be due to all tags representing less than 1.3% of the beaver body
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weight. This is below the threshold suggested by several studies (Portugal and White 2018).
The drag effect maybe more important than weight per se for aquatic and semi-aquatic
species (Culik and Wilson 1991, Kay et al. 2019), but this was not investigated in the current
study. Considering that beavers are relatively slow moving in the water, drag might have less
of an impact compared to other species relying on speed to capture fast moving prey (Wilson
et al. 2021). Another study tagging beavers using tail mounts found that tagged beavers lost
more weight during winter than untagged individuals (Smith et al. 2016). We did not tag
beavers during winter, which may have reduced the effect of season and water temperature
on body weight change. The length of tagging also had no impact on beaver body weight gain,
but since the glue-on tags mostly fall off within 2-3 weeks, we could not compare extensive
variation in tagging lengths. Despite previous studies only finding slight behavioral changes in
the first two days (Graf et al. 2016a), and no effect of being tagged at least once in a beaver’s
lifetime (Mortensen and Rosell 2020), we found an impact that may affect individual animal
welfare. The question remains how biologically important these findings are, how long it takes
beavers to recover following tagging, and to what extent this impacts beaver movement and
behavior. Considering that alternative methods such as tail mounts often cause damage and
disfigurement to the beaver tail (Smith et al. 2016, Windels and Belant 2016), we still believe

that the glue-on method is the best short-term attachment method for beavers per today.
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6 Conclusion and future perspectives

This thesis investigated temporal foraging and habitat selection, as well as potential impacts
of bio-logging methods applied to study the behavior of Eurasian beavers. We found that
neither foraging nor habitat selection were static, but rather dynamic with temporal trends
across seasons and the night. Temporal dimensions are sometimes overlooked in animal
behavior studies such as habitat selection, which may lead to simplistic understandings of
animal ecology (Richter et al. 2020). Investigating temporal trends might also reveal subtle
differences in foraging behavior and habitat selection between the sexes and in relation to
reproductive status (Elliott et al. 2010, Zoller and Drygala 2013). Monogamy is a rare strategy
among mammals (Kleiman 1977, Lukas and Clutton-Brock 2013) and while the sexes in
polygamous species often display behavioral differences so profound that they probably
should be considered as separate species (Oehlers et al. 2011), fewer differences are expected
and explored in monogamous species. Still, time-specific differences can reflect varying
energy expenditure and strategies among males and females especially in relation to
reproduction (Clutton-Brock et al. 1982, Ruckstuhl 2007). We showed that males and females
differed in activity patterns and selection of food items during certain times of year. Beavers
also displayed circadian activity patterns and different habitat selection trends among socio-
reproductive groups. There were also individual differences and the impacts of physiological
and demographic characteristics such as age, body condition and density, where age had the
largest impact on beaver activity and habitat selection, while body condition impacted use of

crop fields.

Beavers within our study area inhabit a diverse landscape consisting of a patchwork of natural
and anthropogenic habitats. They adapt to this landscape both in space and time and regulate
their activities, foraging and habitat selection according to both food availability and human
activity patterns. In late summer and early autumn, we showed that beavers exploited a rather
novel food source, cereals, with clear foraging preferences for certain species and maturity
levels, as well as spatial foraging patterns. We could not, however, connect foraging on cereals
specifically to most demographic or physiological characteristics that have been identified in

other wildlife species (Fox et al. 2005, Hata et al. 2021), except that beavers in good body
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condition used crop fields more. Animals may also display large individual variation in behavior
driven by physiological or social characteristics. It is vital to investigate these differences to
provide the full picture of a species requirements and preferences (Pape and Loffler 2015,
Merems et al. 2020). Individual differences can also shed light on other topics of interest in
behavioral ecology such as personality (Aliperti et al. 2021), nice specialization (Bolnick et al.
2003), and mechanisms to reduce conflict and foster cooperation within group living species
(Dall et al. 2012). Animals may also display individual differences in how they respond to our
research methods. We investigated both weight change in tagged individuals by comparing
them to an untagged control group, but we also investigated individual variability.
Comparisons between the two groups indicated that tagged beavers gained less weight during
tagging, but the difference was small. However, the individual variability illustrates that
certain beavers may be more impacted than others, which would not be recognized by
comparing group averages. Despite these negative impacts, glue-on attachment is still a
valuable method to investigate behavior and spatio-temporal behavior of beavers. However,
constant efforts should be made to monitor impacts and improve methods to obtain the most

unbiased understanding of wildlife behavior and interactions with the ecosystem.

6.1 Fine-scale beaver habitat selection

As a continuation of the work in this thesis, habitat selection of beavers could be investigated
in more detail by combining GPS data with data from Daily Diaries to reconstruct exact and
detailed movement paths of beavers both on land and in the water (Wilson et al. 2007, Bidder
et al. 2015). Daily Diary contains both accelerometers that measures the acceleration and
speed together with magnetometers that register their heading, which can describe animal
movement and behavior in a three-dimensional space (Wilson et al. 2008, Williams et al.
2017). These estimates might give more details on fine scale habitat selection and use of core
areas within the territories (Magowan et al. 2022). Step-Selection Functions (SSF) could then
be used link consecutive animal locations and contrast these with random steps that represent
the available habitat around each location within the movement limitations of the species in

guestion (Thurfjell et al. 2014, Avgar et al. 2017). Integrated step selection analysis (iSSA) can
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incorporate both movement and habitat selection (Prokopenko et al. 2017) and could offer a
more detailed perspective on beaver habitat selection and habitat characteristics that
influence beaver movements. Step-selection methods are often complicated to fit with
datasets containing several individuals, but this is increasingly being implemented either using
random effects or through individual modelling (Thurfjell et al. 2014, Fieberg et al. 2021),
which would be interesting to apply to beavers. However, more detailed movement data also

requires more detailed habitat information.

Habitat selection was explored on a rather coarse spatial scale in this thesis, using mostly on
habitat types, as well as various distance measurement to water and developed areas. In
future studies it would be interesting to expand this study with more details of vegetation
structure within foraging patches. Habitat selection not only differ between vegetation types,
but also within these patches such as roe deer selecting stronger for forest areas with a higher
availability of herbs in summer (Mysterud et al. 1999) or bears locating the best berry patches
within the forest (Hertel et al. 2016). Higher resolution vegetation data could be obtained
using remote sensing methods (Wilmers et al. 2015). Remote sensing either from satellites or
drones could provide information on vegetation heigh, density, biomass as well as species
surrounding the rivers and temporal variability in vegetation biomass (Atkins et al. 2018,
Moeslund et al. 2019). These methods not only offer detailed description of forest
composition, but also biomass and harvest patterns within agricultural landscapes such as
pastures and cereal fields (Howison et al. 2018). Through utilizing these data sources, we could
also dive deeper into how beaver habitat selection is impacted by predation fear and human

disturbances.

6.2 Foraging in a landscape of fear

Herbivores and other wildlife species balance optimal foraging to gain food resources and
adapt their behavior to avoid predators (Lima 1998, Brown et al. 2001). Both the quality and
quantity of food sources as well as predation risk varies in space and time, which requires
animals to trade-off safety and access to resources (McArthur et al. 2014). Defenses against

predators are separated into primary defenses, which animals maintain independent of
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temporal and spatial predation risk, and secondary, that are only initiated when animals
perceive high predation risk (Apfelbach et al. 2005). As predation risk varies both across time
and space it might create a landscape of fear where animals have to adapt spatio-temporal
behavior to both food availability and fear of predation (Laundré et al. 2010). Such responses
may force animals to forage in areas with lower quality and together with the physical effects
of stress, may negatively impact body condition and fitness (Apfelbach et al. 2005, Creel and
Christianson 2008, McArthur et al. 2014). Behavioral responses represent indirect effects of
predation with potentially large impacts through reduced foraging efficiency and stress (Creel
and Christianson 2008). Animals may evaluate predation risk associated with landscape
features such as openness and vegetation cover, or by direct cues of predator presence such

as scent, smell, or visual observation (Apfelbach et al. 2005, Kuijper et al. 2014).

In addition to humans, wolves (Canis lupus) are the main predator of beavers in Europe and
North America (Gable and Windels 2018). Wolves hunt beavers by hiding close to high-activity
beaver areas and ambushing them in shallow water or on land (Gable et al. 2016, Gable et al.
2018). Experimental studies have shown that beavers respond to odors of predators by either
avoiding the tainted food sources (Engelhart and Miiller-Schwarze 1995, Rosell and Czech
2000, Salandre et al. 2017), or by not over-marking castoreum from conspecifics when
predators scents are present (Rosell and Sanda 2006). However, we lack information on how
such scent signals might impact beaver movement, foraging behavior and habitat selection.
As beavers are ecosystem engineers with large impacts on ecosystems and biodiversity (Hood
and Larson 2015, Wohl 2021), beaver removal through predation impact larger ecological
processes such as nutrient cycling, nutrient storage and forest succession (Gable et al. 2020).
However, indirect effects of predation of beavers through behavioral changes could
potentially also cause wide scale ecological impacts. Tracking beaver movements while
exposing them to cues of predator presence could reveal whether risk of predation induces
beavers to shift habitat selection and foraging behavior. Using GPS data and Daily Diaries we
could track beaver movement before and during scent exposure to investigate potential
effects on foraging and habitat selection. These methods could also be expanded to the effects

of human disturbances such as increases in boat traffic during summer and disturbances
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associated with human movement close to beaver lodges. Individual responses to predator
scent could also be investigated, and such individual differences could also be studied to

explore the ecology of group-living species.

6.3 Individual ecology of a group-living species

Individuals may display differences in habitat selection, foraging behavior, diet and spatio-
temporal activity as a reflection of personality, division of labor, or niche specialization (Dall
et al. 2012). Most commonly such individual differences represent different habitat
availability of individuals that do not overlap in space (Bolnick et al. 2003), but may also occur
among those that share territories or home ranges (Robertson et al. 2014, Sheppard et al.
2018, O'Brien et al. 2020). Differences can relate to age, sex or reproductive status due to
different energetic needs, experience levels, risk acceptance and phenotypic traits (Araujo et
al. 2011), but may also occur independently of demographic characteristics (Zango et al.
2020). Intraspecific competition is often a major driver behind individual specialization (Araujo
et al. 2011). Badgers differed in diet within the same family group, suggesting they specialize
foraging on different food items, possibly to reduce competition (Robertson et al. 2014). Male
alliances of Indo-Pacific bottlenose dolphins (Tursiops aduncus) foraged in different locations
than other alliances sharing the same area (O'Brien et al. 2020), while wild banded mongoose
reduced their niche width in larger social groups that experienced higher intraspecific
competition (Sheppard et al. 2018). Specialization may contribute to reduce competition and
play an important role in the evolution of stable social systems (Dall et al. 2012, Sheppard et
al. 2018), which would be very interesting to explore within beaver families that seem to

maintain peaceful relations within their family groups (Mott et al. 2011).

The NBP have unique datasets and methods to explore nice portioning and individual
specialization within and among beaver families. Both spatial data and dietary information
can be used to investigate individual differences such as foraging locations, movement
characteristics, site fidelity, and occurrence of food items within diets (Zango et al. 2020).
Beaver territories within our study area varies both in size and density influenced by historical

settlement patterns (Campbell et al. 2005), reproductive output between different beaver
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pairs (Nimje et al. 2021), and delayed dispersal of young beavers (Mayer et al. 2017d). This
offer opportunities to study niche partitioning related to varying beaver densities that may
reflect intraspecific competition. Daily Diaries has previously been used to distinguish
different beaver behaviors (Graf et al. 2015) and could be applied to describe individual
foraging patterns in more detail (Chakravarty et al. 2020). GPS data and behavioral
observations could also contribute with information on individual habitat selection and
foraging. Scat samples have also been sampled repeatedly from individuals, families, and
across seasons within the study area the last 20 years. Beaver diets have been described in
previous studies using various histological approaches either investigating scats or stomach
contents (Krojerova-ProkeSova et al. 2010, Betzecki et al. 2018), but DNA methods open up
new opportunities to identify plant species, even those that are highly digested (Valenti et al.
2009, Nielsen et al. 2018). This offers opportunities to study diet width within and among
beaver families and again relate this to density. Together this data could facilitate an
investigation of the individual ecology of beavers and how this relates to social structures.
Development of new bio-logging methods could also allow us to track even more beavers and

over longer time-periods while also ensuring further improvements in animal welfare.

6.4 Exploring behavior and movement through new bio-logging

methods

Tagging beavers with bio-loggers is needed to explore most of these topics and require
continued work to improve attachment methods and assess potential negative impacts. New
tagging methods could be developed to extend retention time and obtain more data across
longer time scales. New attachment mechanism using a rubber band around the tail have
already been attempted on one beaver within the study area and showed promising results
by remaining attached for over a year. We also want to experiment with new attachment
methods inspired by plants seed dispersal methods such as burrs that attach onto the fur of
animals. Similar designs are already being developed as prototypes to tag polar bears (Ursus
maritimus) (personal communication: B. J. Kirschhoffer, 2021). These would probably only

function as short-term attachments but could reduce handling time and damage made to the
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beaver fur. New methods would also require new investigations of animal welfare in terms of
behavior, body weight gain during and following tagging, as well as cumulative effects from
multiple tagging events during a beaver’s lifetime. Daily Diaries could be used to study more
subtle behavioral impacts such as impacts on movements following tagging and ventilation
rates during captures (Wilson et al. 2019). Improvement and development of these bio-
logging methods could help us answer some of the constantly new research questions that

emerge when studying this semi-aquatic and ecosystem engineering species.
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Abstract

Animals balance foraging with other activities, and activity patterns may differ between sexes due to differing physical require-
ments and reproductive investments. Sex-specific behavioural differences are common in sexually dimorphic mammals, but have
received limited research attention in monomorphic mammals where the sexes are similar in body size. Eurasian beavers (Castor
fiber) are obligate monogamous and monomorphic mammals and a good model species to study sex-specific differences. As
females increase energy expenditure during reproduction, we hypothesized differing seasonal activity budgets, circadian activity
rhythms and foraging patterns between male and reproducing female beavers. To test this hypothesis, we equipped adult beavers
with VHF transmitters (N=41; 16 female, 25 male) and observed them throughout their active period at night from spring to late
summer. Occurrence of their main activities (foraging, travelling and being in lodge) and use of food items (trees/shrubs, aquatic
vegetation and herbs/grasses) were modelled to investigate sex-specific seasonal activity budgets and circadian activity rhythms.
The sexes did not differ in time spent foraging across the season or night, but during spring, females resided more in the lodge and
travelled less. Males and females both foraged on aquatic vegetation during spring, but females used this food source also during
late summer, whereas males mostly foraged on trees/shrubs throughout the year. We conclude that seasonal activity budgets and
foraging differ subtly between the sexes, which may relate to different energy budgets associated with reproduction and nutri-
tional requirements. Such subtle seasonal behavioural adaptions may be vital for survival and reproduction of monomorphic
species.

Significance statement

Activity budgets and foraging patterns of animals are key to their survival and may differ between males and females with
different body sizes and physical requirements. In monomorphic species, where males and females have similar body sizes, fewer
differences are expected, but may still be pronounced during certain times of the year. We modelled sex-specific seasonal activity
budgets and circadian activity rhythms and use of food items in a monomorphic mammal, the Eurasian beaver. By treating season
and time of day as a continuous variable rather than modelling differences within distinct predefined periods, we identified subtle
sex-specific seasonal trends in activity budgets and use of food items.

Keywords Activity - Castor fiber - Foraging - Eurasian beaver - Monomorphic - Sex

Introduction
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Foraging is vital for an animal’s fitness, and foraging behav-
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seasonally (Hut et al. 2012). Species such as Svalbard reindeer
(Rangifer tarandus platyrhynchus) (Arnold et al. 2018) dis-
play very stable activity patterns despite extreme difference in
light conditions, while others, such as brown bears (Ursus
arctos), hibernate during winter and forage intensely during
summer (Hertel et al. 2016). Animals may also display strong
seasonal foraging patterns linked to plant phenology (Bischof
et al. 2012), switching to seasonally abundant food sources
(McLellan and Hovey 1995), or building up of food caches in
autumn or following masting events (Humphries et al. 2002).

Seasonal activity budgets, circadian activity rhythms and
diet may vary in relation to sex, age and reproductive status.
Several studies have indicated differences in activity budgets
and foraging between the sexes in dimorphic species, with
body size as the assumed main driver, but differing invest-
ments in reproduction between the sexes may also play a role
(Pelletier and Festa-Bianchet 2004; Ruckstuhl 2007). Much of
the work on monomorphic species has focused on sea birds in
relation to reproductive roles of males and females (Lewis
et al. 2002; Shaffer et al. 2003; Hedd et al. 2014; Burke
et al. 2015). In mammals, the lactation period increases ener-
getic requirements of females and may cause differences in
foraging behaviour and habitat selection between the sexes
(Clutton-Brock et al. 1982; Logan and Sanson 2003;
Ruckstuhl et al. 2005). Lactation is both energetically costly
for females, but also requires additional nutrients, which may
increase investments in foraging, decrease time spent on other
activities and/or cause dietary changes (Speakman 2008;
Rodel et al. 2015). In monomorphic racoon dogs
(Nyctereutes procyonoides), females increased foraging dur-
ing lactation (Zoller and Drygala 2013), while female red-
tailed sportive lemurs (Lepilemur ruficaudatus) selected food
items with overall lower fibre content (Ganzhorn et al. 2004).
Differences in activity budgets have also been observed in
monomorphic mammals outside the reproductive season, such
as female red ruffed lemurs (Varecia rubra) that fed and rested
more than males throughout the year (Vasey 2005). However,
in monogamous and monomorphic African oryx (Oryx
gazella), no differences in activity budgets or foraging inten-
sity of males and females were documented (Ruckstuhl and
Neuhaus 2009). Overall, differences in foraging behaviour of
males and females in monomorphic species have received less
research attention than sex differences in size-dimorphic spe-
cies (Lewis et al. 2002; Pérez-Barberia et al. 2002). Due to the
energetic impact of reproduction on females, such differences
may be temporally specific, present only at certain times of the
year. Studies commonly use predefined temporal units such as
seasons or night/day to statistically compare activity budgets
and use of dietary items, which may miss more subtle tempo-
ral variations (Lewis et al. 2002; Vasey 2005; Zoller and
Drygala 2013). Including time as predefined categories may
also simplify more complex trends when exploring animal
interactions with the environment (Richter et al. 2020). In this
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paper, we explore whether males and females in a monoga-
mous and monomorphic mammal display differing temporal
trends in activity budgets and circadian activity rhythms and
use of food resources, while using time as a continuous vari-
able and the Eurasian beaver (Castor fiber) as a model species.

The Eurasian beavers, together with the closely related
North American beaver (Castor canadensis), are obligate mo-
nogamous and monomorphic mammals with similar body
mass of males and females (Wilsson 1971; Novak 1999;
Sun 2003). Beavers are territorial and typically live in family
groups consisting of the dominant reproductive pair and off-
spring from the current and previous years. The kits are born
in May—June, after which the dominant pair display a high
degree of biparental care with both parents supplying the kits
with food inside the lodge until they forage by themselves in
late summer (Wilsson 1971; Novak 1999; Sun 2003). The
female is still the primary caregiver for the kits during the first
90 days while lactating, which restricts her movements out-
side the lodge (Zurowski et al. 1974; Mayer et al. 2017a).
Beavers are mostly active between dusk and dawn (Sharpe
and Rosell 2003; Mott et al. 2011; Swinnen et al. 2015), but
may display regional as well as seasonal variation in circadian
activity rhythms (Potvin and Bovet 1975; Nolet and Rosell
1994; Gallant et al. 2004). At night, beavers spend much of
their time foraging, but this is balanced with travelling and
being in the lodge (Sharpe and Rosell 2003; Mott et al. 2011).

Beavers are central place foragers, which implies that they
reduce foraging intensity and become more selective with
further distance from their central place, i.e. their lodges and
the water (Gallant et al. 2004; Haarberg and Rosell 2006;
Gerwing et al. 2013). They are also selective foragers on
woody vegetation (Fryxell and Doucet 1993; Nolet et al.
1994), but their diet varies seasonally from relying mostly
on the bark of deciduous trees during winter to more nutrition-
ally rich deciduous leaves, aquatic vegetation and herbaceous
plants during summer (Svendsen 1980; Roberts and Arer
1984; Milligan and Humphries 2010). Several studies have
indicated such seasonal shifts in diet, but few dietary differ-
ences between the sexes (Roberts and Arner 1984; Krojerova-
Prokesova et al. 2010; Betzecki et al. 2018). However, most
dietary studies rely on histological analysis of beaver scats or
stomach content, which may be biased towards less digestible
food items (Nielsen et al. 2018).

Previous studies have identified few differences in activity
and foraging patterns between male and female beavers, al-
though some differences are related to age. Beaver kits for-
aged less on land, while older individuals increased time spent
away from the water, possibly due to increased boldness with
age (Svendsen 1980; Graf et al. 2016). Male beavers also tend
to travel more and have longer activity periods than females
(Sharpe and Rosell 2003). There have been limited number of
studies comparing activity budgets between the sexes and age
groups in beavers, and such studies have typically compared
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occurrences of activity types between seasons or periods of
the night (Sharpe and Rosell 2003). Especially in monomor-
phic and monogamous mammals such as beavers, differences
between the sexes may be subtle and limited to specific time
periods, requiring in-depth temporal exploration of seasonal
and circadian activity budgets and foraging.

Our goal was to model the beavers’ seasonal activity bud-
gets, circadian activity rhythms and foraging patterns to test to
what extent sex-specific differences in behaviour occur. We
hypothesize that females have greater energetic demands dur-
ing gestation and lactation in late spring. Therefore, we predict
that females should forage more, travel less and spend more
time in the lodge compared to males during spring and during
an average night (a). In summer, we predict that females will
spend less time in lodge and travel and forage more than males
to compensate for energetic expenditures related to reproduc-
tion incurred during the spring (b). Additionally, we predict that
in spring and in the summer months following reproduction,
females should forage more on nutrient-rich plant groups such
as aquatic vegetation, herbs and grasses that require less han-
dling time (c). We also accounted for the age of the beaver and
distance to the main lodge as potential explanatory variables.

Methods
Study area

The study area is located in South-Eastern Norway and includes
three rivers: Gvarv, Sauar and Straumen (59°23’ N, 09°09’ E)
located in Midt-Telemark and Nome municipalities. The mean
daily temperature is 6.5°C, and the mean daily precipitation is
2.3 mm (eKlima 2020). Combined, the rivers extend approxi-
mately 32 km and are between 30 to 150 m wide. All three
rivers empty into Norsjo Lake. The rivers meander through a
relatively flat area of boreal forests as well as agricultural fields,
pastures and small villages where short sections of the rivers
freeze during winter. The Gvarv and Straumen rivers are regu-
lated by hydropower dams upriver from the study area
(Haarberg and Rosell 2006). The most common woody vege-
tations along the river are grey alder (Alnus incana), bird cherry
(Prunus padus), common ash (Fraxinus excelsior), rowan
(Sorbus aucuparia), alder buckthorn (Frangula alnus), birch
(Betula spp.), red elderberry (Sambucus racemosa), Norway
spruce (Picea abies) and Scots pine (Pinus sylvestris)
(Haarberg and Rosell 2006). The most common aquatic species
in the rivers include bulbous rush (Juncus bulbosus bulbosus),
water lobelia (Lobelia dortmanna), lake quillwort (Isoetes
lacustris), shoreweed (Littorella uniflora) and water awlwort
(Subularia aquatica) (Hjennevag 2020). The area supports a
high-density beaver population with long-term stable territories
(Mayer et al. 2019), which has been monitored as part of the
Norwegian Beaver Project since 1997 (Halley and Rosell 2002;

Campbell et al. 2005). Large carnivores such as wolves (Canis
lupus) and bears have been extirpated from the area, but lynx
(Lynx Iynx) are in low densities (Rosell and Sanda 2006). Red
foxes have been observed preying on beaver kits (Kile et al.
1996) and are common throughout South-Eastern Norway
(Pedersen et al. 2016).

Live capture

Beavers were live captured at night using landing nets from
boats with outboard engines from March to September during
the years 2000, 2001, 2006 and 2007, adhering to vetted
methods (Rosell and Hovde 2001). We transferred the cap-
tured beaver to a cloth sack, in which it was measured and
tagged. Age was estimated based on either previous observa-
tions of the beaver as a kit or based on minimum age estimated
from body weight (Rosell et al. 2010). Beavers captured for
the first time weighing >17 kg and <19.5 kg were considered
at least 2 years old, while those >19.5 kg were at minimum 3
years old (Rosell et al. 2010; Mayer et al. 2017b). An addi-
tional year was added to the minimum age every year follow-
ing the initial capture. The sex of the beaver was established
by the colour and viscosity of their anal gland secretion, where
females have a greyish thick paste and males a more oily
secretion with pale white or yellow colour (Rosell and Sun
1999). Based on long-term monitoring, we established that all
tagged females were dominant, which means they are the
oldest female in the territory and the only one reproducing.
Whether the dominant female reproduced each year was de-
termined by increased nipple size, kits being observed in the
territory the following autumn, yearlings observed the follow-
ing year or observations of adults provisioning food to the
lodge in spring and summer (Wilsson 1971).

We tagged the captured beavers with two different types of
VHF transmitters to track their movements. Seventeen bea-
vers were tagged with Alterra TX30.3A1 intraperitoneal 30-
MHz radio transmitter (63 g) equipped with a temperature
sensor and movement sensor (Alterra (IBN/DLO), 6700 AA
Wageningen, the Netherlands). These transmitters were im-
planted into the peritoneal cavity, and for this study, only the
radio signal was utilized, while the temperature and move-
ment data were not used. Beavers tagged with these implants
were anesthetized immediately after capture using a mixture
of medetomidine (0.05 mg/kg), ketamine (5 mg/kg) and
butorphanol (0.1 mg/kg) (Ranheim et al. 2004) and released
within 5 h after capture (Sharpe and Rosell 2003). One beaver
tagged with an internal implant died post-operatively, while
all other beavers were successfully released back into their
territory following captures (Ranheim et al. 2004). No nega-
tive impact on behaviour or movements was observed in the
days following surgery other than an increase in time spent in
the lodge the following 2 days (Sharpe and Rosell 2003;
Ranheim et al. 2004). Long-term monitoring showed that
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the beavers continued to reside within their territories 17-24
months after tagging (Ranheim et al. 2004). Another 24 bea-
vers were tagged with external tail-mounted transmitters
(Advanced Telemetry System, Isanti, Minnesota, USA,
Model 16M ear tag for beaver tail, weight 38 g), or proximity
loggers with VHF transmitters also mounted on the beaver tail
(Sirtrack Ltd., Private Bag 1403, Goddard Lane, Havelock
North 4157, New Zealand) (Sharpe and Rosell 2003;
Campbell 2010). These beavers were not anesthetized as the
tail consists mostly of adipose tissue. A small 5-mm hole was
made onto one side of the tail, 10 cm from the base, and the
radio transmitter was fitted using a screw, washer and nut
through the hole. Each beaver was released within 10 min
after capture and most were observed engaging in normal
behaviour shortly after release (Sharpe and Rosell 2003).

Data collection

Observations of radio-tracked beavers were conducted be-
tween March and August 2000, April and August 2001,
May and August 2006 and April and September in 2007. It
was not possible to record data blind because our study in-
volved focal animals in the field. Tracking of beavers tagged
with internal transmitters started 1 week following surgery,
while tracking of beavers with external tail transmitters started
no sooner than 3 days following capture. Individual beavers
were tracked during randomly selected nights from the time
they emerged from their lodge after 19:00 until they returned
to the lodge after 08:00, which we define as their active period
(Campbell 2010). The behaviour of each focal beaver was
continuously monitored by two observers in a motorized boat
using binoculars and spotlights (Sharpe and Rosell 2003).
Such observations from boats have minimal impact on the
beavers’ behaviour (Rosell and Hovde 2001). To determine
seasonal activity budgets, circadian activity rhythms and diet,
we registered the beaver’s behaviour every minute if it was
clearly visible and noted its location every 15 min. The beaver
behaviours were categorized as the following: foraging, trav-
elling, in lodge, diving, defensive, alerted, social/grooming or
other (see Table S1 for details). The most common activity
types, which were used in the analysis, included foraging,
traveling and being in the lodge. Foraging observations in-
cluded all handling of potential food items in the water or on
land, which included observations such as felling trees, eating
food items close to the water, diving and foraging on aquatic
vegetation. Travelling described all movement, either on land
or in the water, independent of distance from the lodge. Being
in the lodge included all observations of beavers either sitting
on top of or directly next to a lodge or being inside the lodge
(Table S1). Food items were classified as trees/shrubs, aquatic
vegetation or herb/grasses. When possible to observe, the for-
aged trees/shrubs were categorized as either deciduous or
coniferous.
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Data preparation

We used the coordinates of all beaver observations to create a
95% kernel home range for each family in each year with the
adehabitatHR package in R version 3.6.1 (Calenge 2006; R
Core Team 2019). Beaver observations outside their territory,
which are typically explorative trips into other territories, were
excluded from the analysis. Beavers often have several lodges
and burrows throughout their territory (Zurowski 1992), and
several lodge locations were sometimes registered within the
same territory during 1 year. To establish which lodge func-
tioned as the beavers’ main lodge that year, all observations of
a beaver in a lodge or burrow were pooled according to terri-
tory and year. We then created a 10% kernel range of these
positions to find the lodge that was used most intensely. For
each of these kernel polygons, we estimated the geographical
centre point and determined this as the location of the main
lodge. Regardless, observations of beavers spending time in
lodges other than their main lodge were recorded as being in a
lodge. We calculated the Euclidean distance from the main
lodge to each beaver observation while outside a lodge, within
each territory and year. As the rivers in the study area mostly
run straight, and beavers rarely move long distances on land,
most observations were made down river or upriver from the
main lodge and rarely involved long distances moved on land.
The date of each beaver observation was transformed to Julian
day where each day was assigned a number, starting from one
on January 1 and ending with 365 on December 31. The time
of each observation was transformed to active hour, which
means that the first hour of observations from 19:00 to
20:00 became active hour 1, and the last observations from
07:00 to 08:00 became active hour 13. A few observations of
beavers were made outside this principle activity period, but
these were subsequently removed from the analysis, as we did
not have sufficient observations to model beaver activity dur-
ing those times. For the first part of the analysis, we modelled
the probability of the beavers’ main activities (foraging, being
in a lodge and travelling), where Julian day and activity hour
were used as proxies for seasonal and daily changes. We used
a subset of 15-min time point observations for which we had
spatial coordinates to factor in the distance to the main lodge.
For the second part of the analysis, we explored probability of
use of different food items (trees/shrubs, aquatic vegetation
and herbs/grasses), using all 1-min time point samples involv-
ing foraging.

Statistical analysis

We used generalized additive mixed models (GAMMs) to
evaluate the probability of beavers engaging in each activity,
and foraging on different food items, using the R package
‘gamm4’ and maximum likelihood estimation (ML) (Wood
et al. 2017). Penalized regression splines and cross-validation
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were used to find the appropriate level of smoothing (Zuur
2012; Zuur et al. 2014; Wood et al. 2017). We constructed
separate sets of candidate models for each activity (foraging,
travelling and being in a lodge) and food item (trees/shrubs,
aquatic vegetation and herbs/grasses), using the occurrence of
that activity or food item as a binomial response variable
(exhibiting a focal behaviour or foraging on food item = 1,
exhibiting other behaviours or foraging on other items = 0). For
modelling the probability that a given activity would occur at any
given point in time, we included the following explanatory vari-
ables as splines: Julian day and active hour. We considered a
potential interaction between sex and Julian day and active hour
to explore whether the sexes had different seasonal activity bud-
gets and circadian activity rthythms. We also included distance to
lodge interacting with sex to explore whether males moved further
from the lodge than females and age as linear fixed effects. To
model the probability that the beavers would use different food
items, we included a spline on Julian day interacting with sex and
age as a linear fixed effect. We included beaver identity (ID) and
year as crossed random factors on the intercept in all candidate
models. A model with no fixed effects, but only the random fac-
tors, was also included in every candidate model set (Table S2).
We used Spearman correlation test with a cut-off value of 0.6 and
variance inflation factors (VIF) with a cut-off value of >3 as indi-
cators of collinearity between the numerical explanatory variables
(Zuur et al. 2009). None of the variables were found to be collinear
and they were therefore all retained in the analysis.

For model selection, we used the ‘model.sel’ function in the
MuMIn package (Barton 201 1), which compares a priori defined
candidate models based on Akaike information criterion (AIC)
corrected for a small sample size (AIC.) (Anderson 2007; Zuur
et al. 2009; Amold 2010). An extension of the MuMIn package
using a wrapper function was enabled to allow for model com-
parison using AIC. with GAMM models (Barton 2011). If sev-
eral of the models had a AAIC, value (i.e. the difference between
the AIC, score of any candidate model and the top ranked model)
that ranged between 0 and 2, we selected the most parsimonious
model to avoid the inclusion of ‘pretending variables’ (i.e. con-
founding variables or variables with limited biological impor-
tance) (Arnold 2010). We chose to select the most parsimonious
model to plot the model effect instead of model averaging due to
nested nature of the candidate models with many containing the
same variables (Harrison et al. 2018). To validate the models, we
plotted the model residuals against each explanatory variable and
visually inspected patterns or trends in the residuals (Zuur 2012).
All geographical and statistical analyses were conducted using R
version 3.6.1 (R Core Team 2019).

Data availability
The datasets analysed during the current study are available

from the USN Research Data Achieve at https://doi.org/10.
23642/usn.14191427

Results
Activity budgets

We analysed 5430 observations of beaver behaviour at 15-
min intervals during 225 observation nights, which included
20 beaver territories and 41 beavers, of which 16 were females
(all dominant) and 25 were males (18 dominants and 7 where
offspring from previous years). Ages of the beavers varied
from 2 to 12 years. Observations were conducted from
March to September, and in each month, 211-1459, 15-min
observations were recorded. Being in a lodge was the most
common activity accounting for 34% of all observations,
followed by foraging (30%) and travelling (28%). Beavers
usually foraged alone and were only accompanied by another
beaver in 6% of all foraging observations, which was either an
offspring/parent (51%) or partner (34%). Males and females
did not differ in terms of time spent with a kit while outside the
lodge.

We found seasonal activity budgets and circadian activity
rhythms in time spent foraging, being in a lodge and travelling
(Table 1). The models all explored the probability of the bea-
vers engaging in a certain behaviour in relation to the explan-
atory variables, and not time spent on each activity, but for
simplicity, we refer to the model outcomes as increasing for-
aging, travelling or time spent in lodge. Two candidate models
exploring foraging received similar support, and the most par-
simonious contained age, distance to main lodge and active
hour, as well as Julian day, yet no sex-specific effects
(Table S2). Beavers foraged consistently throughout the study
period, and we found no seasonal peaks in foraging activity
(Fig. 1a, Table 1). We found a weak daily trend in probability
of foraging with less foraging in the evening and a slight
increase towards 04:00 followed by a slight decrease during
morning (Fig. 2a, Table 1). Beavers foraged more with in-
creasing distance from the main lodge (Fig. 3a, Table 1) and
with increasing age (Fig. 4a, Table 1).

The most parsimonious model exploring the probability of
being in the lodge contained age, active hour and Julian day
interacting with sex (Table S2). Males and females displayed
different seasonal trends in time spent in the lodge, with fe-
males spending more time in the lodge during spring (March—
May), while gradually decreasing time spent in the lodge to-
wards late summer. Males also spent more time in the lodge
from April to May, and again from August to September,
which contrasted with females that were less likely to spend
time in the lodge during this time (Fig. 1b, Table 1). Beavers
spent most time in the lodge during early evening and late
morning (Fig. 2b, Table 1). Distance to lodge was not includ-
ed as an explanatory variable in the lodge models, but time
spent in the lodge increased slightly in older beavers.

The most parsimonious candidate model predicting the
probability of travelling contained age, active hour and
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Table 1 Summary of most parsimonious model to predict the
probability of beaver foraging, travelling and being in a lodge in
spring—late summer during the years 2000, 2001, 2006 and 2007 in
South-Eastern Norway. Each model was fitted with a GAMM with year
and beaver ID as random factors on the intercept. Observations of beaver

activity are collected from 41 beavers (N=5430). Estimates (3) and stan-
dard errors (SE) are given for the intercept and linear terms. Each spline
variable included in the model is specified with effective degrees of free-
dom (edf) and test statistics (Ch.sq)

Foraging 8] SE Smooth terms edf Ch.sq
Intercept —1.7667 0.36746 s(Julian_day) 1.941 1.426
Age 0.0742 0.04197 s(Active hou) 3.523 73.256
Distance lodge 0.00108 0.00012

Travelling B3 SE Smooth terms edf Ch.sq
Intercept —1.3447 0.42741 s(Julian_day):SexFemale 1 12.27
Age —0.111 0.03545 s(Julian_day):SexMale 6.71 84.44
Distance lodge 0.00175 0.00024 s(Active_hou) 6.93 50.88
SexMale 0.77299 0.24097
Distance lodge:SexMale —0.0013 0.00027

Lodge 8] SE Smooth terms edf Ch.sq
Intercept -1.1787 0.62497 s(Julian_day):SexFemale 1.923 49.89
Age 0.11615 0.05739 s(Julian_day):SexMale 6.932 69.82
SexMale —0.4152 0.39969 s(Active_hou) 7.32 261.08

Julian day and distance to the main lodge interacting with sex
(Table S2). The sexes differed slightly in travelling with fe-
males being less likely to travel during early spring, yet in-
creasing travelling slightly towards late summer. Males trav-
elled the most from May to July (Fig. 1c). The beavers were
less likely to travel in early evening, while they travelled sta-
bly throughout the rest of the night, and with a slight increase
in the morning (Table S2). Both males and females travelled
more with increasing distance from the lodge, yet at the far-
thest distances, females were more likely to travel than males.
Travelling also decreased slightly with increasing age of the
beavers.

Food items

We used 3312 1-min time point samples from 37 beavers in
18 territories, including 13 females (all dominant) and 24
males (16 dominant and 5 offspring from previous years) for
analysing the use of different food items. We could identify
food items in 81% of beaver foraging observations. The most
common food item were trees/shrubs, which were recorded in
72.8% of observations. Aquatic vegetation was registered in
16.4% of foraging observations and herbs/grasses in 10.8%.
When the foraged tree type could be identified, deciduous
trees/shrubs were the most common tree type in 90.7% of
observations, while 9.2% were coniferous trees, which were
mostly foraged during spring. Two models received equal
support in predicting probability of beaver use of trees/
shrubs and aquatic vegetation. The most parsimonious of
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these included a spline on Julian day as a sex-specific effect
(Table S3). This revealed sex-specific differences in the sea-
sonal use of trees/shrubs and aquatic vegetation (Table 2, Fig.
S5a, b, ¢). Males used trees/shrubs throughout the whole study
period, but with a small decrease during late spring and sum-
mer (May—July). Females, however, used trees/shrubs less
during two periods of the year, first in mid-April, and then
in mid-July, while simultaneously increasing their use of
aquatic vegetation (Fig. 5a, b). Males also used more aquatic
vegetation in spring. Among the candidate models in
predicting the use of herbs/grasses, four models received
equal support, and the most parsimonious contained only a
spline Julian day, but no sex-specific differences (Table S3).
Use of herbs/grasses was highest from May to July, but with
overall lower probability of use compared to the two other
food items (Table 2, Fig. 5¢).

Discussion

Beavers displayed variation in both seasonal activity budgets
and circadian activity rthythms and seasonal trends in the use
of different food items, but we only observed some sex-
specific differences. We did not find strong seasonal or daily
trends in foraging, and there were no differences between the
sexes in terms of foraging. This was contrary to expectations
ofincreased female foraging in spring and during the night (a).
As predicted, females spent more time in the lodge and less
time travelling during spring (a) and subsequently decreased
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Fig. 1 Predicted effect of Julian day on the probability of Eurasian beaver
foraging (a), being in a lodge (b) and travelling (c). Julian day has been
converted back to month for plotting purposes. The line represents the
estimated smoother produced by a GAMM model, while the polygons
represent the 95% confidence interval around the estimate. The red lines
represent females and the blue males. There was no difference between
males and females for foraging, and both are represented with a green
line. The predictions are based on beaver activity observations from
spring to late summer during the years 2000, 2001, 2006 and 2007 in
South-Eastern Norway

time spent in lodge and slightly increased travelling in late
summer (b). However, the differences in seasonal activity
budgets between the sexes were very subtle. Males and fe-
males did not differ in terms of circadian activity rhythm.
Our prediction that females used nutrient-rich food such as
aquatic vegetation and less wood during spring and late sum-
mer was supported, but we found no difference in the use of
herbs/grasses to the sexes contrary to our prediction (c).

Activity budgets in comparative perspective

When beavers were outside the lodge, foraging was their main
activity followed by travelling, which reaffirms the general
trend found in Eurasian beavers by Sharpe and Rosell
(2003), but foraging was an even more important daily activ-
ity in North American beavers (Gallant et al. 2016). There are
several potential explanations why beavers increase foraging
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1.00 -
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0.50 -
0.25-

0.00-
20:00

Lodge

04:00 08:00

00:00

Probability of activity

c
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0.75-
0.50-
0.25-
0.00-

Travel

20:00 00:00 04:00 08:00

Time

Fig. 2 Predicted effect of active hour on the probability of Eurasian
beaver foraging (a), being in a lodge (b) and travelling (¢). Active hour
represents the beavers’ active hours from 19:00 until 08:00 and has been
converted back to hour of the day for plotting purposes. The line
represents the estimated smoother produced by a GAMM model, while
the polygons represent the 95% confidence interval around the estimates.
There was no difference between males and females, and both are
represented with a green line. The predictions are based on beaver
activity observations from spring to late summer during the years 2000,
2001, 2006 and 2007 in South-Eastern Norway

activity with increasing distance from the lodge. Dominant
beavers often spend more time close to the border to the
neighbouring territory where they patrol for intruders (Graf
et al. 2016), and they might simultaneously forage.
Depletion of resources in a beaver territory may lead to both
foraging further inland or abandonment of the territory
(Goryainova et al. 2014; Hood 2020) and together with build-
up of plant defences in browsed vegetation (Bryant et al.
1991) might induce foraging further away. As food sources
such as aquatic vegetation and herbs/grasses are only season-
ally available, we were surprised not to find an overall in-
crease in foraging during summer. Animals may display very
different strategies to deal with fluctuations in food availabil-
ity and quality even within the same species. In monomorphic
red ruffed lemurs, males fed most often during seasonal food
abundance, whereas female time spent feeding was stable
throughout the year (Vasey 2005). Intense foraging during
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Fig.3 Predicted effects of distance to the main lodge on the probability of
Eurasian beaver foraging (a) and travelling (b). Distance to main lodge
represents the Euclidian distance (m). The lines represent the estimated
smoother produced by a GAMM model, while the polygons represent the
95% confidence interval around the estimates. There was no difference
between males and females for foraging, and both are represented with a
green line. The predictions are based on beaver activity observations from
spring to late summer during the years 2000, 2001, 2006 and 2007 in
South-Eastern Norway
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autumn is common in species that either hibernate or build
food caches to get them through the winter (Welch et al.
1997; Lee 2002). Observations of beavers later in the autumn
might have revealed larger increases in foraging activity
(Potvin and Bovet 1975).

The beavers also displayed distinct circadian activity
rhythms. Being in a lodge was, not surprisingly, most likely
to occur in late evening and early morning, while they trav-
elled more in the morning. The morning and early evening
represents the start and end of the beaver’s active period,
which may explain these patterns (Sharpe and Rosell 2003).
Circadian activity rhythms of animals may also be impacted
by season (Pita et al. 2011; Pagon et al. 2013), which we did
not account for. However, the subtle temporal variations that
we found contrast with Sharpe and Rosell (2003) who found
no significant differences in activity patterns when comparing
different parts of the season and night. This illustrates how
temporal modelling of activity budgets with Julian day as a
continuous variable may reveal more subtle variations in an-
imal behaviour.
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Fig. 4 Predicted effects of age (years) on the probability of Eurasian
beaver foraging (a), being in lodge (b) and travelling (¢). The line repre-
sents the estimated regression line, while the polygons represent the 95%
confidence interval around the estimates. There was no difference be-
tween males and females, and both are represented with a green line.
The predictions are based on beaver activity observations from spring
to late summer during the years 2000, 2001, 2006 and 2007 in South-
Eastern Norway

Sex-specific temporal activity budgets

Due to the energetic cost of gestation and lactation, a stronger
increase in foraging activity among females would be expected
during the reproductive period (Clutton-Brock et al. 1982; Logan
and Sanson 2003; Vasey 2005). Increased time spent foraging
has been observed in reproducing females during the reproduc-
tive period in other monomorphic animals such as meerkats
(Suricata suricatta) (Doolan and Macdonald 1996), tree rats
(Thallomys nigricauda) (Eccard et al. 2004), and female birds
during incubation (Hedd et al. 2014). Female beavers not forag-
ing more than males in spring may indicate that beavers display
traits of an income breeder relying on previously stored fat re-
sources (Rddel et al. 2015). Rainfall during the previous autumn
has been shown to be inversely related to beaver reproduction the
following year, probably due to rain reducing growth rates of the
vegetation (Campbell et al. 2013). Females may display in-
creased foraging activity during autumn in the year prior to re-
production, which we did not explore in this study. In
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Table 2 Summary of the most parsimonious models to predict the
probability of beaver use of trees/shrubs, aquatic vegetation and herbs/
grasses in spring—late summer during the years 2000, 2001, 2006 and
2007 in South-Eastern Norway. Observations of beaver activity are col-
lected from 37 beavers (N=3312). Each model was fitted with a GAMM

with year and beaver ID as random variables on the intercept. Estimates
(f3) and standard errors (SE) are given for the intercept and linear terms.
Each spline variable included in the model is specified with effective
degrees of freedom (edf) and test statistics (Ch.sq)

Trees/shrubs B SE Splines edf Ch.sq
Intercept 1.29913 0.40084 s(Julian_day):SexFemale 8.052 113.14
SexMale —0.0661 0.4615 s(Julian_day):SexMale 4.818 29.11
Aquatic B SE Splines edf Ch.sq
Intercept —3.4382 0.8064 s(Julian_day):SexFemale 7.981 180.82
SexMale 0.2895 0.8796 s(Julian_day):SexMale 6.997 58.05
Herbs/grasses B SE Splines edf Ch.sq
Intercept —2.5146 0.1795 s(Julian_day) 5.086 77.22

monomorphic plain zebra (Equus burchelli) and African oryx
(O. gazella), the sexes also did not differ in time spent foraging,
but rather in bites taken per minute (Neuhaus and Ruckstuhl
2002; Ruckstuhl and Neuhaus 2009), which we could also not
account for due to limited visibility of nocturnal observations.

Female beavers did, however, increase time spent in the lodge
during spring, which most likely relates to giving birth and
weaning kits (Mayer et al. 2017a). Based on the increased lodge
occupancy, a consequential reduction in foraging could be ex-
pected, but we did not observe this. The simultaneous reduction
in travelling during spring could allow for more time spent in the
lodge together with other activities not modelled in the current
study (Sharpe and Rosell 2003), while foraging remained unaf-
fected. Both males and females travelled more with increasing
distance to the main lodge, and females even more than males at
the furthest distances. This does not necessarily mean that fe-
males travel further from the lodge, but when observed far away,
they are most likely travelling. The furthest distances away from
the lodge likely represent the border with another territory, which
is regularly patrolled and scent marked by the dominant pair
(Rosell et al. 1998; Hohwieler et al. 2018). The purpose of trav-
elling is often difficult to unravel and may relate to both foraging
and patrolling (Graf et al. 2016). In roe deer (Capreolus
capreolus), which have very low levels of body size dimorphism,
males increase activity levels during periods when increased ter-
ritorial defence is needed, suggesting that differing circadian ac-
tivity rthythms between the sexes may be more pronounced in
periods with different investment in reproduction or territorial
protection (Pagon et al. 2013). Young beavers commonly dis-
perse from their natal territory in spring in search of a new terri-
tory (Sun et al. 2000), and dominant male beavers may therefore
increase patrolling and scent marking efforts during this time
(Rosell et al. 1998).

Foraging behaviour and food use

The beavers were mostly observed foraging solitary, but when
accompanied by another beaver, this was either their offspring

or partner, which confirms previous studies (Brady and
Svendsen 1981; McClanahan et al. 2020). Solitary foraging

Jun  Jul Aug

Probability of foraging

Herbs/grasses

Aug

Apr May Jun Jul

Julian day

Fig. 5 Predicted effects of the probability of beaver use of trees/shrubs
(a), aquatic vegetation (b) and herbs/grasses (c) across the study season (5
March—23 September). The lines represent the estimated smoother based
on a GAMM model, while the polygons represent the 95% confidence
interval around the estimates. The red lines represent females and the blue
males. There was no difference between males and females for use of
herbs/grasses, and both are represented with a green line. The predictions
are based on beaver activity observations from spring to late summer
during the years 2000, 2001, 2006 and 2007 in South-Eastern Norway
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behaviour of a group-living species may occur due to in-
creased predation risk involved with group foraging (Creel
and Creel 2002). Elk (Cervus canadensis), for example, for-
aged in groups half the size when wolves (C. lupus) were
present within the same drainage, compared to days when
wolves were absent (Creel et al. 2005).

We confirmed that trees/shrubs were the most commonly
used food item, followed by aquatic vegetation and herbs/
grasses. Woody material from trees/shrubs is an important part
of the beaver diet throughout the year, but has a high crude
fibre content that represents a lower quality diet (Belzecki
et al. 2018). Deciduous trees/shrubs were the most common
tree type used, but we also observed occasional foraging on
conifers during spring (Jenkins 1979; Haarberg and Rosell
2006). Much of the energy in woody material is contained
within the cell walls and hard to access, which may explain
why beavers supplement with more nutritional foods during
summer (Nolet et al. 1995). Another monomorphic species
relying mostly on trees as food sources, the Finlayson’s squir-
rel (Callosciurus finlaysonii), also displayed a seasonal shift
from buds and tree bark towards more nutritional flowers,
seeds and fruits during summer (Bertolino et al. 2004). We
found a similar shift towards aquatic vegetation in spring.
Several North American studies concluded that aquatic vege-
tation is a vital part of the beaver diet during summer
(Svendsen 1980; Belovsky 1984; Milligan and Humphries
2010; Bergman et al. 2018). Fewer studies have reported
Eurasian beavers foraging on aquatic vegetation, but it has
been documented from early spring to autumn (Histel 1989;
Law et al. 2014a, 2014b). Beavers are energy maximizers and
select food sources that return the most energy over time, but
they also require a diverse diet to fulfil their nutritional needs
(Belovsky 1984; Doucet and Fryxell 1993; Nolet et al. 1995).
Seasonal variations in both availability and nutritional content
of food items may have a large impact on choosy opportunis-
tic foragers such as beavers and result in differing diet between
males and females due to differing energy budgets.

Sex-specific seasonal food use

The beavers’ use of food items varied according to the season,
and males and females differed in seasonal use of trees/shrubs
and aquatic vegetation, but not herbs/grasses. Females were
less likely to use trees/shrubs between April and May, which
is directly prior to the birthing period (Parker and Rosell 2001;
Mayer et al. 2017b), but also after the reproductive period in
July—August. In both these periods, the reduction of trees/
shrubs was accompanied with a shift towards increased use
of aquatic vegetation. Dietary differences between the sexes
also occur in other monomorphic species such as thick-billed
murres (Uria lomvia) and northern gannet (Morus bassanus)
where females dove deeper than males, presumably to select
different prey types (Lewis et al. 2002; Elliott et al. 2010).
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Differences in foraging locations may also relate to predation
risk where one sex forages in high-risk locations, while the
partner prioritizes safety over energy maximization and there-
by increases overall reproductive success (Elliott et al. 2010).
Beavers are most vulnerable to predation when foraging on
land (Gable et al. 2018), and females shifting to increased use
of aquatics during spring may represent a more risk-aversive
foraging strategy (Fryxell and Doucet 1993). Aquatic vegeta-
tion also requires less handling time than other food resources
(Fryxell and Doucet 1993; Severud et al. 2013), which may be
beneficial for females while caring for kits in the lodge.

Different seasonal food use may also relate to nutrient
availability and nutritional requirements of reproducing fe-
males. A seasonal shift from woody vegetation towards more
aquatic vegetation and herbs/grasses is common when beavers
diversify their diet in the summer to obtain additional nutrients
(Brenner 1964; Nolet et al. 1995; Belzecki et al. 2018), and is
common also in other species foraging on trees (Bertolino
et al. 2004). Beaver foraging on conifers mostly occurs during
spring, which may suggest selection for certain temporally
available nutrients (Jenkins 1979). Sami communities in
Fennoscandia used to utilize Scots pine as a traditional food
source, especially during spring and summer — most likely
because of raised starch levels in the trees during that time
(Rautio et al. 2013). Black bears also cause damage to man-
aged conifer stands to gain access to sapwood during spring
(Ziegltrum 2004). Beavers shifting towards aquatic vegetation
in spring may be influenced by higher available levels of ni-
trogen, phosphorus and sodium during that time (Nolet et al.
1995; Cebrian and Lartigue 2004; Shurin et al. 2006). Wild
animals are commonly sodium-deficient due to low availabil-
ity, and an increased need for sodium uptake is common in
spring, especially for reproducing females during gestation
and lactation (Blair-West et al. 1968; Weeks Jr and
Kirkpatrick 1976). Moose (Alces alces) also forage on aquatic
plants during spring and early summer to fulfil sodium re-
quirements (Fraser et al. 1982, 1984). Nutritional needs may
explain the two peaks of female use of aquatic vegetation prior
to and after the lactation period.

Conclusion

Observing beaver behaviour across seasons and nights over
multiple years gave us a unique insight into their temporal
activity and foraging behaviour. Females likely adapted their
seasonal activity budgets to spend more time in the lodge
during reproduction, but without reducing foraging activity,
while compensating in summer and early autumn with in-
creased travelling and reduction in time spent in lodge.
Differences between males and females were especially ap-
parent in the use of different food items, which may relate to
varying strategies to deal with predation risk and nutritional
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and energetic requirements of reproducing females. Temporal
modelling of activity budgets and foraging allowed us to iden-
tify subtle variations in activity budgets and foraging on dif-
ferent food items between the sexes. These differences suggest
that seasonal adaptions may be vital for both survival and
reproduction of monogamous and monomorphic species.
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Table S1 Recorded behaviours of Eurasian beavers observed during spring-late summer in the
years 2000, 2001, 2006 and 2007 in South-Eastern Norway. Behaviour category shows the
main categories in which these behaviours were classified. The number of observations in

each category is displayed as N

Behaviour
category Behaviour N
Alerted, sitting or laying while being attentive of the surroundings. Sniffing

Alerted in the air. 54
Defensive Tail slap, stick display, conflict with other beaver, scent mark 86
Dive Diving, but not into the lodge or for foraging. 29
Foraging Walking with food, eating, felling trees/shrubs, diving for aquatics 1687
Lodge On land by lodge, inside lodge, inside burrow, dived into lodge 1873
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Still

Social/grooming

Travelling

Sitting still, still in the water
Play wrestling, unknown social behaviour, self-grooming, nose to nose
interaction, mutual grooming

Walking, swimming

162

92

1579
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Table S2 Model structure and selection of candidate models for predicting probability of the
beavers’ main activities: foraging, travelling and being in lodge from spring-late summer
during the years 2000, 2001, 2006 and 2007 in South-Eastern Norway. Observations of
beaver activity is collected from 41 beavers (N=5430). Each model was fitted with a GAMM
with year and beaver ID as random variable. Each candidate model is described in terms of
which explanatory variables are included, degrees of freedom (df), Akaike Information

Criterion corrected for a small sample size (AIC.), delta AIC (AAIC.) and model weight

(AICcw)
Forage probability n=1682 df AIC, AAIC. AICcew
Age + s(Julian_day) + Distance lodge + 9 6011.60 0.00 0.62
s(Active hou)
Age + s(Julian_day) + Distance lodge*Sex + 11 6013.10 1.51 0.29

s(Active hou)

Age + s(Julian_day) + Distance lodge + s(Active hou, 14 6018.30 6.68 0.02
by=Sex) + Sex
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Age + s(Julian_day, by=Sex) + Sex + Distance lodge
+ s(Active_hou, by=Sex)
Age+t Distance lodge

Distance lodge

Age + Distance _lodge + Sex

s(Active_hou)

s(Julian_day)+ s(Active hou)

s(Active_hou, by=Sex) + Sex
s(Julian_day)+ s(Active_hou, by=Sex) + Sex
s(Julian_day, by=Sex)+s(Active_hou, by=Sex) + Sex
Distance lodge + Sex

1

Age

Sex

s(Julian_day)

s(Julian_day, by=Sex) + Sex

Travelling probability

n=1561

Age + s(Julian_day, by=Sex) + Distance lodge*Sex +
s(Active_hou)

Age + s(Julian_day)+ Distance lodge*Sex +
s(Active_hou)

Age + s(Julian_day)+ Distance lodge + s(Active_hou)

Age + s(Julian_day, by=Sex) + Sex + Distance lodge
+ s(Active hou, by=Sex)

Age + s(Julian_day) + Distance lodge + s(Active hou,
by=Sex) + Sex

s(Julian_day) + s(Active_hou)

s(Julian_day, by=Sex)+ Sex + s(Active_hou, by=Sex)
s(Julian_day)+ s(Active _hou, by=Sex) + Sex
s(Julian_day, by=Sex) + Sex

s(Julian_day)

AgetDistance lodge + Sex

Age+ Distance lodge

Distance lodge

s(Active_hou)

s(Active_hou, by=Sex) + Sex

Distance lodge + Sex

Age

Sex

1

Lodge probability n=1870
Age + s(Julian_day, by=Sex)+ Sex + s(Active_hou)

Age + s(Julian_day, by=Sex) + Sex+ s(Active hou,
by=Sex)
s(Julian_day, by=Sex)+ Sex + s(Active_hou, by=Sex)

Age + s(Julian_day)+s(Active hou)
s(Julian_day)+ s(Active_hou)
Age+t s(Julian_day) + s(Active_hou, by=Sex) + Sex

W A 9 0 L Q9 O —~ 9 N O L A
[

— - o
W = .

12

6021.20

6072.50
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60.96
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82.74
86.55
88.85
109.62
177.95
179.28
179.40
181.88
185.70
AAIC.

0

5.23

23.58
27.13

31.19

73.28
81.08
82.4
104.28
112.75
137.07
138.99
142.41
154.96
161.5
168.85
197.88
200.29
203.2
AAIC.

15.47
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34.88
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0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
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0.00
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AICcew
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Table S3 Model structure and selection diagnostics of candidate models for predicting
probability of beaver use of trees/shrubs, aquatic vegetation and herbs/grasses from spring-
late summer during the years 2000, 2001, 2006 and 2007 in South-Eastern Norway.
Observations of beaver activity is collected from 37 beavers (N=3312). Each model was fitted
with a GAMM with year and beaver ID as random variables on the intercept Each candidate
model is described in terms of which explanatory variables are included, degrees of freedom
(df), Akaike Information Criterion corrected for a small sample size (AIC.), delta AIC

(AAIC.) and model weight (AICcw)

Wood probability df # AICc AAIC: | AICew
i;ﬁan day, by=Sex) + Sex + . 1 3636.5 0 0.587
s(Julian day, by=Sex) + Sex 8 3 3637.2 0.7 0.413
s(Julian day) + Age 6 2 3693.6 57.07 0.00
s(Julian day) 5 5 3694.3 57.8 0.00
Age 4 4 3733.4 96.96 0.00
1 3 0 3733.8 97.32 0.00
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Aquatic probability df AICc AAIC:. | AICew
s(Julian day, by=Sex) + Sex 8 3 2386.9 0.00 0.72
s(Julian day, by=Sex) + Sex +

Age 9 1 2388.7 1.85 0.28
s(Julian day) 5 5 2491.3 104.39 0.00
s(Julian day) + Age 6 2 2493.1 106.27 0.00
1 3 0 2659.4 272.57 0.00
Age 4 4 2661.4 274.57 0.00
Herb & grass probability df AlICc AAIC. AlICcw
s(Julian day) + Age 6 2 2192.2 0.00 0.36
s(Julian day) 5 2192.8 0.55 0.27
s(Julian day, by=Sex) + Sex +

Age 9 1 2193.2 0.98 0.22
s(Julian day, by=Sex) + Sex 8 3 2194.1 1.86 0.14
1 3 0 2276.6 84.41 0.00
Age 4 4 2276.9 84.64 0.00
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ABSTRACT

The surface of the Earth is increasingly dominated by human-modified ecosystems. As natural
habitats dwindle, some wildlife species adapt to a landscape increasingly dominated by
agriculture. Crops offer a predictable and nutritious food source and may become an integral
part of the diet of some species. Eurasian beavers (Castor fiber) are closely associated with
forests and wetlands, but as they recolonize their previous range following centuries of
persecution, they settle into a highly anthropogenic landscape. We aimed to investigate
spatio-temporal patterns of beaver foraging on cereals and use of crop fields among individual
beavers. Within the study area of the Norwegian beaver project in southeastern Norway, we
surveyed signs of beaver foraging in cereal fields during summer and early autumn in 2019
and 2020 and tracked beaver movement using GPS loggers. Beavers foraged mostly on the
kernels of wheat (7riticum aestivum), followed by oats (4vena sativa), barley (Hordeum
sativum), and lastly rye (Secale cereale). The probability of foraging decreased with
increasing width of the canopy-covered buffer zone, and with increasing elevational gain from

water. Foraging increased when cereal plants ripened in the early autumn, and beavers



removed larger areas when foraging further away from water. There were considerable
differences between territories, and while we could not identify the drivers of these
differences, we found increasing use of crop fields among beavers of good body condition.
Cereals might provide a significant food source for this generalist and opportunistic species
during late summer. As wildlife populations expand into agricultural land, crops may become
an increasingly important part of their diet, which requires research attention to avoid
conflicts and improve our understanding of wildlife foraging ecology within anthropogenic

landscapes.

Keywords: Crop depredation, Eurasian beaver, Castor fiber, agriculture, cereals.

1. Introduction

Crop depredation has the potential to create extensive conflicts with human communities
(Conover et al., 2018; de la Torre et al., 2021), but crops also provides an important food
subsidy for a wide range of wildlife species (Fox et al., 2005; Oro et al., 2013). Crops may
offer a more predictable food source as they occur in large quantities during the same time
every year (Chiyo et al., 2005; de la Torre et al., 2021). Where agriculture have persisted over
centuries, certain wildlife species becomes a permanent feature in the agricultural landscape,
which they depend on both as a supplementary food source and habitat (Jacob and Hempel,
2003; Heroldova et al., 2021). The extent of crop depredation tend to increase close to forests
and protected areas (Linkie et al., 2007; Lemessa et al., 2013) and often displays clear
temporal patterns in relation to avoidance of humans (Bjerneraas et al., 2011; Regmi et al.,
2013; Troup et al., 2020), crop availability and attractive phenological stages (Chiyo et al.,
2005; Lande et al., 2014).

In Europe, vast areas have been converted to agriculture, especially for cereal
production, such as wheat (Triticum aestivum), oats (Avena sativa), rye (Secale cereale), and

barley (Hordeum sativum). These cereal fields provide habitats and supplementary food for a



wide range of wildlife species (Vickery et al., 2002; Hofman-Kaminska and Kowalczyk,
2012). Generalist species such as European badgers (Meles meles) have in certain areas
shifted foraging patterns to depend on cereals (Roper et al., 1995), which has completely
altered the nutritional content of their diet (Remonti et al. 2011). Different species prefer
different phenological stages and vegetative parts of the crops. While some species forage on
the whole cereal plant (Putman and Moore, 1998; Hata et al., 2021), others prefer only the
mature grain (Heroldova et al., 2008). Cereal plants and grains are particularly rich in
carbohydrates whilst also being a good source of protein for wildlife (Heroldova et al., 2008;
Remonti et al., 2011). Several species of geese (Anser spp.) breeding at northern latitudes
have completely altered their habitat use and foraging patterns to depend on nutritious cereal
crops, causing them to abandon natural feeding areas and facilitated an increase in
reproduction and population size (Fox et al., 2005; Bjerke et al., 2014; Chudzinska et al.,
2015). While crop depredation in some species is driven by a lack of natural foods (Hofman-
Kaminska and Kowalczyk, 2012), for others it reflects a highly opportunistic behavior and is
concentrated around times of high availability (Chiyo et al., 2005; Paolini et al., 2018).

The extent of crop depredation often differs in relation to physiological and
demographic characteristics such as sex, where males tend to engage in more high-risk crop
depredation (Ditmer et al., 2015a; Hata et al., 2021), while females are often more risk
aversive (Vogel et al., 2020; de la Torre et al., 2021). Foraging for crops may also be
influenced by age (Ditmer et al., 2015b; Hata et al., 2021), family structure and reproduction
(Ditmer, 2014; Tiller et al., 2021), as well as crop availability within the animal’s home range
or migration routes (Naughton-Treves et al., 1998; Fox et al., 2005; Lemessa et al., 2013). As
agricultural landscapes continue to expand, crops such as cereals become an increasingly
important food source for many wildlife species (Oro et al., 2013). Research into crop

depredation usually takes a anthropocentric perspective where the main focus is how to



reduce conflicts between major crop depredating species and local farmers (Simonsen et al.,
2016; Conover et al., 2018; de la Torre et al., 2021). However, even species not considered
major pests may utilize crops with potential ecological implications (Oro et al., 2013), which
merits research attention on how this impacts their foraging ecology.

Eurasian beavers (Castor fiber) commonly reside in landscapes dominated by
agriculture; however, their interactions with crops are poorly understood. Following large-
scale extermination up until the 20" century, Eurasian beavers, together with their close
relative, the North American beaver (C. canadensis), are recovering throughout both
continents (Gibson and Olden, 2014; Halley et al., 2021). Partly due to increased recognition
of their role as ecosystem engineers by constructing dams and wetlands and thus increasing
biodiversity, beavers are reintroduced throughout large parts of their historical range (Wright
et al., 2002; Halley et al., 2021). They are opportunistic foragers, and as typical generalists,
they forage on a wide variety of woody materials and plants to obtain different nutrients
(Nolet et al., 1994; Vorel et al., 2015). As central-place foragers, beavers become more
selective with increasing distance from their lodge or the water (McGinley and Whitham,
1985; Haarberg and Rosell, 2006), and rarely forage far from the water’s edge (Donkor and
Fryxell, 1999). During spring and summer, beavers shift their diet from relying mostly on
trees towards a variety of herbaceous plants, grasses, and aquatic plants (Krojerova-ProkeSova
etal., 2010; Law et al., 2014). Despite being similar in body size, the diet of male and female
beavers may differ (Betzecki et al., 2018), and females that reproduce the following spring
tend to gain more weight during autumn (Parker et al., 2017). Older beavers also tend to
spend more time on land and more time foraging than younger beavers (Graf et al., 2016;
Lodberg-Holm et al., 2021).

The historical range of beavers once consisted of forests and wetlands, which in many

places have been converted into agriculture (Dewas et al., 2012; Wohl, 2021), offering



beavers new and novel food sources. Research into the interactions between beavers and
agriculture has focused mostly on damming and draining of water bodies causing flooding of
agricultural fields (Dieter and McCabe, 1989; Nolet and Rosell, 1998). Beavers foraging on
cereal crops have been briefly mentioned in a few publications but have rarely been the focus
of research. One notable exception is the study by Mikulka et al. (2020) from the Czech
Republic that documented foraging on wheat, and barley fields, as well as rape seed (Brassica
napus), maize (Zea mays), and sugar beet (Beta vulgaris) close to water and the beaver lodge
or burrow (Mikulka et al., 2020). Plant material from cereals have also been found in the
stomach content and scats of Eurasian beavers (Krojerova-Prokesova et al., 2010; Betzecki et
al., 2018). In Finland, introduced North American beavers coexist with native Eurasian
beavers, but Eurasian beavers tend to settle closer to agricultural areas compared to their
North American relative (Alakoski et al., 2019). These settlement patterns may reflect
availability of agricultural landscapes, or that these areas provide high quality habitat leading
to higher densities (Alakoski, 2021). Overall, there has been limited research on where and
when beavers forage on agricultural crops, and the drivers for why they are exploiting this
novel food source.

The goal of this study was to investigate the extent and spatio-temporal patterns of
beaver foraging on a novel food source for beavers, cereals (wheat, barley, oat, and rye). We
wanted to determine the extent of foraging within different beaver territories and use of crop
fields among individual beavers, as well as potential drivers of these differences. We
hypothesized that beavers would focus their foraging where less vegetation separates the river
and cereal field, and at lower elevation and slopes, that they would select for wheat and
barley, and increase foraging in early autumn when the cereals matured. We also
hypothesized that foraging on cereals would increase in territories with a higher coverage of

agriculture and lower coverage of other important habitat types for beavers. Finally, we



hypothesized that beaver use of crop fields would differ according to age, sex, reproductive

status and body condition, as well as over years.

2. Methods

2.1 Study area

This study was conducted in three rivers (Sauar, Gvarv and Straumen) that empty into lake
Norsje in Midt-Telemark and Nome municipalities in Telemark, southeastern Norway. The
rivers are between 30-150 m wide and are only partly ice-covered during winter (Herr and
Rosell, 2004). The rivers meander through a landscape dominated by agriculture and boreal
forests, with several villages and human settlements along the riverbanks. Agricultural
production in the area is dominated by cereals, which constituted 60% of the land used for
agriculture in 2019-2020 (Landbruksdirektoratet, 2021b). Among these, wheat and oat are the
most commonly grown (39 and 38% of total planted cereal fields respectively), followed by
barley (19%) and rye (5%) (Landbruksdirektoratet, 2021a). Farmers commonly rotate
between cereal crops across years to reduce pesticide use and increase financial returns
(Kvakkestad and Prestvik, 2016). Agricultural fields often have a buffer zone between the
river and the field, while a few fields extend all the way down to the river. The mean daily
temperature of the region is 6.5 °C and mean precipitation is 2.3 mm (eKlima, 2020). Beavers
have occupied the area since the 1920s and are assumed to be at carrying capacity (Pinto et
al., 2009; Mayer et al., 2020). The study area is part of a long-term research project on
beavers within the Norwegian Beaver Project (NBP) that has monitored the resident beaver
population since 1997. The density of beavers is on average 1.23 = 0.32 SD beavers per km of

shoreline with territory sizes of an average of 3.28 £ 1.45 SD km (Mayer et al., 2020).

Wolves (Canis lupus) that commonly predate beavers (Gable et al., 2018) are not present

within the study area, but there is a stable population of lynx (Lynx lynx) (Rovdata, 2021).



2.2 Field registrations

We surveyed cereal fields during late summer and early autumn 2019 and 2020, and
registered signs of beaver foraging in 17 beaver territories along the main rivers within the
study area. A previous beaver habitat selection study from the region observed that 95% of
the GPS locations were located within 77 m from water (Steyaert et al., 2015). Still, we
decided to survey cereal fields within 100 m from the riverbanks if cereals attract beavers at
even further distances. To establish which areas to survey, we downloaded a land cover map
of the rivers and the surrounding areas (FKB-ARS 4.6) (Kartverket, 2016). We initiated our
survey while the cereal plants were still green and the grain immature in late July and
continued until all fields were harvested in late September. We did not survey beaver foraging
on cereal plants during spring or early summer and previous studies report that beaver
foraging tends to focus on mature crops (Mikulka et al., 2020). During the first survey in each
year, we visited all agricultural fields used for crop production to register those that contained
cereals (wheat, barley, rye, or oat). In each cereal field, we surveyed signs of foraging along
the field edges. We did not survey the interior of the fields to avoid damaging the crops.
Beaver foraging is easily identified as beavers leave trails from the river to the field with
cereal plants strewn in the path. Whenever we found such a trail leading to a cereal field, we
also found signs of foraging on the edge of the field, and we never found trails leading further
into the field. We also flew a drone over the interior of some fields to confirm that there were
no foraging signs further into the field (Video A.1). We are therefore convinced that foraging
by beavers was restricted to the edges and not the interior of the field. We registered the size
of every foraged patch together with equally spaced control plots every 50 m along the edges
of the fields, which represented unused locations not foraged by beavers. We could thereby
contrast characteristics of foraged patches and unused locations using a resource selection

design to identify landscape features that facilitated beaver foraging (Manly et al., 2007; Lele



et al., 2013). Within the control plots, we surveyed the immediate surrounding area and if
beaver foraging was observed within 2 m of the plot, we considered it a foraged patch instead.
Each cereal field was surveyed 4-5 times during the study period until all cereal crops were
harvested. The repeated surveys were conducted to explore how beaver foraging developed
during the season, and to record when the cereal plants and kernels matured in the different
fields. There were, on average, 11 days between each repeating survey. As some foraged
patches appeared late in the field season, not all foraged patches were surveyed an equal
number of times. We also did not revisit all control plots during each survey round, but each
foraged and control plot were visited between 1-5 times during each field season. Different
control plots were surveyed in each year. In 2019, we also documented the percent of cereal
plants left within the foraging patch, along the trail, or in the water to describe beaver
foraging behavior. The condition of the discarded plant material was classified as either intact
(having every part of the cereal plant still attached, but removed from the ground), having
only the stem (the whole stem and root without the kernel), or still in the ground without the
kernel.

We distinguished patches foraged by beavers from areas where the cereals had
naturally been flattened by rain, wind, or flooding, based on field signs of beaver activity.
Beaver foraging was determined as cases where the cereal plants had been cut or pulled up,
with a distinct trail leading down to the river, and with stems of cereal plants scattered along
the trail and in the water. Foraging by other mammals such as roe deer (Capreolus capreolus)
(Putman, 1986), or badgers (Roper et al., 1995) could be distinguished as these species forage
on cereals plants on site, while beavers transport plant material down to the river. In 12 of the
beaver-foraged patches within three beaver territories, we also installed wildlife cameras to
observe how beavers cut and transported cereals, and to confirm that beavers were the culprit

behind the growing crop circles that appeared in the field. We registered foraged patches and



control plots using the ArcGIS application; Collector (ESRI 2013) installed on smart phones.
We used a tape measurer to assist with the estimation of the size of the foraged patches. At
both foraged and control plots, we registered the maturity of the cereal plants as green (at the
earliest stages of immaturity, when the cereal plant is bright green), immature (the cereal plant
is golden with soft kernels), and mature (golden cereal plant with hard kernels). Whenever we
found a foraged patch, we registered vegetation cover along the beaver trail leading from the
water to the foraged area. In the control plots that did not have such a trail, we surveyed along
the most direct route between the field and the closest water. We visually estimated vegetation
density as the proportional coverage of grass/field layer, bush, and trees. These three
vegetation categories were distinguished from each other based on height. The grass/field
layer defined as grass included vegetation reaching up to 40 cm, bush as from 40 cm to 150
cm, and trees as vegetation higher than 150 cm. Additionally, we registered crossing roads,
including hiking trails and small paths, between the cereal field and the closest waterway.

The recorded foraged patches and the control plots were extracted from ArcGIS
Online at the end of each field season. We created a plot ID for each foraged patch and
control plot within each year, and those separated by less than 2 m were recorded as the same
plot. We also generated an ID for each field surveyed in each year. Based on the most current
GPS tagging data as part of a long-term research project within the NBP (Graf et al., 2016),
and field observations of territorial border markings, we mapped the extent of each beaver
territory. Within each river stretch included in a territory, we added surrounding areas within
100 m of the river, but not the water itself, to include the terrestrial habitats available to
beavers. For each of the foraged plots, we extracted the size of the area foraged since our last
survey. Elevation at each foraged and control plot was extracted from a digital elevation
model with pixel size of 10 m x 10 m (Kartverket, 2019). We then estimated the height

difference between each plot and the elevation at water level of the closest waterway. Slope



was estimated based on the same elevation map using the “terrain” function in the R package
“raster” (Hijmans, 2020). We used the proportional coverage of each vegetation type (grass,
bush, and trees) within the buffer zone and multiplied this with the distance to the closest
waterway as an index of the size of the vegetated buffer zone. We finally summarized the size
of all the foraged patches within each territory across the two sampling years. We matched
this with data on territory size and vegetative composition within each territory. Within a 100
m buffer zone of the river, we estimated the territory size in square meters, but excluded water
from this estimate. Within the territories, we calculated the square meters of different habitat
types. Human settlements and infrastructure were defined as developed, all agricultural areas
used for crops as agriculture, and with an additional category including only cereal fields.
Forests and wetlands were also included as habitat types. We also estimated the square meters
of forest dominated by coniferous, deciduous and mixed forest within each beaver territory
(Kartverket, 2016). We estimated the density of beavers in each territory by dividing the
number of beavers residing in the territory with the estimated territory size. Demographic
information associated with each beaver territory such as family size, age of the reproductive
pair, and whether the pair reproduced that year or the following year was based on long-term

monitoring of the beaver families in the area as part of the NBP (Mayer et al., 2020).

GPS tagging and data processing

To investigate individual use of crop fields among beavers and across years we utilized a
long-term bio-logging dataset from the NBP. Beavers were live-captured and tagged with
GPS loggers in 2010-2021. Beavers were captured from small motorboats at nighttime using
nets and transferred to cloth sacks for handling without the use of anesthesia (Rosell and
Hovde, 2001). The GPS loggers together with VHF transmitters were glued onto the lower
back of the beaver using epoxy glue. The GPS was set to log a location every 15 min between

19:00-08:00 every night until the logger fell off or the beaver was recaptured after 2-3 weeks.



For more details on the attachment of loggers and equipment used see Robstad et al. (2021)
and (Justicia et al., 2018; Mortensen et al., 2021). Each tagged beaver was weighed, and tail
and body measurements were recorded to calculate the tail fat index, which indicates beaver
body condition (Parker et al., 2017). Captured beavers were aged based on body weight at
first capture, where those weighing >17 kg and <19.5 kg were defined as minimum age of two
years old, while those >19.5 kg as minimum three years old (Campbell et al., 2005; Mayer et
al., 2017). We added an additional year to the minimum age each subsequent year following
the initial capture. The sex of the beaver was determined based on the color and viscosity of
their anal gland secretion (Rosell and Sun, 1999). Reproduction was determined each year
based on long-term monitoring of the resident beaver population. We screened the beaver
GPS data and removed positions that were fixed using less than 4 satellites or with a HDOP
value less than 5, in order to ensure spatial accuracy (Justicia et al., 2018). We only used GPS
fixes during the months July-September when cereals are available within the study area. We
calculated the proportion of GPS fixes within crop fields for each tagging event in comparison
with other terrestrial habitat types. A tagging event was defined as a beaver tagged in a
particular year. We only included fields used for crop production according to the landcover
map (Kartverket, 2016), while we excluded all pastures. As farmers commonly rotate their
crops, we could not determine whether other crops besides cereals were grown in these fields
in certain years. However, as cereals are the most common crop in the study area, we assumed
that most fields contained cereals during most study years. We linked the proportional of
overlap of beaver GPS fixes within crop fields with information on the year of tagging, sex of
the beaver, age, weight in kilograms, tail fat index, and whether the tagged beaver was a

female that had reproduced either in the current or subsequent year.

2.3 Statistical procedures



We followed the protocol for data exploration by Zuur et al. (2010). All explanatory variables
were checked for potential collinearity using both a Pearson correlation test with a cut-off
value of 0.7, and variance inflation factors (VIF) (Zuur et al., 2010; Harrison et al., 2018).
Collinear variables were never included in the same candidate model. We used generalized
linear mixed effects models (GLMM) and the glmmTMB package (Brooks et al., 2017) for
the analysis. We built a set of candidate models containing different combinations of the
explanatory variables hypothesized as important to determine beaver foraging on cereals.
Each candidate model set also included a null model containing only the intercept and random
effects. We selected the most supported model through AICc model selection (Anderson and
Burnham, 2004), using the model.sel function from the MuMIn package (Barton, 2020), and
selected the top models within a AAICc <2. If there were several top models, we selected the
most parsimonious (simplest) among these to avoid the inclusion of so-called pretending
variables with limited statistical importance (Arnold, 2010). Variables included in the final
model in which confidence intervals overlapped with zero were considered uninformative
(Arnold, 2010). We used square meters of cereals removed by beavers as the response, but as
this was rounded to the closest m?, we modelled it as count data. The control plots created a
high percentage of zeroes (79%) in the dataset, and we therefore divided the statistical models
in two parts to avoid issues with overdispersion (Zuur and Ieno, 2016a). First we modelled the
probability of beaver foraging to occur, and then we focused in on only the foraged areas and
investigated which variables regulated the extent of foraging.

For the first part of the analysis, we used the entire dataset and included whether the
beaver had foraged or not since the last visit as the response variable with a Bernoulli
distribution (0 = not foraged since last survey, 1 = foraging had occurred since the last
survey). Julian day, the maturity level of the cereals, the width of the vegetated buffer zone

and distance to the river had collinearity issues and were therefore not included in the same



analysis. There were few observations of roads or paths crossing between the river and the
cereal field, and we therefore excluded this variable. We constructed candidate models with
different combinations of the explanatory variables including Julian day, cereal species, width
of the buffer zone covered by trees, bush or grass, slope, elevation difference from the water,
and distance to closest river. In all models, we included year of sampling (2019 or 2020) as a
fixed effect, and field ID and plot ID as nested random intercepts. In part two, we selected all
observations where foraging had occurred since our last visit, thereby excluding all zero
observations. We used square meters of cereals removed since last survey as the response
variable and a gamma distribution to account for all zeros being excluded from the dataset
(Zuur and Ieno, 2016a; Zuur et al., 2017). We used the same candidate models to model both
what influenced the probability that foraging occurred and extent of foraging.

Following selection of the most parsimonious model, we simulated residuals from the
model using the package DHARMa (Hartig, 2019), plotted these residuals against expected
and fitted values to observe deviations from the expected distribution. Additionally, we
plotted the model residuals against each explanatory variable included and not included in the
most parsimonious model, while fitting a smoother to look for any non-linear patterns in the
residuals (Zuur and Ieno, 2016b). If non-linear patterns were observed, either during data
exploration or in the residuals of the full model, we refitted the model using a polynomial to
allow for non-linear effects. To assist with model convergence, we scaled all numerical
variables by subtracting the mean and dividing by the standard deviation of that variable
(Zuur et al., 2009). We also plotted the residuals of the most parsimonious candidate model
on a map to observe any spatial correlation in the residuals not explained by the spatial
variables in the model (Zuur et al., 2017). We explored potential spatial correlation for each
study area separately, and also used a semi-variogram to look for spatial correlation patterns

in the model residuals (Zuur et al., 2017).



Finally, we modelled the total area of cereals foraged within each beaver territory during
the two survey years, and the proportion of beaver GPS fixes within crop fields in each
beaver-year. We first investigated whether the extent of cereal foraging within each territory
was related to the habitat structure or territory size. We therefore summarized the total area of
cereals foraged in each territory across the two field survey years and used this as the
response in a new set of GLM models with a negative binomial distribution. Territory size in
square meters, square meters of habitat type within the territories, as well as square meters of
coniferous, deciduous, and mixed forest were included as potential explanatory variables.
Finally, we used the proportion of GPS fixes within crop fields during each tagging event as
the response and implemented linear models using a Gaussian distribution. Sex, age, weight,
tail fat index, and whether the tagged beaver was a female that reproduced either in the
current or following year were included as explanatory variables together with the year of
tagging. Both the dataset for the extent of foraging within each territory and proportion GPS
fixes within crop fields had relatively small sample sizes and we therefore constructed
univariate candidate models containing only one explanatory variable in each model. The
dataset containing proportion of GPS fixes overlapping with crop fields had missing values
for certain variables. We therefore compared each univariate model with a null model and not
with each other due to variable number of observations. All model comparisons were made
using AICc model selection as described above. The geographical and statistical analyses

were conducted in R version 4.0.3 (R Core Team, 2020).

3. Results
We surveyed a total of 619 plots within the two survey years and the three study rivers that
included 17 beaver territories. We registered 172 patches foraged by beavers at least once

during the season, and 447 control plots that were never foraged. Oat was the most common



cereal species grown in 53 fields, followed by wheat in 25 fields, barley in 13 fields, and rye
in three fields (Table 1). A total of 26 fields were not foraged by beavers. In 2019, we found
few signs of beaver foraging during the first survey, while the cereal was still green.
However, in 2020 a few large patches were foraged prior to the first survey, while the cereals
were still immature. Most foraged patches expanded between each visit as the beavers
continued to forage at the same location, and the largest foraged patch we identified measured
165 m? in a wheat field at the end of the summer. Beavers foraged on a larger proportion of
mature oat, rye and wheat compared to immature or green cereals, but foraged slightly more
on immature barley than mature barley (Fig. 1). Barley was the first species harvested by the
farmer, and we never found barley fields unharvested after 30. August. The other cereal
species were mostly harvested in mid-September.

The beavers began foraging at the edge of the field and then continued inward,
constructing a circular area with one or several distinct trails leading down to the water
(Video A.1). In total, we registered 3136 m? foraged by beavers during the two sampling
years. Wheat was the most popular cereal and constituted 71.9% of the foraged cereals,
followed by oat of 18.8%, barley of 7.7%, and rye of 1.6% (Fig. 1). At each foraged plot, the
cereal plants were either cut close to the ground or pulled up with the roots. Footage from
camera traps showed that beavers gathered bundles of cereal plants in their mouth and
transported these down to the riverbank (Video A.2). Cereal plants left along the trail mostly
had intact kernels, while cereal plants left floating in the water had the kernels removed. From
the camera traps, we recorded beavers consuming the kernels in shallow water close to the
riverbank. In one video, mallard ducks (Anas platyrhynchos) approached the beaver and
foraged on the kernels simultaneously (Video A.3).

In the first part of the analysis, where we modelled the probability that a location was

foraged by beavers, only one model came out as important (Table B.1). The model included



elevational difference, Julian day, cereal species, maturity of the cereals, width of the
vegetated buffer zone covered by trees and year of sampling (Table B.2). The probability of
foraging was reduced with higher elevational difference from the river level, and very low at
elevational differences greater than 5 m (Fig. 2A). The probability was reduced with
increasing width of the forested buffer zone, and with a width of more than 20 m, it flattened
to almost zero probability (Fig. 2B). The probability of foraging increased throughout the
season with the highest probability at the very end of the sampling season (Fig. 2C). It also
varied between species of cereals, with rye having the highest predicted probability of
foraging. However, due to the low sample size of rye with only 14 plots in total and three
foraged plots, this result had high level of uncertainty (Fig. 3A). Wheat had the second
highest probability of foraging, followed by oat and barley (Fig. 3A). Locations with
immature or mature grain had a higher probability of foraging compared to immature grain
that was still green (Fig. 3B). The probability of foraging was higher in 2019 than in 2020
(Table B.2). The model explained much of the variability in the data with an r-squared
conditional of 0.92, and an r-squared marginal of 0.45.

In the second part of the analysis, where we modeled the size of the foraged patches in
cereal fields, three candidate models were among the most supported models (Table B.3). We
selected the most parsimonious model that contained distance to the closest water, crop
species, and year of sampling (Table B.4). The size of the foraged area increased with further
distance from the closest waterway, but a few outliers further than 30 m away created high
model uncertainty for the furthest distances (Fig. 4A). The model also confirmed that beavers
removed the largest patches of cereals in wheat fields, followed by barley, oat, and finally rye
(Fig. 4B). Larger areas were removed by beavers overall in 2019 compared to 2020 (Table.

B.4). The top model had an r-squared conditional of 0.64 and a r-squared marginal of 0.16.



We also investigated the total area of cereals foraged in each beaver territory during
the two sampling years combined, and in relation to habitat composition and territory size.
Foraging on cereals was not observed within three beaver territories, while the total area of
cereals removed for the remaining beaver territories varied between 4-1294 m?. Two
candidate models were among the top models to explain variations in the total area foraged in
relation to habitat composition within each territory (Table B.5). This included the null model
and the model containing the cover of agriculture within the territory. As the null model was
among the top models this was the most parsimonious, showing that the size of the area used
for cereals was not statistically important. However, it indicated a positive relationship in
which beavers in territories with a larger coverage of cereals fields also foraged more on
cereals.

We obtained GPS data from 27 beavers within 19 territories during 34 tagging events
(eight beavers were tagged twice in different years) during the months July-September 2010-
2021. This included 15 females and 12 males ranging in age from 1 to 12 years of age. The
proportion of GPS fixes within crop fields ranged from 0.0-0.6 for different tagging events.
Only three beavers had no GPS fixes within crop fields. When modelling the proportion of
overlap with crop fields in relation to sex, age and whether the beaver was a female that
reproduced the current or following year, the null model was most supported. The model
containing weight of the beaver and year had the lowest AIC values, but the null models were
also within <2 AAICc (Table B.6). These models indicated that the proportion of GPS fixes
on crop fields increased with weight of the beaver and over years, but these effects were not
statistically important. The model containing tail fat index as a measure of body condition was
more supported than the null model (Table B.6) and showed that the proportion of GPS fixes

in crop fields increased in beavers with a better body condition (Table B.7 & Fig. 5)



4. Discussion
We found support for our first hypothesis of spatial patterns of beaver foraging on cereals.
The probability of foraging dropped quickly with increasing width of the tree-covered buffer
zone separating the cereal field from the water. Beaver foraging on cereals occurred mostly on
fields with lower elevational gain. However, contrary to our expectations the beavers removed
larger areas of cereals when foraging further away from water. The probability of foraging
was overall highest for rye and wheat, which partly confirmed our hypothesis in terms of
expected selection for wheat, but not for barley. The high probability of foraging on rye was
influenced by low availability within the study area. Mature wheat was the most foraged
cereal, followed by mature oat, immature barley, and mature rye. The probability of foraging
was high for both immature and mature grain, but not when the immature grain was green.
The probability of foraging increased until late September when all cereal fields were
harvested by the farmers. We could not confirm that any of the variables related to habitat and
demography were important to determine the size of the foraged areas in each territory. There
was a tendency towards territories where extensive foraging was observed to also encompass
more cereal fields, and that use of crop fields increased in beavers with higher body weight
and over years. However, none of these relationships were statistically important. Beaver
body condition increased use of crop fields and the extensive foraging on cereals identified in

the field also indicates that cereals play a significant part in beaver foraging ecology.

4.1 Spatial and temporal patterns

The beavers displayed spatial foraging patterns and the probability of foraging increased in
areas closer than 20 m away from water, and with lower elevational difference from the water
level. This may reflect both where cereals are grown, as well as general habitat selection
patterns of beavers that tend to avoid steep climbs and focus foraging activities within short

distance to water (Pinto et al., 2009; Steyaert et al., 2015). Water represents safety and



movement corridors for beavers, and we confirmed a lower probability of cereal foraging with
increasing size of the tree covered buffer zone separating the field from the water. Previous
studies found that beaver foraging on agricultural fields only occurred within an average
distance of 7.5—14 m away from water, but with a maximum range of 20—26 m (Campbell et
al., 2012; Mikulka et al., 2020). We found signs of foraging up to 50 m from the river, but
most observations were made within 30 m. In addition to the distance to water, the vegetative
composition of the buffer zone may also play an important role in determining foraging
patterns.

For beavers in the current study, distance to water covered by trees was more
important than distance alone in terms of probability of foraging. This may suggest that
vegetated buffer zones either provide beavers with alternative food sources or hinders
transportation of cereals down to the river. Despite our finding that larger vegetated buffer
zones decreased the probability of beaver cereal foraging, we also found that when beavers
foraged further away from water, they removed larger patches of cereals. This contrasts with
previous studies of beaver foraging behavior on crops (Mikulka et al., 2020). It is, however,
similar to patterns of beaver foraging in forests, where beavers felled larger trees further away
from the river (Haarberg and Rosell, 2006; Raffel et al., 2009). This behavior may also reflect
a behavior associated with central place foraging by increasing load sizes at further distances
(Orians and Pearson, 1979).

Cereal foraging increased as cereals matured from the end of August to the middle of
September, but beavers foraged both on the immature yellow cereal and the mature cereals.
Agricultural crops are seasonally predictable (Oro et al., 2013), which means they are usually
available in large quantities during the same time every year. Crop depredation often
intensifies when crops are available or during certain attractive phenological stages (Putman,

1986; Roper et al., 1995; Chiyo et al., 2005). For beavers this seemed to be when cereals were



mature, but they would also forage on the immature grains once the cereal plant changed
color to yellow. In addition to the observed spatial and temporal patterns, beavers also

displayed a clear preference for certain species.

4.2 Extent and benefits of cereal forage
We found that beavers foraged mostly on wheat, which reaffirms previous studies (Mikulka et
al., 2020). They also foraged on oat, barley, and rye, but rye was so rare within the study area
that it was difficult to conclude on the preference for this species. Cereals may provide
additional nutrients for beavers who forage on a wide variety of plant material to meet
nutritional demands (Nolet et al., 1994; Nolet et al., 1995). Wheat is also preferred by other
rodents, probably due to higher digestibility compared to barley, with higher starch and sugar
content, but lower potassium (Heroldova et al., 2008). Certain rodent species such as voles
may reside permanently within agriculture and cause extensive crop damages (Heroldova et
al., 2021), the impact of beaver foraging on cereal crops seemed less extensive. Still, cereals
might provide an important food source in early autumn when the beavers start preparing for
the leaner winter season. In Sweden, brown bears (U. arctos) forage extensively on oats that
provided them with valuable nutrients during hyperphagia (Elfstrom et al., 2014; Steyaert et
al., 2016). However, foraging on oats close to human settlements also exposed these bears to
human hunters, and thereby functioning as an ecological trap for the species (Steyaert et al.,
2016). Beaver hunting in Norway starts in October after the cereals have already been
harvested, and we found no evidence that local farmers have initiated any deterring strategies
directed towards beavers.

Beavers removed a total of 3,136 m? of cereals across the two years, and within 17
surveyed beaver territories, which is a smaller area per beaver territory than the 3,995 m?
found in the Czech Republic across two years and only five beaver territories. The extent of

foraging varied among territories, and while three territories displayed no signs of cereal



foraging, one territory was alone responsible for 1,294 m? of foraged cereals. When beavers
transport cereal plants down to the water for consumption; they may also increase availability
for other species. One of our camera traps showed mallards foraging on the kernels together
with a beaver, and this species is known to forage on several types of cereals (Sugden, 1979).
Future research should investigate to what extent other species make use of the cereals
deposited into rivers, streams, and lakes by beavers. Our study area supports a high density of
beavers, but we still found relatively low levels of damage, and few complaints have been
made to local authorities regarding beaver foraging on cereals (Roheim 2021, personal
communication). There were by contrast more complains related to damming of productive
forests and crops, as well as construction of burrows underneath agricultural fields (Roheim
2021, personal communication). Farmers in Scotland, where beavers have recently been
introduced, also did not view beaver foraging as problematic despite occasional damages to
crops (Campbell et al., 2012). In the US, beavers were listed among the 21 species causing
most damage to agriculture, but it was not specified whether these damages were related to
foraging or damming (Conover et al., 2018). Conflicts with beavers within agriculture may be
reduced through lethal removal (Taylor and Singleton, 2014), but if the area is attractive to
beavers new individuals may quickly recolonize it (Campbell et al., 2005). The use of
predator smell can discourage beavers from using foraging trails and food items (Rosell and
Czech, 2000; Severud et al., 2011), but covering a sufficiently large area using scent would
most likely be challenging. As our results show probability of foraging on crops decreased
with the width of the tree covered buffer zone, establishment of a large vegetated buffer zone
between the river and cereal field may be the most effective way to reduce damages to crops
(Dewas et al., 2012; Mikulka et al., 2020).

We only explored beaver foraging from the stage of immature cereals and until

harvest, which means that we cannot rule out that beavers also forage on cereal seedlings



shortly after sowing or leftover grains after harvest. Beavers in the Czech Republic were
found to forage on the vegetative part of cereals during spring, but at very low levels
compared to mature crops (Mikulka et al., 2020). We also found very few foraged cereal
patches containing immature cereals during our first survey in both years, except for a few
foraged patches of immature cereals during the first survey in 2020. Wildlife may utilize
different parts of the cereal plant at different phenological stages. Pink-footed geese start
foraging on cereal seeds directly after sowing (Simonsen et al., 2016). Roe deer and voles
forage mostly on the vegetative part of the plant during early phenological stages (Putman,
1986; Heroldova et al., 2021). Other rodents prefer the nutritious grain heads after ripening
(Heroldova et al., 2008; Elfstrom et al., 2014). Typical generalist species such as European
badgers (Roper et al., 1995) and Svalbard pink-footed geese (Anser brachyrhynchus)
(Simonsen et al., 2016) may utilize cereal crops throughout these different phenological
stages. Pygmy field mice (Apodemus microps), however, waited for the grain to mature before
foraging (Heroldova et al. 2007), which is similar to what we found in beavers. While some of
these species rely on agricultural areas to complete important life stages such as reproduction,

beaver use of agricultural crops seems more opportunistically.

4.3 Territorial and individual differences

We found large differences in the extent of foraging across beaver territories but failed to
identify any clear relationship with variables that could explain these differences. In beaver
territories with a high coverage of cereal fields, there was tendency that beavers foraged more
extensively on cereals, but this relationship was not statistically important. In many species
crop depredation is induced by low availability of natural food sources (Hofman-Kaminska
and Kowalczyk, 2012; Barrio et al., 2013; Lemessa et al., 2013). We did not survey the
availability of different plant materials within the beaver territories but used the square meter

coverage of other habitat types as a proxy. Availability of these vegetation types did not



influence the extent of cereal foraging, which seems to indicate that natural food availability
is not a major driver of cereal foraging. Beavers do typically diversify their diet especially
during summer to obtain sufficient nutrients and maximize energy intake (Belovsky, 1984;
Doucet and Fryxell, 1993; Nolet et al., 1995), and foraging on cereals may also reflect their
opportunistic and generalist diet.

We could not link the observed foraging in each territory to individual beavers, but instead
we used GPS data showing beaver overlap with crop fields during the cereal season as an
indication of individual variation in cereal foraging. Individual beavers differed in their
overlap with crop fields with some displaying hardly any overlap, while others overlapped
with crop fields for 60% of their terrestrial GPS fixes. We found no indication that either sex
used these fields more, nor any impact of age, or reproductive status of females. In species
such as Svalbard pink-footed geese and Greenland white-fronted geese (4. albifrons
flavirostris) foraging on cereal fields during migration stop-overs have facilitated large
increases in reproduction and population size leading to large scale conflicts with farmers
(Fox et al., 2005; Simonsen et al., 2016). There were no indications of similar effects on
beavers as the resident population size has remained stable and with low levels of
reproduction. While size-dimorphic species such as black bears (Ursus americanus) and
moose (Alces alces) display sex-specific use of agricultural fields related to more risk-
aversive behavior in females (Bjerneraas et al., 2011; Ditmer et al., 2015b), we did not find
that sex nor female reproductive status in the current or following year impacted use of crop
fields. However, we found that beavers in good body condition had a higher proportional
overlap with crop fields. As we recorded body weight prior to attaching the tag, we cannot
conclude that these beavers improved their body condition through foraging on cereals fields,
but it certainly indicates that individuals that spend time in these fields gain some benefits. In

other species such as sika deer (Cervus nippon) (Hata et al., 2021), African elephants



(Loxodonta africana) (Chiyo et al., 2011) and black bears (Ditmer et al., 2015b) individuals
that foraged in cereal fields also had a larger body size. However, in black bears this
improvement in body condition did not necessarily impact reproductive output (Ditmer et al.,

2015b), which is similar to our findings.

5. Conclusion
Species such as beavers rarely cause extensive damages when foraging on agricultural crops,
and therefore tend to receive less research attention (Mikulka et al., 2020). Still, we have
shown that beavers foraged extensively on cereals with clear spatial and temporal patterns and
a preference for certain species and maturity levels. The extent of cereal foraging within each
territory varied, but we could not conclude on what drives these patterns. However, beavers
that used crop fields more also displayed a better body condition. Beaver foraging on cereals
is probably a reflection of beavers flexible and opportunistic diet within a human dominated
landscape. As agriculture already covers a large proportion of the Earth’s surface and
continues to expand, humans and wildlife increasingly overlap and utilize the same food
sources (Ellis and Ramankutty, 2008), potentially leading to conflicts (Regmi et al., 2013;
Tiller et al., 2021). Beavers are re-colonizing large parts of their historic range throughout
Europe and North America in a highly anthropogenic landscape, which means foraging on
crops may increase and become an important food subsidy for beavers. There is a potential for
future increases in conflicts levels within these landscapes that should be mitigated by
increasing the size of the vegetated buffer zones between crops fields and water, and installing
drainage mechanisms in locations where beaver damming may damage crops (Campbell-
Palmer et al., 2016). Survival of wildlife within human-dominated landscapes depends on our

ability to coexist (Ellis and Ramankutty, 2008), and research into interactions between



wildlife and agriculture may aid towards managing wildlife and their impacts in these

landscapes.
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Tables

Table 1: Overview of data collected investigating foraging on cereals by Eurasian beavers
(Castor fiber) 2019 and 2020 in southeastern Norway. The table contains an overview of the
species of cereal surveyed, the number of fields identified for each crop, number of foraged
patches, and the mean and max size in m? of each foraged patches. Also included is the total

area of cereal removed across the two survey years and date of the last observation before the

crop was harvested.

Last

No. of Mean size of Max size of Total observation

Cereal No. of foraged foraged foraged foraged before
species  fields patches patch patch area harvest
Barley 13 35 2.9 12 54 m? 30-Aug
Oat 53 27 10.8 70 469 m? 17-Sep
Rye 3 3 5 12 19 m? 10-Sep
Wheat 25 79 20.8 165 2596 m’ 15-Sep




Figures legends
Fig. 1. Proportion of barley (Hordeum sativum), oat (Avena sativa), rye (Secale cereale) and
wheat (Triticum aestivum) foraged by Eurasian beavers (Castor fiber) in southeastern Norway

2019 and 2020. The proportion foraged of each maturity level is also shown.

Fig. 2. Probability of foraging on cereals within Eurasian beaver (Castor fiber) territories in
southeastern Norway, 2019 and 2020. Foraging probability has been predicted in relation to
elevational gain from water level in meters (A) and width of the buffer area between the field
and the river covered by trees (B) and days since January 1 (Julian day) converted to date for
visualization purposes. All predictions are based on a generalized linear mixed effect model
(GLMM) with a Bernoulli distribution contrasting foraged and control plots within cereal
fields less than 100 m from water. Model estimates have been converted from the logit scales

to probabilities, and the colored area represents the 95% confidence intervals.

Fig. 3. Probability of foraging on cereals within Eurasian beaver (Castor fiber) territories in
southeastern Norway, 2019 and 2020. Predictions of foraging probability have been predicted
for each species of cereal (A) and maturity level (B). All predictions are based on a
generalized linear mixed effect model with a Bernoulli distribution contrasting foraged and
control plots within cereal fields. Model estimates have been converted from the logit scales

to probabilities, and the horizontal bars represents the 95% confidence intervals.

Fig. 4. Predicted size of cereal patches (m?) foraged by beavers (Castor fiber) in cereal fields
in southeastern Norway, 2019 and 2020, in relation to distance from closest waterway (A) and
species of cereal (B). Predictions are based on a generalized linear mixed effect model with a

gamma distribution modelling square meters of cereal removed between subsequent surveys.



Model estimates have been converted back to the scale of the original data, and colored area
in A and the vertical bars in B represents the 95% confidence intervals. The blue points

represent each foraged patch recorded in the field.

Fig. 5. Predicted effect of tail fat index as a measure of body condition on the proportion of
GPS fixes within crop fields for each tagging event (beaver-year) of Eurasian beavers (Castor
fiber) in southeastern Norway, 2010-2021. All predictions are based on a linear regression
model with a Gaussian distribution and the colored area represents the 95% confidence

intervals.
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Appendix
Video A.1. Patches in cereal fields foraged by Eurasian beavers (Castor fiber) in southeastern
Norway, 2020. Only the patches located close to the edge of the field and with trails leading

down to the river are made by beavers. Drone footage: James Stensby Fountain, editing:

Hanna Kavli Lodberg-Holm.

Video A.2. A Eurasian beaver (Castor fiber) transporting cereal plants down to the river and
foraging on cereal kernels in the shallow water in southeastern Norway, 2019. The metal
frame that is visible on the video is part of another research project where the PIT tag in the
neck of the beaver was logged when the beaver moved through the frame. This data was not

used for the current research project. Camera trap footage: Peter Farsund.

Video A.3. A Eurasian beaver (Castor fiber) foraging on cereals in the shallow water in
southeastern Norway, 2019. Three mallard ducks (4nas platyrhynchos) swim past and start
foraging on one of the kernels that the beaver has transported into the water. Camera trap

footage: Elise Solheim Garvik/Marte Stensby Fountain.

Videos are available in the USN Research Data Archive:
https://figshare.com/s/b356c¢374a3at8ca005d5
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Table B1: Model selection table for the candidate models exploring probability of foraging in cereal fields of Eurasian beavers (Castor fiber) in
southeastern Norway, 2019 and 2020 (n=1457). Each model explores whether beaver foraging was observed or not coded using a Bernoulli
distribution and generalized linear mixed effects models (GLMM). The intercept, degrees of freedom (df), log likelihood (logLik), Akaike

information criterion adjusted for a small sample size (AICc), AICc delta (AAICc) and model weight (w) are provided for each candidate model.
The table also indicates which of the following explanatory variables are included in each candidate model. The top models within AAICc <2
units are marked in bold.

Intercept Water Elevational Julian Cereal Cereal Bush Grass Tree
distance gain day maturity Slope species Year index index index df logLik AICc  AAICc w
-8.32 -2.06 0.82 + + + -1.42 12.00 440.525 905.38  0.00 0.65
-8.09 -1.96  0.80 + + + -0.25  -0.22 -1.43 14.00 439.69- 907.68 230 0.21
-8.10 -1.96  0.80 + 0.01 + + -0.24  -0.22 -1.42 15.00 439.69- 909.71 434 0.07
-7.66 -1.40 -2.02  0.87 + + + 12.00 443.49- 91120 5.83 0.04
-7.65 -1.41 -2.02 087 + -0.03 + + 13.00 443.48- 913.21 7.83  0.01
-7.85 0.82 + + + -0.46 -1.61 12.00 444.71- 913.64 826 0.01
-8.06 0.83 + + + -1.67 11.00 445.84; 913.85 847 0.01
-7.29 -1.74 0.90 + + + 11.00 448.76- 919.71 1433 0.00
-8.75 -1.36 -2.08 + + + 11.00 449.8?: 921.83 16.46 0.00
-9.18 + + + -1.72 10.00 451.28- 92271 1733 0.00
-8.43 -1.70 + + + 10.00 455.48- 931.12 25.74 0.00
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Table B2: Model summary of the most supported candidate model exploring probability of
foraging on cereals among Eurasian beavers (Castor fiber) in southeastern Norway, 2019 and
2020 (n=1457). The model estimates are based on a generalized linear mixed effects model
(GLMM) with a Bernoulli distribution and plot and field ID included as nested random terms.
For each variable included in the model, we report the model estimates (j3), standard error
(SE), z value, and lower (2.5%) and upper (97.5%) confidence intervals. For the random
terms (PlotID and FieldID) the variance, standard deviation (SD) and the lower (2.5%) and
upper (97.5%) confidence intervals are provided. Also provided are the conditional and

marginal r-squared for the model.

z R2 R2

Fixed terms B SE  value 2.50% 97.50% (cond.) (marg.)
Intercept (Barley,

2019) -8.32 143 -5.81 -11.12 -5.51 0.92 0.45
SpeciesOat 0.97 0.84 1.15 -0.68 2.62

SpeciesRye 282 212 133 -133 6.97

SpeciesWheat 245 088 277 0.71 4.18

Julian day 0.82 0.26 3.17 0.31 1.33
Maturitylmmature 3.72 0.60 6.24  2.55 4.88

MaturityMature 3.51 0.71 494 212 491

Elevation -2.06 0.73 -2.82 -3.50  -0.63

Tree index -1.42 038 -3.77 -2.16  -0.68

Year2020 -2.61 0.60 -4.39 -3.78 -1.45

Random terms Variance SD 2.50% 97.50%

PlotID:FieldID 4.97 2.23 1.65 3.02

FieldID 15.58 3.95 2.60 6.00
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Table B3: Model selection table for the candidate models exploring the size of the area foraged by Eurasian beavers (Castor fiber) in cereal fields
of southeastern Norway, 2019 and 2020 (n=300). Each model is fitted as a generalized linear mixed effect model (GLMM) with a gamma
distribution. The intercept, degrees of freedom (df), log likelihood (logLik), Akaike information criterion adjusted for a small sample size
(AICc), AICc delta (AAICc) and model weight (w) are provided for each candidate model. The table also indicates which of the explanatory
variables are included in each candidate model. Whether a variable is fitted as a polynomial and the degree of polynomial is indicated with (poly)
followed by the degrees. The top models within AAICc < 2 units are marked in bold.

Poly
Water Julian (Elevation, Bush Grass Tree

Intercept distance day Maturity 2) Slope Species Year index index index df loglik AICe¢ AAICc w

1.25 0.40 + + + 11 -928.62 1880.15 0.00 0.33
1.18 0.33 + + 9 -930.95 1880.53 0.38  0.27
1.20 0.32 0.07 + + 10 -930.33 1881.41 1.26 0.18
1.13 0.39 + + + + 13 -927.79 1882.85 2.70  0.09
1.05 0.32 + + + 11 -930.19 1883.30 3.15 0.07
1.12 0.39 0.00 + + + + 14 -927.79 1885.06 4.91 0.03
1.09 0.32 0.02 + + + 12 -930.17 188542 527  0.02
1.11 0.39 0.00 + + -0.02 + + 15 -927.77 1887.23 7.08 0.01
1.01 + + + -0.04 11 -937.97 1898.86 18.71 0.00
0.99 0.11 + + + -0.02 12 -937.61 1900.31 20.16 0.00
1.11 0.06 + + + -0.03 12 -937.78 1900.65 20.50 0.00
1.97 0.11 + + 8 -942.96 1902.41 22.26 0.00
1.10 0.06 + + + 0.03 -0.04 13 -937.69 1902.65 22.50 0.00
1.01 0.07 + + + + -0.02 14 -937.29 1904.06 23.91 0.00
1.73 4 -948.81 1905.76 25.61 0.00
1.96 + -0.06 + 8 -94491 1906.32 26.17 0.00
1.96 + 0.02 -0.06 -0.04 8 -94498 1906.45 26.30 0.00
0.99 0.06 + + + + 0.04 -0.05 -0.03 16 -937.11 1908.14 27.99 0.00
0.87 0.05 + + -0.10 + + 0.04 -0.05 -0.03 17 -936.11 1908.40 28.25 0.00
1.96 + -0.07 + 0.03 -0.06 -0.04 11 -944.51 1911.94 31.79 0.00
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Table B4: Model summary of the most supported candidate model exploring size of patches
foraged on cereal fields by Eurasian beavers (Castor fiber) in southeastern Norway, 2019 and

2020 (n=300). For each variable included in the model estimates (p), standard error (SE), z

value, and lower (2.5%) and upper (97.5%) confidence intervals are provided. For the random

terms (PlotID and FieldID) the variance, standard deviation (SE) and the lower (2.5%) and
upper (97.5%) confidence intervals are provided. Also provided are the conditional and

marginal r-squared for the model.

Fixed terms B SE zvalue  2.50% 97.50% R2 R2
(cond.) (marg.)

Intercept (Barley, 2019) 1.18 0.31 3.87 0.59 1.78 0.64 0.16

SpeciesOat 0.43 0.36 1.21 -0.27 1.14

SpeciesRye -0.45 0.70 -0.65 -1.82 0.92

SpeciesWheat 0.92 0.33 2.79 0.27 1.56

Water distance 0.33 0.08 4.22 0.18 0.49

Year2020 -0.39 0.20 -1.97 -0.78 0.00

Random terms Variance SD 2.50% 97.50%

New_plotID:FieldID 0.71 0.84 0.72 1.00

FieldID 0.00 0.07 0.00 36.37




Table B5: Model selection table for the candidate models exploring the total area of cereals foraged within each territory of Eurasian beavers
(Castor fiber) in southeastern Norway in 2019 and 2020 combined (n=17). Each model is fitted as a generalized linear model (GLM) with a

negative binomial distribution. The intercept, degrees of freedom (df), log likelihood (logLik), Akaike information criterion adjusted for a small

sample size (AICc), AICc delta (AAICc) and model weight (w) are provided for each candidate model. The top models within AAICc < 2 units
are marked in bold.

Mixed Territory
Intercept Developed Agriculture Open Cereals Conifer Deciduous forest Forest Wetland size df logLik AICc AAICc w
3.33 0.00 3.00 -94.93 197.72  0.00 0.37
5.22 2.00 -97.09 199.04 133 0.19
6.05 0.00 3.00 -96.77 201.38  3.66 0.06
5.05 0.00 3.00 -96.86 201.56  3.85 0.05
5.00 0.00 3.00 -96.93 201.70  3.98 0.05
5.64 0.00 3.00 -96.94 201.72  4.00 0.05
5.31 0.00 3.00 -97.02 201.89  4.18 0.05
5.39 0.00 3.00 -97.04 20192 420 0.05
5.37 0.00 3.00 -97.06 201.96 4.25 0.04
5.11 0.00 3.00 -97.07 202.00 4.28 0.04
5.24 0.00 3.00 -97.09 202.03 431 0.04




Table B6: Model selection table for the candidate models investigating proportion of GPS
fixes overlapping with crop fields for each beaver-year of Eurasian beavers (Castor fiber) in
southeastern Norway 2010-2021 in relation to physiological variables. Some physiological
variables had missing values and we therefore compared each model with a null model fitted
to the same dataset. The number of observations per dataset is given as N. Each model is
fitted as linear model with a Gaussian distribution. The intercepts, degrees of freedom (df),
log likelihood (logLik), Akaike information criterion adjusted for a small sample size (AICc),
AICc delta (AAICc) and model weight (w) are provided for each candidate model. The top
models within AAICc < 2 units are marked in bold.

Variable N Intercept df logLik AICc AAICc weight
Null model 34 0.153 2 12.63 -20.90 0.00 0.75
Age 0.181 3 12.74  -18.70 2.19 0.25
Null model 34 0.15 2 12.63 -20.90 0.76 0.41
Year -22.66 3 1422 -21.60 0.00 0.59
Null model 34 0.153 2 12.63 -20.90 0.00 0.76
Sex 0.161 3 12.68 -18.60 2.30 0.24
Null model 34 0.1529 2 12.627 -20.9 0 0.759
Female

reproduction 0.1582 3 12.685 -18.6 2.3 0.241
Null model 24 0.1144 2 20.305 -36 0 0.786
Female reproduction +1yr 0.1155 3 20315 -33.4 2.61 0.214
Null model 33 0.1464 2 12.605 -20.8 095 0.384
Weight -0.3201 3 14.292 -21.8 0 0.616
Null model 32 0.1559 2 11.039 -17.7 5.85  0.051
Tail fat index -0.8187 3 15.185 -23.5 0 0949

Table B7: Model summary of the most supported candidate models exploring proportions of
GPS fixes overlapping with crop fields within each tagging event (beaver-year) of Eurasian
beavers (Castor fiber) in southeastern Norway, 2010-2021. Tail fat index as a measure of
body condition was the only statistically important variable and here are the model estimates
(B), standard error (SE), t value, and lower (2.5%) and upper (97.5%) confidence intervals.
Also provided are the conditional and marginal r-squared for the model.

97.50 R2 R2
. (1)
Fixed terms SE zvalue 2.50 % % (cond.) (marg.)
(Intercept) -0.82 0.33 -2.49 -1.49 -0.15 0.23 0.20

TailFatIndex 0.24 0.08 2.98 0.08 0.41
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Individual and temporal habitat selection

Abstract

Habitat selection is key to understand animal ecology and encompasses all resources and
threats that affect animal occupancy. Animals often display individual selection patterns,
while varying food availability and human disturbances affects temporal patterns. Habitat
selection patterns may differ among individuals sometimes driven by age and sex, but fewer
sex-specific differences are expected in monogamous species. We investigated individual,
seasonal, and circadian habitat selection of monogamous and monomorphic Eurasian beavers
(Castor fiber) by attaching GPS loggers on 74 beavers in 104 tagging events, 2009-2021. We
modelled beaver habitat selection within terrestrial environments and wetlands using resource
selection functions and a Bayesian framework. We investigated individual variability in
relation to beaver density, age, reproductive effort, and body condition. Lastly, we explored
seasonal and circadian habitat selection of the socio-reproductive groups. On a population
level, beavers selected against increasing distance to water and elevational gain, as well as
against crops, developed- and open areas. We found considerable individual variation and age
was the best predictor to explain these. There were distinct temporal trends for certain habitat
types, and the socio-reproductive groups differed in seasonal selection for crops and
developed areas. The reproductively active pair displayed mostly similar circadian trends,
which differed from the non-reproductive for certain habitat types. Temporal patterns may
reflect the temporally dynamic environment with varying food availability and risk, but also
different strategies of the socio-reproductive groups. Exploring individual variability as well
as temporal trends revealed nuances of habitat selection within this monogamous and group-

living species.

Keywords: Habitat selection, Eurasian beaver, Castor fiber, spatio-temporal, individual

variation, INLA-SPDE
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Introduction

Habitat selection includes all physical, chemical, and biological resources as well as
environmental conditions that affect occupancy, survival, and reproduction of animals, which
is key to understand animal ecology and evolution (Northrup et al. 2021; McGarigal et al.
2016). Habitat selection occurs on different levels where the first-order refers to the
geographical range of the species, second-order refers to placement of the home range, third-
order to habitat patches within the home range, and fourth-order selection to resources within
habitat patches (McGarigal et al. 2016; Johnson 1980). Habitat selection is highly dynamic
and varies in relation to physical needs, environmental conditions (William et al. 2018),
perceived risk from humans (DeCesare et al. 2012), presence of predators (Joly et al. 2017),
interactions with conspecifics (Richter et al. 2020; McLoughlin et al. 2002), and availability
of food resources (Dupke et al. 2017; McLoughlin et al. 2002). Habitat selection consists of
choices made by individuals, but for practical reasons is often modelled at the population
level. However, individual differences are also interesting to explore, especially when linked
to demographic variables that may drive individual variability (Mayor et al. 2009; Northrup et
al. 2021).

A wide range of demographic and physiological mechanisms may affect habitat
selection such as sex, age, reproduction, population density, and intraspecific competition
(Northrup et al. 2021). Males and females can display highly different selection patterns, and
ignoring these differences may exaggerate or underestimate selection for certain habitats
(Dupke et al. 2017). While females often select for habitats with lower risk of encountering
humans, predators and conspecifics (McLoughlin et al. 2002; Joly et al. 2017), males
sometimes select more for risky habitats that entail a higher risk of encountering humans but

also obtaining abundant food sources (Merkle et al. 2013; Chiyo et al. 2011; Ditmer et al.
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2015). Such differences have often been studied in polygamous or size-dimorphic species
where differences are driven by disparities in physical requirements, vulnerability to
predation, competition, or mating systems (Oliveira et al. 2018; Creel et al. 2005). However,
behavioral differences in monogamous species have received less research attention as they
usually display less sexual dimorphism both in terms of morphology and behavior (Kleiman
1977).

Certain behavioral differences are still found in monogamous species, but often
restricted to certain time periods such as the reproductive period. Studies of monogamous sea
birds have shown that female sooty shearwaters (Puffinus griseus) travelled further to forage
prior to egg laying (Hedd et al. 2014), and female thick-billed murres (Uria lomvia) and
northern gannets (Morus bassanus) dove deeper than males during the breeding season
(Elliott, Gaston, and Crump 2010; Lewis et al. 2002). These are monomorphic species with
similar body size and a high degree of co-parenting, indicating that sex-specific behavioral
differences are not always driven by body size. Monogamy is found in fewer than 9% of
mammal species and co-parenting between males and females have been identified in 56% of
these (Lukas and Clutton-Brock 2013). Fewer studies appear to have explored sex-specific
behavioral differences in these species. In the monogamous rodent, crested porcupine (Hystrix
cristata) no differences were found between males and females neither in terms of territory
size nor habitat selection (Mori et al. 2014; Lovari, Sforzi, and Mori 2013). However, these
studies only considered annual habitat selection or within pre-defined seasons, which may
miss more subtle different temporal nuances between the sexes in monogamous mammals.

Resources and threats within habitats are rarely static but change across time, which
animals respond to by adapting temporal habitat selection. Temporal trends have received less
attention in habitat selection studies, but several studies have indicated highly different

seasonal and diurnal patterns (McGarigal et al. 2016; Dupke et al. 2017; Mayor et al. 2009) as
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well as interannual variation (Uboni et al. 2015). Seasonal food availability and quality often
induce shifts in habitat selection, such as brown bears (Ursus arctos) selecting for berry areas
to gain weight prior to hyperphagia (Hertel et al. 2016; Welch et al. 1997), red deer (Cervus
elaphus) using pastures more in spring and fall (Godvik et al. 2009) or jumping the green
wave by tracking phenological green-up to summer foraging sites (Bischof et al. 2012). At
fine temporal scales, circadian rhythm, rumination cycles, weather, olfactory cues, and
especially human disturbances, tend to have a large impact on animal habitat selection
(Richter et al. 2020; Christiansen et al. 2017). Red deer and roe deer (Capreolus capreolus)
for example selected for open areas with higher food quality during night, while selecting for
higher vegetation cover during daytime, when exposed to human disturbance (Dupke et al.
2017; Richter et al. 2020).

Animal reactions to anthropogenic disturbances and food availability is often species-
specific but can also vary according to sex and reproductive status (Oliveira et al. 2018;
McLoughlin et al. 2002; Joly et al. 2017). Female red deer selected stronger for fertilized
meadows than males (Lande et al. 2014), and were also more willing to risk crossing roads to
access such areas (Meisingset et al. 2013). However, female moose accompanied by calves
selected stronger for forests and avoided open areas in contrast to males and non-reproducing
females that did not strongly avoid these areas (Bjerneraas et al. 2012). Increased energy use
of females especially during lactation might increase foraging needs and create differences in
habitat selection patterns (Ruckstuhl 2007; Clutton-Brock et al. 1982). This might induce
temporal differences even between the sexes of monogamous species such as racoon dogs
(Nyctereutes procyonoides), where both activity patterns and space use differed between
males and females during reproduction (Drygala et al. 2008; Zoller and Drygala 2013).
Group-living species are often assumed to have similar habitat selection patterns, and

individuals of the same family are often merged during analyses (Uboni et al. 2015).
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However, differences in habitat selection and foraging behavior may even occur among
individuals within the same family unit (Sheppard et al. 2018; Robertson et al. 2014).
Different habitat selection choices may ultimately affect fitness both through reproduction and
survival (Ofstad et al. 2020; McLoughlin et al. 2007), but such consequences are rarely
studied as it requires long-term monitoring of populations (Gaillard et al. 2010; Clutton-Brock
and Sheldon 2010).

We used a monogamous, monomorphic, and group-living species, the Eurasian beaver
(Castor fiber) and a long-term dataset from the Norwegian Beaver Project (NBP) to
investigate individual differences and temporal patterns of habitat selection. The Eurasian
beaver and its close relative, the North American beaver (C. canadensis) function as
ecosystem engineers with large impacts on the structure of ecosystems (Rosell et al. 2005;
Hood and Larson 2015). As central place foragers they concentrate foraging activities around
their lodge or water, where they might deplete food resources (Fryxell 1992), while becoming
more selective with increasing distance (Haarberg and Rosell 2006; Gallant et al. 2004).
Beavers are nocturnal and mostly reside within lodges or burrows during daytime (Mott,
Bloomquist, and Nielsen 2011; Sharpe and Rosell 2003). They reside in family groups where
the reproductively active pair maintains an exclusive territory shared with offspring from the
current and previous years (Nolet and Rosell 1994; Mayer, Zedrosser, and Rosell 2017c¢).
Females give birth sometime in May-June and are subsequently more restricted to the lodge
during lactation (Wilsson 1971; Zurowski et al. 1974), but the reproductive pair later display a
high level of co-parenting (Sun 2003; Wilsson 1971). Beavers change their diet from mainly
foraging on trees in winter, towards more herbaceous and aquatic vegetation in summer
(Milligan and Humphries 2010; Nolet, Hoekstra, and Ottenheim 1994), and may display sex-
specific patterns in activity and food use (Lodberg-Holm et al. 2021; Sharpe and Rosell 2003;

Herr and Rosell 2004). Several studies have explored beaver habitat selection in relation to
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placement of territories or lodges (Scrafford et al. 2018; Curtis and Jensen 2004; Hood 2020),
selection of habitats and food sources within territories (Francis et al. 2017; Wang, McClintic,
and Taylor 2019; Pinto, Santos, and Rosell 2009; Steyaert, Zedrosser, and Rosell 2015), and
within aquatic environments (Bergman, Bump, and Romanski 2018; Mortensen et al. 2021).
However, individual variation and temporal trends related to socio-reproductive status have
not previously been investigated to the best of our knowledge.

Our goal was to study individual and temporal third-order habitat selection of Eurasian
beavers within terrestrial environments, including potential drivers of individual differences,
and temporal trends specific to different socio-reproductive groups. We hypothesized that
beavers would display individual differences impacted by reproductive effort, age, body
condition and beaver density. Secondly, we hypothesized that we would find temporal trends
related to seasonal food availability and daily human activity patterns. Finally, we
hypothesized that temporal habitat selection would differ amongst social-reproductive groups

that have different energetic needs and social responsibilities.

Methods

Study area

The study area encompasses three main rivers (Sauar, Gvarv and Straumen) that all empty
into lake Norsje. The rivers run through Midt-Telemark and Nome municipalities located in
southeastern Norway. The rivers are between 30-150 m wide, and the sections included as
part of the study area extend approximately 32 km, while they meander through a rolling
landscape dominated by boreal forests, crops, pastures, and small villages. The rivers provide
a stable water supply and are too wide for beavers to construct dams (Herr and Rosell 2004).

Parts of the rivers are surrounded by fields used for pastures and crop production, mostly for
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cereals such as wheat (Triticum aestivum), oat (Avena sativa), barley (Hordeum sativum), and
rye (Secale cereale). Human activity in the area increases during summers an influx of
summer tourists and increased boat traffic (Flemseter, Stokowski, and Frisvoll 2020).
Forested areas along the rivers are dominated by grey alder (4/nus incana), birch (Betula
spp.), Norway spruce (Picea abies), rowan (Sorbus aucuparia), bird cherry (Prunus padus),
alder-buckthorn (Rhamnus frangula), common ash (Fraxinus excelsior), and red elderberry
(Sambucus racemosa) (Haarberg and Rosell 2006). The mean daily temperature in the region
is 6.5°C with a mean precipitation of 2.3mm (eKlima 2020). All large carnivores except lynx

(Lynx lynx) have been extirpated from the area (Rosell and Sanda 2006).

Study population and live-captures
After centuries of prosecution, beavers have been reintroduced throughout Europe and North
America to restore the species as well as their ecological functions (Halley, Saveljev, and
Rosell 2021). Beavers have persisted within the study area since the 1920s, and are probably
close to carrying capacity (Rosell and Hovde 2001). Hunting pressure has been low and
approximately 5% of the known population were harvested between 2009 and 2014 (Graf,
Mayer, et al. 2016) with highest outtakes during April and May (Parker et al. 2002).
Reproducing females are disproportionally shot by human hunters during this spring hunt
(Parker et al. 2002), which cause has not yet been identified (Mayer et al. 2017). Local
beavers usually disperse at around two years of age, but may delay dispersal for five more
years to increase body mass and gain a competitive advantage (Mayer, Zedrosser, and Rosell
2017a).

Beavers were live-captured using nets from small motorboats during nighttime (Rosell
and Hovde 2001). Post-capture, we transferred the beaver to a cloth sack to allow handling
without the use of anesthesia. Every beaver was tagged using metal or plastic ear tags (Sharpe

and Rosell 2003), in addition to a passive integrated responder tag (PIT) inserted into the neck
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to identify individual beavers (Briggs, Robstad, and Rosell 2021). Each beaver was weighed
and body length and various tail measurements were recorded to calculate tail fat index as a
measure of body condition (Parker, Zedrosser, and Rosell 2017; Rosell, Zedrosser, and Parker
2010). We aged the beavers based on their body weight at first capture where those weighing
>17 kg and <19.5 kg were defined as minimum age of two years old, while those >19.5 kg as
minimum three years old (Campbell et al. 2005; Mayer, Zedrosser, and Rosell 2017b). An
additional year was added to the minimum age following the initial capture. We determined
sex of the beaver based on the color of the anal gland secretion (Rosell and Sun 1999). Socio-
reproductive status was determined based on observations of reproduction in the current or
previous years, and whether there were other adult beavers present within the same territory
(Campbell et al. 2013). Beavers that had not yet reproduced and were still living in their
parents’ territory, were classified as non-reproductive beavers, while the rest were categorized
as reproductively active males or females. Reproduction and family size were determined
from long-term monitoring as well as genetic testing to determine parentage (Nimje et al.
2021; Mayer, Zedrosser, and Rosell 2017¢). To estimate reproductive effort, we calculated the
average number of kits produced by each beaver in each year in which that beaver has been
monitored. We used family size as a measure of beaver density within each territory.

The NBP has developed a novel method to tag beavers with data loggers glued onto
the lower back of the beaver (Graf, Hochreiter, et al. 2016), which has previously provided
information on territorial behavior (Graf, Mayer, et al. 2016; Mayer et al. 2020), spatial
movement patterns (Cabré et al. 2020; McClanahan, Rosell, and Mayer 2020), as well as
habitat selection (Steyaert, Zedrosser, and Rosell 2015; Mortensen et al. 2021). Beavers
residing within the study area were instrumented with data loggers to monitor their spatial
movements during the ice-free season between March and November. In most years, the

reproductive pair was prioritized due to concerns that non-reproductive beavers may disperse,
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causing problems to recover the tags (Mayer, Zedrosser, and Rosell 2017¢). We fitted beavers
with a GPS logger, either G1G 134A (24 g; Sirtrack, Havelock North, New Zealand, TGB-
317/315GX (Telenax, Playa del Carmen, Mexico), or model Gipsy 5 (TechnoSmart, Via
Antonio Signorini 20 — 00134 — Rome, Italy) (Justicia, Rosell, and Mayer 2018). We also
attached a VHF transmitter (Reptile glue-on, series R1910; Advanced Telemetry Systems,
Isanti, MN, USA), with a weight of 10 g. In most tagging events, we also equipped beavers
with a Daily Diary (52 x 29 x 22 mm, 62 g with waterproof casing) developed by SLAM lab
at Swansea University, UK, or a tri-axial accelerometer logger (TAA) (15 x 90 mm, 62 g;
JUV Elektronik, Schleswig-Hollstein, GER), but these were not used in the current study.
The loggers were attached to a piece of polyester using epoxy glue and plastic straps
and covered with a durable small-meshed net to increase the surface area. The combined
weight of the data loggers and materials used for attachment never exceeded 2% of the
beaver’s body weight (Robstad et al. 2021). The tag was glued approximately 15 cm above
the base of the tail using fast-drying two-component epoxy glue. The GPS units were set to
log positions every 15 minutes between 19:00 and 07:00/08:00, which covered the beavers’
active period outside the lodge (Sharpe and Rosell 2003). Some of the GPS devices have been
previously tested and had locational error of 15.7 + 21.9 m during field testing and a fix rate
of 86.2 = 10.3% while deployed on beavers (Justicia, Rosell, and Mayer 2018). After one to
six weeks, data loggers were recovered either by re-capturing the beaver and carefully cutting
the tag away from the outer fur. If the tag fell off by itself, it was retrieved from the water, on
land, or inside the lodge. All handling of beavers was conducted in the field, and they were
released within 40 min at the same location as the capture. The capture and handling methods
were approved by Norwegian Experimental Animal Board (FOTS id 742, id 2170, 2579,
4384, 6282, 8687, 15947, 19557) and the Norwegian Directorate for Nature Management

(2008/14367 ART-VI-ID, archive code 444.5, 446.15/3, 14415).
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Data preparation

To improve spatial accuracy of GPS locations, we removed those with horizontal dilution of
precision (HDOP) value >5 and three or fewer satellites (Justicia, Rosell, and Mayer 2018).
We also excluded GPS locations from capture nights when beavers may change their behavior
(Graf, Hochreiter, et al. 2016). For each tagging event (beaver-year), we constructed a 95%
minimum convex polygon (MCP) home range, and excluded locations outside that may
represent exploratory trips into neighboring territories (Mayer, Zedrosser, and Rosell 2017b).
We buffered these territory estimates with 100 m to include areas that beavers swim past but
rarely visited, as potentially available habitats. Beavers rarely move further than 60-77 m
away from the safety of water (Donkor and Fryxell 1999; Steyaert, Zedrosser, and Rosell
2015), but may venture further when attracted by especially attractive food sources (Northcott
1971). We excluded areas further than 100 m away from water to avoid inclusion of
unrealistically large inland areas where the rivers meander. We excluded GPS locations in the
water and focused our sampling on available habitats within terrestrial habitats and wetlands.
In each home range, we created random points at a rate of 5:1 compared to GPS locations to
represent habitat availability (Mayer et al. 2019).

For each GPS or random location, we extracted the habitat type from a national map of
natural resources in Norway (FKB-ARSY) (Kartverket 2016). We merged the habitat types,
human settlements, roads and railways as developed areas, all agricultural fields used for crop
production as crops, while pastures and open habitats were defined as open areas. Wetlands
and forest were included as separate categories, and we extracted the dominant forest type
within each forest patch (coniferous, deciduous, or mixed forest). For our first analysis, we
used habitat types as continuous variables by extracting the percentage cover in a circular
buffer around each location. We chose a buffer radius of 15 m, which is similar to the

locational error of GPS units used in the study (Justicia, Rosell, and Mayer 2018). For our
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second analysis, we extracted habitat types as a categorical variable. We also estimated the
Euclidian distance from each location to the closest water and developed area. Elevation was
extracted from a digital elevation model (10 x 10 m) (Kartverket 2019), and slope was
calculated using the “terrain” function in the R package raster (Hijmans 2020). We estimated
the elevational gain from every location to the closest water and used this for all subsequent
analyses. Dates were transformed into Julian day, which we defined as the number of nights
since January 1 each year. Seasons were defined as spring (March-May) summer (June-
August) and fall (September-November). Hour of the night was transformed into active hour,

where hour 1 represented the first hour of logging at 19:00 and the last active hour as 08:00.

Statistical analysis

For all analyses, we followed the recommended steps by Zuur, Ieno, and Elphick (2010) for
data exploration. We checked the potential collinearity of explanatory variables using a
Pearson correlation test with a cutoff value of 0.7, as well as variance inflation factors (VIF)
with a cutoff value of 10 (Harrison et al., 2018; Zuur et al., 2010). We avoided collinear
variables within the same model. To check model assumptions, we plotted the residuals for
each model against fitted values and against each numerical variable included or not included
in the model to check for non-linear patterns (Zuur and Ieno 2016). All statistical and spatial

analyses were conducted in R version 4.1.2.

Population-level model

To explore population-level habitat selection patterns, we fitted resource selection functions
(RSF) with generalized linear mixed effects models (GLMM) and a Bayesian framework
using integrated nested Laplace approximations (INLA) (Rue, Martino, and Chopin 2009).
Whether the location represented a GPS or random location was included as the response

using a Bernoulli distribution (1 = GPS location, 0 = random location). We applied weighted
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logistic regression with large weight on random locations to ensure robustness of the
estimates (Northrup et al. 2021; Fieberg et al. 2021). A weight of 1 was used on the GPS
locations and a weight of 1000 on the random locations (Muff, Signer, and Fieberg 2020).
The percentage of each habitat type, elevation, slope, distance to closest water and developed
areas were included as potential explanatory variables. Percentage forest cover displayed
collinearity issues, and we therefore created a new forest variable, containing only percentage
dominated by either deciduous or mixed forest while excluding coniferous forest, as the
beaver diet relies mostly on deciduous trees (Haarberg and Rosell 2006; Nolet, Hoekstra, and
Ottenheim 1994). Year of tagging and beaver ID were included as random slopes, while year
was included as a random intercept. We included both random intercepts and slopes to
account for among individual variation in selection estimates (Muff, Signer, and Fieberg
2020), and to enable us to investigate the causes of individual variation in the next part of the
analysis. We gave the random intercepts a large fixed prior to avoid variation in the intercepts
simply due to different distribution of habitats (Muff, Signer, and Fieberg 2020). We used
penalized complexity (PC) priors for the hyperparameters of the random slopes instead of the
default gamma priors as these may overfit the model (Muff, Signer, and Fieberg 2020; Zuur
2017). All numerical variables were scaled by subtracting the mean and dividing by the
standard deviation to assist model convergence (Zuur 2017).

The full model including all fixed and random effects was compared with a null model
containing only the random intercept (Forstmeier and Schielzeth 2011; Harrison et al. 2018),
using deviance information criterion (DIC) (Xi et al. 2021; Zuur 2017). We also provide the
Watanabe-Akaike information criterion (WAIC), which has similarities to leave-one-out cross
validation methods (Vehtari, Gelman, and Gabry 2015). However, WAIC may encounter
problems when applied to time series and spatial data, we therefore chose to focus on DIC for

model comparisons (Gelman, Hwang, and Vehtari 2014). If the full model was more
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supported than the null model, we dropped one variable at the time that was considered
uninformative (95% credible intervals overlapped with zero), starting with the variable with
the largest standard error. When only statistically important terms were retained, we used this

as a final model.

Individual modelling

We extracted individual estimates of habitat selection for each beaver-year from the full
model in the previous analysis (Forstmeier and Schielzeth 2011) and used these selection
estimates for the next step of the analysis (Northrup et al. 2021). First, we visualized
individual variation by plotting the selection estimates for each habitat variable in each
beaver-year. We then modeled the estimates of selection for each habitat variable using age,
body condition, reproductive effort, and beaver density as explanatory variables (Northrup et
al. 2021). Tail measurements were not recorded in every tagging event and tagging events
with missing values were therefore excluded from the analysis. For each habitat type, we
created a full model including all explanatory variables and beaver family ID as a random
intercept. We used linear mixed effects models and a Gaussian distribution to model variation
in the individual selection estimates for each habitat type in INLA. We used the reciprocal of
variance for each individual estimate as a weighting factor to place more weight on estimates
with lower model uncertainty. We used the same model selection procedure as described

above.

Temporal models

To explore temporal trends in beaver habitat selection, we used the same dataset and the RSF
framework, but this time applying generalized additive mixed models (GAMM) to investigate
seasonal (Julian day) and circadian (active hour) trends. Temporal trends in habitat selection

studies are often investigated by dividing days or hours into categories, which risk
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oversimplifying temporal trends (Richter et al. 2020). We instead included day of the year and
hour as continuous variables. Habitat types were included as categories to fit interactions
between these and Julian day or active hour. Forests were retained as one habitat type
including all forest types for this analysis. We included the other continuous variables
(elevation, slope, distance to water and developed areas) if these were retained in the final
model from the previous population-level models. To reduce model complexity, we
constructed separate model sets investigating seasonal and circadian trends but used a similar
model structure in both model sets. We used unpenalized cubic regression splines that use
only fixed model terms and thereby reduced the number of hyperparameters to estimate (Zuur
and Ieno 2018). The smoothCon function from the mgcv package (Wood and Wood 2015)
was used to construct smoothers for both Julian day and active hour, while limiting the
number of knots to 5, to avoid oversmoothing. We modelled temporal habitat selection for
each social-reproductive group, which we defined as reproductively active males and females,
and non-reproductive beavers. We did not separate between non-reproductive males and non-
reproductive females as we did not expect differences between them prior to reproduction,
and due to a smaller sample size of these beavers. We lacked data on non-reproductive
beavers during summer, and we therefore merged this group with the reproductive males for
the seasonal models but retained them as a separate group for the circadian models.

We included beaver ID as a random intercept to account for repeated sampling of the
same individual, while we accounted for possible spatial autocorrelation and missing spatial
variables by fitting various spatial-temporal models using stochastic partial differential
equations (INLA-SPDE) (Beguin et al. 2012; Lezama-Ochoa et al. 2020). These models are
useful to deal with some of the statistical challenges of spatio-temporal data and are
increasingly applied to model species distributions and habitat selection (Lezama-Ochoa et al.

2020; Sadykova et al. 2017; Xi et al. 2021; Beguin et al. 2012). We first created a mesh
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covering the study area with non-overlapping triangles using Delaunay triangularization
(Appendix S2: Fig. S1). Matérn correlation estimated whether locations closer in space were
more similar than those spaced further apart and the distance in which this correlation fades
(Zuur 2017). For mathematical details on how this is estimated see Illian, Serbye, and Rue
(2012) and Lindgren, Rue, and Lindstrom (2011). A prior for the range in which this spatial
dependency likely diminishes must be provided based on the biology of the species (Illian,
Serbye, and Rue 2012). We used average length of beaver territories within the study area,
which is 3550 + 1591 m (Graf, Mayer, et al. 2016), and set 3.5 km as a prior for the range. We
first fit a basic GAMM model without spatial autocorrelation and then extended this model to
SPDE models using different spatio-temporal autocorrelation structures (Zuur 2017). First, we
fit a SPDE model for all the sampling years combined. Then, we added a temporal element
and constructed a replicate spatial autocorrelation model, which estimates the same strength
of spatial autocorrelation in each year but allows for different spatial patterns every year
(Zuur and Ieno 2018). Lastly, we fit a spatio-temporal model with residual autoregressive
correlation (AR1), which means that spatial correlation patterns were allowed to change
gradually across time where years close together are predicted to be more similar than those
further apart (Zuur 2017). AR1 requires regularly spaced data, but as we lacked data from
2017, we had to create regularly spaced time-knots (every second year) to fit this model (Zuur
2017). We compared the four model structures and a null model using DIC for each social-
reproductive group with Julian day as the smoother, and retained the most supported model

structure also for the circadian models.

Results
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We obtained GPS locations from 74 beavers in 104 different tagging events within 19
families. Thirteen beavers were tagged twice, five were tagged three times and two beavers
were tagged four times in different years. Only two beavers were tagged during the first year
in 2009, while no beavers were tagged in 2017. The dataset included 33 females (nine non-
reproductive and 25 reproductively active) and 41 male beavers (10 non-reproductive and 32
reproductively active) with an average age of 6.3+3.5 SD. Two of the non-reproductive
beavers found their own territories and became reproductively active in later years. The
tagging periods lasted 2-22 days with an average of 10.3+4.3 SD days. In total, the dataset
consisted of 82,628 locations with 13,776 used and 68,652 available locations. Most beaver
GPS locations were in forests (74.8%), followed by wetlands (8.9%), open areas (8.6%),

crops (6.6%) and developed areas (1.1%).

Population-level

In the first population-level analysis, the final model contained elevation, distance to water
and the percentage crops, developed- and open areas (Appendix S1: Table S1). The beavers
selected against increased elevation, increasing distance to water, crops, developed- and open
areas (Appendix S1: Table S2 and Appendix S2: Fig. S2). We found considerable individual
variation in most habitat variables when visualizing the individual selection estimates from
the full model (Fig. 1). Distance to water displayed the least individual variation, with all
beavers except one selecting against increasing distance to water and only six beavers (5.8%)
displaying no clear selection patterns (Fig. 1). Most beavers selected against increased
elevational gain (31.7%) with many displaying no clear selection patterns (66.3%), and only
two beavers selecting for increased elevational gain (Fig. 1). Most selection estimates in
relation to developed areas had credible intervals overlapping with zero indicating no clear
selection patterns (60.3%), but the remaining (30.8%) selected against and only two beavers

selected for developed areas (Fig. 1). Half of the beavers selected against crops (50%) and
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open areas (45.2%) with few beavers selecting for a higher cover of these two habitat types
(7.7% and 6.7% respectively) (Fig. 1). Slope and wetland were not retained in the population-
level model and most individual estimates overlapped with zero indicating no clear selection
patterns (81.7% and 86.5% respectively). The few beavers that displayed any selection
patterns for these variables selected against slope and wetlands (10.6%) while eight beavers
selected for steeper slopes and three for wetlands. Distance to developed areas and forests
were not retained in the population-level model, and we found considerable individual
variation with beavers selecting both for (24.0% and 26.9% respectively) or against (32.7%

and 18.3% respectively) (Fig. 1).

Individual variation

We extracted selection estimates for all 104 tagging events, but after excluding those with
missing values, 90 selection estimates was retained to explore drivers of individual variability.
The full models were always more supported than the null model, except when modelling
variability in selection for developed areas, where the null model was most supported
(Appendix S1: Table S3). Age of the beaver was retained in the models investigating
individual variability in selection for elevation, slope, crops, percentage forest and open areas
(Appendix S1: Table S4). With increasing age, beavers strengthened their selection against
elevation while weakening their selection against a higher percentage of crops and open areas
(Fig. 2). While younger beavers generally selected against forests, older beavers selected for
forests. Average reproduction was retained in the models for elevational gain, slope, open
areas, and distance to developed areas (Appendix S1: Table S4). While the impact of average
reproduction was negligible for selection for slopes and distance to developed areas, beavers
with higher average reproduction weakened their selection against elevational gain but
displayed slightly stronger selection against open areas (Appendix S1: Table S5 and Fig. 3).

Family size as a measure of beaver density was retained in all models except for elevational
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gain and forest (Appendix S1: Table S4). However, family size explained little of the
variation in most selection estimates. Selection against distance to water and crops, however,
weakened slightly in beavers from larger families (Appendix S1: Table S5 and Fig. 4).
Finally, tail fat index was retained in the models looking into individual variation in selection
for distance to developed areas and water, slope, crops, forest, and open areas (Appendix S1:
Table S4). Selection against crops and steeper slopes strengthened in beavers in a good body
condition, while selection against distance to water weakened (Appendix S1: Table S5 and

Fig. 5).

Temporal trends

Finally, we modelled the seasonal and circadian trends for each socio-reproductive group. The
spatio-temporal model with time knots was most supported for all socio-reproductive groups
except reproductively active males (Appendix S1: Table S6). For reproductively active males,
the spatial-temporal replicate model was most supported and used to model the circadian
trends of this group. However, for the seasonal models, we combined reproductively active
males and non-reproductive and used the spatio-temporal time knot model that was most
supported for this combined group. The posterior marginal distributions of the coefficients of
the predictors are presented in the appendix (Appendix S1: Table S7 and Table S8), together
with visualizations of the spatial random fields indicating spatial clusters of beaver locations
unexplained by the model (Appendix S2: Fig. S3-S6). The seasonal smoothers interacting
with habitat types displayed the clearest seasonal trends in relation to selection for crops that
moved from strong selection against crops in spring, to selection for crops in July that
continued until fall. However, reproductively active females selected slightly stronger for
crops compared to the remaining beavers (Fig. 6). There were no seasonal trends in selection
for forests. Reproductively active females displayed no seasonal trends in selection for

developed areas, but the remaining beavers selected against developed areas during July-
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September (Fig. 6). Reproductively active males and non-reproductive beavers selected for
open areas and wetlands in early spring and shifted to selection against these in late summer.
Females selected against wetlands in early summer, but they displayed no clear selection for
or against any other habitat variables, with the exception of crops, during the remainder of the
season (Fig. 6).

Lastly, we modelled patterns of circadian habitat selection, this time including non-
reproductive beavers as a separate group (Appendix S1: Table S9-S11). The three groups
displayed the largest differences in circadian selection of crops with reproductively active
males selecting for crops during evening and avoiding them in the morning (Fig. 7).
Reproductively active females had the opposite pattern with selection against crops in the
evening and selection for crops during morning. The non-reproductive beavers displayed no
clear circadian selection patterns for or against crops (Fig. 7). There were limited diurnal
trends in selection for forests, but reproductively active males and non-reproductive beavers
both selected weakly for forest during the last hour of the morning. Non-reproductive beavers
selected for developed areas in the morning, while the reproductively active pair displayed no
clear circadian selection patterns for developed areas. Non-reproductive beavers also selected
against open areas in the evening, while switching to selection for these areas after 3 am (Fig.
7). The reproductively active pair selected for open areas in the middle of the night but
avoided these areas in the evening and morning (Fig. 7). They also displayed similar patterns
in selection for wetlands in the evening and morning, while the non-reproductive selected
against wetlands during this time. The non-reproductive instead selected for wetlands for a

few hours after 3 am (Fig. 7).

Discussion
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We have shown that Eurasian beaver habitat selection is highly dynamic and varies among
individuals and across time, sometimes with socio-reproductive groups displaying different
seasonal and circadian patterns. On a population-level, we found that distance to water and
elevational gain as well as crops, developed- and open areas, were avoided by beavers. As we
hypothesized, beavers displayed much individual variation in selection for certain habitat
variables. Some of the individual variability could be explained by age, reproduction, density,
and body condition. Age had the strongest impact. Older beavers displayed weaker selection
against crops while selecting for forests and open areas, and more strongly against elevation.
We also identified temporal trends in habitat selection, which might reflect seasonal food
availability and human disturbances, giving support to our second hypothesis. Male
reproductive beavers and non-reproductive beavers displayed the clearest seasonal trends by
selecting for open areas and wetlands in spring while all beavers switched to crops in late
summer and autumn. The reproductive males and non-reproductive beavers avoided
developed areas in summer, but reproductively active females displayed no temporal selection
patterns other than an avoidance of wetlands in early summer and selection for crops in late
summer and fall. The reproductively active pair selected for crops at different times of the
night but displayed similar circadian selection patterns for other habitat types, which
sometimes differed from non-reproductive beavers. This illustrated that temporal habitat

selection may differ between socio-reproductive groups as hypothesized.

Individual variation

We found considerable individual variation in selection for certain habitat variables. Beavers
varied most in selection of forests and distance to developed areas, which probably affected
the lack of population-level trends for these habitat variables. Similar individual variability
was found in Canadian elk in relation to selection for forest and roads, which made it difficult

to predict population-level trends (Newediuk, Prokopenko, and Vander Wal 2022).
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Accounting for such variability may change the conclusions of habitat selection models and
predict completely opposite selection patterns (Gillies et al. 2006). Individual selection
patterns in habitat selection can also have direct implications for reproductive success and
mortality such as Norwegian female moose experiencing higher mortality when selecting for
grasslands during the hunting season (Ofstad et al. 2020). Individual differences may
therefore cause selective pressure on certain animal behaviors with unknown long-term
evolutionary impacts on populations (Lodberg-Holm et al. 2019; Madden and Whiteside
2014).

We also investigated potential drivers of individual variability, but no explanatory
variables could account for complete shifts in the direction of selection. However, the strength
of selection changed among beavers with certain traits. The largest differences were related to
beaver age, where older beavers selected less strongly against open areas and crops, while
selecting stronger for forests. Beavers tend to increase foraging and time spent on land during
senescence (Lodberg-Holm et al. 2021; Graf, Mayer, et al. 2016), and these patterns may
reflect older beavers foraging more in these habitat types. Habitat selection and foraging often
differs among age groups such as subadult male deer foraging less while being more vigilant
than adults (Pecorella et al. 2018) and young bearded seals (Erignathus barbatus) staying
closer to the sea ice edge than adults (Cameron et al. 2018). Such differences are often driven
by avoidance of conspecifics and competitive exclusion from dominant males. However, a
trait of monogamous mammals such as beavers, is that juveniles are retained within the family
group for longer and the subject of higher parental investment (Kleiman 1977; Mayer,
Zedrosser, and Rosell 2017c¢). Non-reproductive beavers also help out raising their siblings
and gain more experience and improved body condition prior to dispersal (McTaggart and
Nelson 2003; Mayer, Zedrosser, and Rosell 2017a). Social exclusion of younger beavers from

certain habitats seems unlikely due to low levels of aggression observed between family
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members (Mott, Bloomquist, and Nielsen 2011). Younger beavers selected less strongly
against elevation, which could reflect increased exploratory movements in younger
individuals searching for their own territory (Mayer, Zedrosser, and Rosell 2017b) or the need
to gain more weight prior to dispersal (Mayer, Zedrosser, and Rosell 2017a), causing them to
seek out higher quality food resources at higher elevations. Young cave salamanders also
increased risks by staying closer to the cave entrance than adults to obtain better foraging
opportunities and weight gain (Ficetola, Pennati, and Manenti 2013). Within beaver
territories, high-quality food and preferred tree species are often depleted closer to water
where beavers forage more intensely (Fryxell 1992; Nolet, Hoekstra, and Ottenheim 1994),
which may motivate young beavers to climb higher to obtain high-quality forage.

Exploring individual habitat selection also enabled us to investigate trends in relation
to reproductive effort, body condition and density. Average reproduction did not explain
much variability in most habitat variables. However, we found that beavers with higher
average reproduction selected less strongly against increasing elevation, while individuals in
good body condition and from larger families weakened their selection against increasing
distance from water. Beavers with a better body condition, however, selected stronger against
crops, while at high densities, beavers displayed no clear selection for or against crops.
Studies of other crop depredating species such as American black bears (U. americanus)
(Ditmer et al. 2015), sika deer (C. nippon) (Hata et al. 2021) and African elephants
(Loxodonta africana) (Chiyo et al. 2011) have indicated that crop foraging increased body
size. As we only studied selection and not crop use, it is difficult to connect body condition
with the extent of foraging. Crops are also available during a very short period in our study
area, and effects on body condition should probably be investigated specifically during that

time.
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Temporally variable food sources
While beavers selected against crops, developed- and open areas, there were temporal
differences indicating seasonal shifts. Reproductively active males and non-reproductive
beavers selected for wetlands and open areas during spring, while all beavers selected for
crops from July until late fall. Seasonal shifts in habitat selection often reflect changes in food
availability such as male roe deer selecting for higher vegetation biomass during summer
(Dupke et al. 2017). Open areas, such as pastures may provide highly digestible and nutritious
fodder for herbivores such as red deer and moose (Godvik et al. 2009; Lande et al. 2014;
Ofstad et al. 2020). Beavers are a typical generalist relying on a wide range of vegetation
types and their diet usually differs considerably across seasons as beavers shift foraging
towards herbs, grasses, and aquatic vegetation to obtain a variety of nutrients (Svendsen 1980;
Nolet et al. 1995; Milligan and Humphries 2010). Especially aquatic vegetation contains high
sodium content as well as other nutrients that attracts both beavers and species such as moose
during spring and early summer (Fraser, Chavez, and Palohelmo 1984; Fraser, Thompson,
and Arthur 1982; Law, Bunnefeld, and Willby 2014). Increased selection for open areas and
wetlands may reflect a general dietary change towards non-woody foraging items as these
appear in spring (Svendsen 1980; Roberts and Arner 1984), but still at low availabilities that
encourage selection (Godvik et al. 2009). These seasonal switches to obtain nutritious foods
are common in many species such as red deer migrating to gain access to early plant
phenological stages (Bischof et al. 2012) and brown bears foraging on highly digestible
berries with high sugar content during hyperphagia (Welch et al. 1997; Hertel et al. 2016).
Another highly temporal food source that beavers have access to are crops, in which beavers
displayed the strongest seasonal switch.

Beaver foraging on crops has received limited research attention but been mentioned

in a few publications (Campbell et al. 2012; Betzecki et al. 2018; Krojerova-ProkeSova et al.
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2010; Ulicsni et al. 2020) and most often observed close to water and the beaver lodge
(Mikulka et al. 2020). Cereals are the dominant crop type in our study area and may provide
wildlife with high nutrient content (Heroldova et al. 2008) and cause a wide range of species
to shift habitat selection away from natural habitats and food sources (Fox et al. 2005; Roper
et al. 1995). Crop-depredation often occurs during certain phenologically attractive stages
(Putman 1986; Roper et al. 1995; Chiyo et al. 2005), and beavers also switch to selection for
crops in late summer when cereals matured in our study area (Lodberg-Holm et al.,
unpublished).

Forests represent more natural foraging areas for beavers (Barela et al. 2020; John and
Kostkan 2009; Pinto, Santos, and Rosell 2009), but we found no clear population-level nor
temporal selection for forests. Forests were the most common habitat type within the study
area, and contained the majority of GPS-fixes, indicating frequent use. Resource selection
functions do not, however, measure quantity use, but the probability that when a habitat type
or resource is encountered, it will be selected by the animal (Lele et al. 2013). Selection is
estimated from the ratio of available and used locations in each habitat type (Fieberg et al.
2021), which means that beavers may display a functional response by not selecting strongly
for forests due to the high availability (Newediuk, Prokopenko, and Vander Wal 2022;
Godvik et al. 2009). Beavers also prefer certain forest characteristics such as intermediate
densities of trees and shrubs (Curtis and Jensen 2004; Gerwing, Johnson, and Alstrém-
Rapaport 2013; Francis et al. 2017), avoiding coniferous and mixed forests (Wang, McClintic,
and Taylor 2019), and strong selection for willows (Salix spp.) (Fustec et al. 2001; John,
Baker, and Kostkan 2010). Roe deer and moose also displayed preferences for forest
characteristics such as high availability of herbs and forests of high productivity that may
provide them with nutritious fodder (Bjerneraas et al. 2012; Mysterud et al. 1999). More

detailed vegetation mapping may have revealed clearer selection patterns of beavers. The
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spatial random fields from the INLA-SPDE models also indicated clusters of beaver use
unexplained by the model, which could be specific vegetation patches or lodge and burrow
locations. In addition to seasonal trends driven by food availability, other temporal trends may

relate more to potential risks perceived by beavers.

Human disturbances and perceived predation risk

Beavers selected against increasing distance to water and elevational gain. This is
unsurprising and reflect typical behavior of a central place forager (Steyaert, Zedrosser, and
Rosell 2015; Haarberg and Rosell 2006). Beavers risk being predated (Gable et al. 2016) or
shot by human hunters when on land (Parker et al. 2001), and water therefore represents
safety. Despite most large carnivores that predate beavers not being present within the study
area, beavers still responded to the smell of predators (Rosell and Czech 2000; Rosell and
Sanda 2006), suggesting that anti-predator instincts are intact. Staying close to water when
moving on land is also common in other semi-aquatic species such as wood turtles (Clemmys
insculpta) (Compton, Rhymer, and McCollough 2002), and southern water voles (4rvicola
sapidus) that find refuge from predators, food sources and a medium for movement in open
water (Mate et al. 2013). Avoidance of open- and developed areas may represent avoidance of
humans and less food availability in most seasons. For both ungulates and brown bears,
grazing in open areas entails a high risk of being killed by human hunters (Godvik et al. 2009;
Ofstad et al. 2020; Steyaert et al. 2016). Beavers might perceive similar risks despite being
hunted mostly in spring (Parker and Rosell 2012). Several studies have shown that wildlife
avoids developed and other human-manipulated areas such as elk avoiding roads
(Prokopenko, Boyce, and Avgar 2017), wolves avoiding human developed areas (O'Neil,
Beyer, and Bump 2019), and crested porcupines avoiding agriculture year around (Mori et al.
2014). While beavers avoided direct overlap with developed areas, they did not respond to

distance to developed areas. A study from North America similarly found that beaver
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presence in ponds was not impacted by distance to roads (Hood 2020). Compared to species
such as woodland caribou (Rangifer tarandus caribou) and semi-domesticated reindeer (R. ¢.
tarandus), that avoids these areas at distances up to several kilometers (DeCesare et al. 2012;
Pape and Loffler 2015), beavers did not react as strongly to developed areas on the
population-level. Beavers have in fact been found to select for roads in previous studies,
especially if they find attractive roadside vegetation (Curtis and Jensen 2004; Steyaert,
Zedrosser, and Rosell 2015).

Temporal trends in habitat selection may reveal differences among socio-reproductive
groups even for monogamous and monomorphic species such as beavers. Reproductively
active males and non-reproductive beavers avoided developed areas during summer, but
reproductively active females displayed no such patterns. The study area has an influx of
summer tourists (Flemsater, Stokowski, and Frisvoll 2020), and we expected an increased
avoidance of human-dominated areas during this time. Deer and roe deer in Germany acted
similarly by shifting seasonal habitat selection towards more vegetation cover in response to
increased human activity during summer (Richter et al. 2020; Dupke et al. 2017). Female
mammals are often more risk aversive than males (Vogel et al. 2020; de la Torre et al. 2021;
Joly et al. 2017), especially those accompanied by dependent young (Bjerneraas et al. 2011;
Ditmer et al. 2015). Beavers, however, usually move around their territory solitarily
(McClanahan, Rosell, and Mayer 2020) and are rarely accompanied by kits (Lodberg-Holm et
al. 2021), implying that female beavers may not be as risk aversive as females belonging to
other species. This may reflect a characteristic of monogamous animals where females share
the responsibility of offspring with males (Kleiman 1977; Sun 2003). In monomorphic sea
birds, females accepted more risk to obtain better quality food when the male cared for the
offspring (Elliott, Gaston, and Crump 2010; Lewis et al. 2002). A similar pattern was found in

monogamous racoon dogs where males remained by the den taking care of pups, while the
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female selected for habitats and foraged further away (Drygala et al. 2008; Zoller and Drygala
2013). We found that females selected stronger for crops during fall, which could be a
compensation for increased energy use during reproduction, but they did not select stronger
for any other seasonally available habitat types. Their avoidance of wetlands in June may
simply be a results of more time spent in the lodge lactating during that time (Mayer et al.
2017).

We also found differences in circadian habitat selection specific to socio-reproductive
groups. Surprisingly, we found no circadian trends in relation to developed areas for the
reproductively active pair, but clearer patterns in selection for wetlands and open areas. The
reproductively active pair selected stronger for wetlands during morning and evening, while
selecting for open areas during the middle of the night. Wetlands could act as refuges from
humans by being less accessible, while also being important habitats for beavers (Francis et
al. 2017; Wang, McClintic, and Taylor 2019). Open areas on the other hand are more
exposed, and are often avoided by wildlife during daytime (Godvik et al. 2009; Dupke et al.
2017). However, non-reproductive beavers displayed opposite patterns by selecting for both
developed- and open areas during morning, while selecting for wetlands during hours of
darkness. The reproductively active pair differed in circadian selection for crops with males
selecting for them in the evening and females during morning. Individuals with overlapping
home ranges may display niche specialization and focus on different food sources to reduce
competition (Robertson et al. 2014; Sheppard et al. 2018; O'Brien et al. 2020). However,
animals may also reduce competition by adjusting circadian foraging patterns such as
platypuses (Ornithorhynchus anatinus) foraging at different times of the day to avoid
conspecifics, but still share their burrows (Bethge et al. 2009). Differing circadian trends in

beavers may represent a similar strategy to reduce competition, reflect more accumulated
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experience by the reproductive pair, or simply to increase the efficiency of territorial defense

(McClanahan, Rosell, and Mayer 2020).

Conclusions

Habitat selection is complex and tend to vary among individuals and across time and space,
calling for investigations of the interplay between these dimensions rather than simplifying
them in search of “one model fits all” (Pape and Loffler 2015). We found extensive individual
differences in habitat selection of Eurasian beavers, some of which were affected by
demographic and physiological variables. Differences may relate to personality traits in
wildlife (Hertel et al. 2019; Aliperti et al. 2021), individual niche specializations (Bolnick et
al. 2003; Dall et al. 2012) or strategies to reduce competition within social groups (O'Brien et
al. 2020; Robertson et al. 2014). When individual variation outweighs population-level trends,
it also implies different impacts of environmental change and management actions, which
calls for increased research attention (Milligan, Berkeley, and McNew 2020; O'Brien et al.
2020). Despite beavers being monogamous and assumed to display low levels of behavioral
sexual dimorphism, socio-reproductive groups differed in seasonal and circadian trends,
which might easily be overlooked without considering temporal trends. Much of the
individual differences remains unexplained and new research questions emerge. As an
ecosystem engineer, beavers contribute to shape landscapes, and their habitat selection
patterns are therefore not only important to understand the ecology of the species but may

have wider landscape-scale implications.
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Figure legends

Fig. 1: Individual selection estimates for Eurasian beaver (Castor fiber) selection of
percentage habitat types, elevation, slope and distance to water and developed areas in
southeastern Norway, 2009-2021. Each point represents a specific beaver-year while the
vertical lines represent the 95% credible intervals of each estimate. The dashed red line
represents zero and individual estimates with credible intervals that overlap with this line
means that the beaver does not display selection either for or against the habitat variable in
question. Estimates above this line indicates selection for the habitat variable in questions and

estimates bellow the lines indicates selection against.

Fig. 2: Individual habitat selection estimates of Eurasian beavers (Castor fiber) (N=90) in
southeastern Norway, 2009-2021. Predicted effect of age is obtained from a linear mixed
effect model using integrated nested Laplace approximation (R-INLA) while accounting for
beaver family ID as a random effect. Estimates above the stabled line indicates selection for

the habitat variable in question and estimates bellow the lines indicates selection against.

Fig. 3: Variation in individual habitat selection of Eurasian beavers (Castor fiber) (N=90) in
southeastern Norway, 2009-2021. Predicted effect of average yearly reproduction is obtained
from a linear mixed effect model using integrated nested Laplace approximation (R-INLA)
while accounting for beaver family ID as a random effect. Estimates above the stabled line
indicate selection for the habitat variable in question and estimates bellow the lines indicates

selection against.
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Fig. 4: Variation in individual habitat selection of Eurasian beavers (Castor fiber) (N=90) in
southeastern Norway, 2009-2021. Predicted effect of family size as a measure of density is
obtained from a linear mixed effect model using integrated nested Laplace approximation (R-
INLA) while accounting for beaver family ID as a random effect. Estimates above the stabled
line indicate selection for the habitat variable in question and estimates bellow the lines

indicate selection against.

Fig 5: Variation in individual habitat selection of Eurasian beavers (Castor fiber) (N=90) in
southeastern Norway, 2009-2021. Predicted effect of tail fat index as a measure of body
condition is obtained from a linear mixed effect model using integrated nested Laplace
approximation (R-INLA) while accounting for beaver family ID as a random effect. Estimates
above the stabled line indicate selection for the habitat variable in question and estimates

bellow the lines indicate selection against.

Fig. 6: Habitat selection estimate smoothers for Julian day interacting with habitat types for
Eurasian beavers (Castor fiber) (N=104) in southeastern Norway, 2009-2021. Months have
been added to aid visual interpretation. A generalized additive mixed model using integrated
nested Laplace approximation and stochastic partial differential equations (INLA-SPDE) was
fitted for each socio-reproductive group. This includes reproductively active females (Reprod.
females), and combined group of reproductively active males and non-reproductive beavers
(Other beavers). The stapled black line represents zero, which means no selection for or
against the habitat variable in question. Estimates above the stabled line indicates selection for

the habitat variable in question and estimates bellow the lines indicates selection against.



Individual and temporal habitat selection

Fig. 7: Habitat selection estimate smoothers for active hour interacting with habitat types for
Eurasian beavers (Castor fiber) (N=104) in southeastern Norway, 2009-2021. Active hour has
been converted into a 24-hour format to aid interpretation. A generalized additive mixed
model using integrated nested Laplace approximation and stochastic partial differential
equations (INLA-SPDE) was fitted for each socio-reproductive group. This includes
reproductively active females (Reprod. females), reproductively active males (Reprod. Males)
and non-reproductive beavers (Other beavers). The stapled black line represents zero, which
means no selection for or against the habitat variable in question. Estimates above the stabled
line indicates selection for the habitat variable in question and estimates bellow the lines
indicates selection against. The lighter background represents the range of sundown to sunrise

to times across the study period, while the dark represents the minimum hours of darkness.
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Table S1: Model selection for the population-level models for habitat selection of Eurasian beavers (Castor fiber) (N=104) in southeastern
Norway, 2009-2021, with one unimportant variable with credible intervals overlapping with zero is dropped in each round. Each model was fit as
a generalized mixed effects models with integrated nested Laplace approximation (R-INLA) including beaver ID and year as random effects. The
plus signs represents whether the variable was retained in the model. In the final model, all variables retained were considered statistically
important. Elevation implies elevational gain from the closest river, Dist. water to water is the distance to the closest waterway and distance to
developed is the distance to the closest human developed area (settlement, road or railway). Crops%, developed%, wetland% and open% stands
for the percentage of these habitat types surrounding each beaver or random location. Forest% stands for the percentage of deciduous and mixed

forests but excluding coniferous forest.

Explanatory variables
Mode Elevation Slope Distance to water Distance to developed Developed%  Crops% Forest%  Wetland%  Open%

1

1 + + + + + + + + +
2 + + + + + + + +
3 + + + + + + +
4 + + + + + +
5 + + + + +




Table S2: Posterior marginal distributions for the coefficients of the predictors for population-
level Eurasian beaver (Castor fiber) habitat selection in southeastern Norway, 2009-2021
(N=104). The posterior distributions were estimated using generalized mixed effects models
with integrated nested Laplace approximation (R-INLA) while accounting for beaver ID and
year as random effects. Elevation means elevational gain from the closest river, distance to
water is the distance to the closest waterway, while crops%, developed%, and open% stands
for the percentage of these habitat types surrounding each beaver or random location. All

explanatory variables were centered prior to model fitting.

2.5th 97.5th
Parameter Mean Sd percentile percentile
Intercept 4230 181.38  -313.80 398.11

Elevation -0.56  0.11 -0.77 -0.36
Distance to

water -1.81  0.09 -2.00 -1.63
Developed% -1.02  0.20 -1.42 -0.63
Crops% -0.50  0.06 -0.63 -0.37

Open% -0.41  0.06 -0.53 -0.29




Table S3: Comparisons between the full model and a null model for each model set
investigating how individual habitat selection varies in relation to potential demographic and
physiological characteristics of Eurasian beavers (Castor fiber) in southeastern-Norway
(N=104). Each model was fit as a linear mixed effects models with integrated nested Laplace
approximation (R-INLA) with beaver family ID as a random intercept. Deviance information
criterion (DIC) and Watanabe-Akaike information criterion (WAIC) are given for each

model. The most supported model based on the lowest DIC values is shown in bold.

Model DIC WAIC
Crop

Full model 1848.90 2623.77
Null model 2076.00 2653.29
Developed

Full model 665.86  721.35
Null model 663.53 702.68
Distance to developed

Full model 1731.90 3461.57
Null model 2168.33 3438.10
Distance to water

Full model 1859.16 2470.11
Null model 2022.45 2499.37
Elevation

Full model 1413.77 1757.32
Null model 1475.70 1763.78
Forest

Full model 1558.07 4966.27
Null model 1984.53 4884.68
Open

Full model 779.56 2538.03
Null model 1089.16 2828.34
Slope

Full model -12098.33 5068.85
Null model -10357.32  4789.34
Wetland

Full model 707.00 707.00
Null model 715.77 776.33




Table S4: Model selection for exploring individual variation in habitat selection of Eurasian

beavers (Castor fiber) (N=90) in southeastern Norway, 2009-2021 in relation to beaver-

specific demographic and physiological variables. These include age of the beaver, tail fat

index as a measure of body condition, average yearly reproduction, and family size as a

measure of density. Each model was fit as a generalized mixed effects models with integrated

nested Laplace approximation (R-INLA) with beaver family ID as a random intercept. One

unimportant parameter with 95% credible intervals overlapping with zero is dropped in each

round and the plus sign indicates which variables are retained in each round. In the final

model, all parameters retained were considered statistically important.

Habitat Variables

variable

Crop% Age Tail fat index Average Family size
reproduction

1 + + + +

2 + + +

Distance to

developed

1 + + + +

2 + + +

Distance to

water

1 + + + +

2 + + +

3 + +

Elevation

1 + + + +

2 + + +

3 + +

Forest% + + + +

1 + + +

2

Open%

1 + + + +

2 + + +

3 + +

Slope

1 + + + +

Wetland %

1 + + + +

2 + + +
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Table S5: Posterior marginal distributions of the predictor coefficients for individual habitat
selection estimates of Eurasian beavers (Castor fiber) (N=90) in southeastern Norway, 2009-
2021. Selection estimates for each habitat variable were used as the response variables
modelled with linear mixed models using integrated nested Laplace approximation (R-INLA).
For each estimate, the standard deviation (sd) and the 95% credible intervals are displayed for

each fixed variable retained in the final model.

2.5th  97.5th
Parameter Mean sd percentile percentile
Crop%
Intercept -0.12 0.18 -0.48 0.24
Age 0.02 0.00 0.01 0.03
Tail fat index -0.16 0.04 -0.23 -0.08
Family size 0.06 0.01 0.04 0.08
Distance to developed
Intercept 1.14 0.16 0.82 1.46
Tail fat index -0.20 0.03 -0.26 -0.15
Average reproduction -0.06 0.02 -0.09 -0.02
Family size -0.04 0.01 -0.05 -0.03
Distance to water
Intercept -3.14 0.28 -3.69 -2.60
Tail fat index 0.28 0.06 0.16 0.39
Average reproduction 0.09 0.01 0.07 0.12
Elevation
Intercept -0.72 0.18 -1.07 -0.37
Age -0.01 0.01 -0.03 0.00
Average reproduction 0.33 0.05 0.22 0.43
Forest%
Intercept -0.16 0.11 -0.37 0.05
Age 0.02 0.00 0.02 0.03
Tail fat index 0.04 0.02 0.00 0.07
Family size -0.02 0.00 -0.03 -0.01
Open%
Intercept -0.61 0.12 -0.85 -0.37
Age 0.04 0.00 0.04 0.05
Tail fat index 0.05 0.02 0.01 0.10
Average reproduction -0.11 0.02 -0.14 -0.08
Family size -0.02 0.00 -0.02 -0.01
Slope

Intercept 0.59 0.05 0.50 0.68



Age -0.01 0.00 -0.01 -0.01
Tail fat index -0.13 0.01 -0.14 -0.12
Average reproduction -0.05 0.00 -0.06 -0.04
Family size 0.00 0.00 -0.01 0.00
Wetland %

Intercept 0.06 0.14 -0.21 0.35
Family size -0.05 0.02 -0.08 -0.01




Table S6: Model selection of generalized additive mixed models with integrated nested
Laplace approximation using stochastic partial differential equations (INLA-SPDE)
modelling habitat selection of Eurasian beavers (Castor fiber) (N=104) in southeastern
Norway, 2009-2021. Five models were fitted for each social-reproductive group (reproductive
males, reproductive females, and non-reproductive individuals) and deviance information

criterion (DIC) and Watanabe-Akaike information criterion (WAIC) are given for each

model. The most supported model is shown in bold.

Model DIC WAIC
Male/Non reproductive combined
Bernoulli GAMM 146789.70  146828.80
Bernoulli GAMM + spatial correlation 134530.60 135051.20
Bernoulli GAMM + space-time correlation 129869.90 208255.20
Bernoulli GAMM + space-time correlation
with knots 129827.10 186043.20
Null model 158967.90 158969.60
Reproductive females
Bernoulli GAMM 94821.22  94881.87
Bernoulli GAMM + spatial correlation 88488.97  89190.84
Bernoulli GAMM + space-time correlation 86142.97 106038.20
Bernoulli GAMM + space-time correlation
with knots 86057.41  89907.94
Null model 103452.40 103452.70
Non-reproductive
Bernoulli GAMM 76491.23  76509.36
Bernoulli GAMM + spatial correlation 45399.04  77326.04
Bernoulli GAMM + space-time correlation 44756.03  512021.79
Bernoulli GAMM + space-time correlation
with knots 44731.50 377709.84
Null model 54972.75  54973.11
Reproductive males
Bernoulli GAMM 95760.25  95790.62
Bernoulli GAMM + spatial correlation 87102.04  88505.61
Bernoulli GAMM + space-time correlation 83788.58 2373523.04
Bernoulli GAMM + space-time correlation with
knots 84427.00 391357.41
Null model 158968.30 158970.10




Table S7: Posterior marginal distributions for the coefficients of the predictors of seasonal
habitat selection for reproductively active male and non-reproductive Eurasian beavers
(Castor fiber) (N=65) in south-eastern Norway, 2009-2021. Smoothers have been fitted for
Julian day interacting with habitat type using generalized additive mixed models with
integrated nested Laplace approximation using stochastic partial differential equations (INLA-
SPDE). Each habitat variable was included as a categorical variable interacting with
smoothers for Julian day, beaver ID was included as a random term and spatio-temporal

correlation accounted for using residual autoregressive correlation (AR1).

2.5th 0. 97.5th

Parameter Mean SD percentile percentile
Intercept (Crop) -0.37 30.64 -60.52 59.74
HabitatForest 0.83 0.08 0.68 1.00
HabitatDeveloped -0.97 0.22 -1.41 -0.56
HabitatOpen 0.22 0.12 0.00 0.45
HabitatWetland 0.80 0.17 0.47 1.13
Elevation -0.23 0.05 -0.34 -0.13
WaterDistance -2.01 0.05 -2.11 -1.91
Jull.crop 1.22 0.70 -0.15 2.60
Jul2.crop 0.82 2.01 -3.13 4.77
Jul3.crop -0.95 2.01 -4.88 3.00
Jul4.crop 0.90 0.62 -0.31 2.11
Jull.for 0.61 0.57 -0.51 1.72
Jul2.for -2.96 1.60 -6.10 0.18
Jul3.for 1.74 1.48 -1.17 4.66
Jul4.for 0.29 0.49 -0.68 1.25
Jull.dev 1.82 1.39 -0.94 4.50
Jul2.dev 7.94 4.37 -0.74 16.42
Jul3.dev -9.91 4.55 -18.64 -0.77
Jul4.dev 1.65 1.35 -1.09 4.23
Jull.ope 0.54 0.77 -0.97 2.04
Jul2.ope -3.50 2.02 -7.46 0.47
Jul3.ope -5.18 2.30 -9.68 -0.67
Jul4.ope -0.02 0.64 -1.29 1.25
Jull.wet -0.08 0.75 -1.56 1.39
Jul2.wet -3.36 2.20 -7.66 0.98
Jul3.wet -3.46 2.57 -8.48 1.61

Jul4.wet -0.62 0.68 -1.98 0.70




Table S8: Posterior marginal distributions for the coefficients of the predictors of seasonal
habitat selection for reproductively active female Eurasian beavers (Castor fiber) (N=39) in
southeastern Norway, 2009-2021. Smoothers have been fitted for Julian day interacting with
habitat type using generalized additive mixed models with integrated nested Laplace
approximation using stochastic partial differential equations (INLA-SPDE). Each habitat
variable was included as a categorical variable interacting with smoothers for Julian day,
beaver ID was included as a random term and spatio-temporal correlation accounted for using

residual autoregressive correlation (AR1).

2.5th 0. 97.5th

Parameter Mean SD percentile percentile
Intercept (Crop) -0.39  30.76 -60.79 59.96
HabitatForest 0.52 0.08 0.37 0.68
HabitatDeveloped ~ -0.53 0.19 -0.90 -0.17
HabitatOpen 0.14 0.11 -0.08 0.36
HabitatWetland 0.24 0.14 -0.04 0.52
Elevation -0.16 0.05 -0.26 -0.06
WaterDistance -1.88 0.05 -1.97 -1.78
Jull.Crop -3.47 0.82 -5.09 -1.86
Jul2.Crop 1.50 2.22 -2.82 5.90
Jul3.Crop 4.47 2.52 -0.41 9.49
Jul4.Crop -3.57 0.86 -5.28 -1.91
Jull.Forest 0.24 0.63 -1.01 1.48
Jul2.Forest 0.03 1.19 -2.31 2.37
Jul3.Forest 0.37 1.20 -1.99 2.72
Jul4.Forest -0.11 0.46 -1.02 0.80
Jull.Developed -1.74 1.09 -3.92 0.36
Jul2.Developed 2.54 2.90 -3.07 8.31
Jul3.Developed 2.04 2.91 -3.58 7.83
Jul4.Developed -1.83 1.07 -3.96 0.23
Jull.Open -0.33 0.85 -1.98 1.33
Jul2.0Open 0.03 1.61 -3.12 3.21
Jul3.0Open 0.30 1.80 -3.20 3.86
Jul4.0Open -0.69 0.67 -2.01 0.62
Jull.Wetland 2.28 0.76 0.79 3.78
Jul2.Wetland 4.84 2.49 -0.04 9.71
Jul3.Wetland 5.33 2.49 0.46 10.23

Jul4.Wetland -1.84 0.68 -3.18 -0.50




Table S9: Posterior marginal distributions for the coefficients of the predictors of circadian
habitat selection for reproductively active female Eurasian beavers (Castor fiber) (N=39) in
southeastern Norway, 2009-2021. Smoothers have been fitted for hour of the night interacting
with habitat type using generalized additive mixed models with integrated nested Laplace
approximation using stochastic partial differential equations (INLA-SPDE). Each habitat
variable was included as a categorical variable interacting with smoothers for Julian day,
beaver ID was included as a random term and spatio-temporal correlation accounted for using

residual autoregressive correlation (AR1).

B sd 0.025  0.975
Intercept (Crop) -0.36  30.67 -60.57  59.79
HabitatForest 0.49 0.07 0.35 0.63
HabitatDeveloped -0.41 0.15 -0.71 -0.11
HabitatOpen 0.16 0.10 -0.03 0.36
HabitatWetland 0.00 0.13 -0.26 0.25
Elevation -0.13 0.05 -0.23 -0.03
WaterDistance -1.90 0.05 -2.00 -1.80
Hourl.Crop -0.42 0.38 -1.19 0.32
Hour2.Crop 3.24 0.91 1.49 5.06
Hour3.Crop 5.95 1.49 3.09 8.95
Hour4.Crop 0.12 0.37 -0.60 0.85
Hourl.Forest -0.05 0.11 -0.26 0.17
Hour2.Forest 0.37 0.26 -0.15 0.88
Hour3.Forest 0.36 0.45 -0.52 1.25
Hour4.Forest -0.01 0.12 -0.24 0.21

Hourl.Developed 0.65 0.74 -0.80 2.12
Hour2.Developed -1.59 1.73 -4.89 1.91
Hour3.Developed -2.52 3.12 -8.41 3.86
Hour4.Developed -0.23 0.79 -1.87 1.23

Hour1.Open -0.30 0.33 -0.95 0.34
Hour2.0Open -0.93 0.75 -2.38 0.56
Hour3.0Open -0.61 1.38 -3.26 2.17
Hour4.Open 0.30 0.36 -0.42 0.99
Hourl.Wetland 0.48 0.36 -0.22 1.20
Hour2.Wetland -4.34 0.82 -5.95 -2.71
Hour3.Wetland -7.37 1.40 -10.07 -4.58

Hour4.Wetland 0.41 0.41 -0.42 1.21




Table S10: Posterior marginal distributions for the coefficients of the predictors of circadian
habitat selection for non-reproductive Eurasian beavers (Castor fiber) (N=21) in southeastern
Norway, 2009-2021. Smoothers have been fitted for hour of the night interacting with habitat
type using generalized additive mixed models with integrated nested Laplace approximation
using stochastic partial differential equations (INLA-SPDE). Each habitat variable was
included as a categorical variable interacting with smoothers for Julian day, beaver ID was
included as a random term and spatio-temporal correlation accounted for using residual

autoregressive correlation (AR1).

B sd 0.025 0.975
Intercept (Crop) -0.30  31.00 -61.17  60.51
HabitatForest 1.74 0.14 1.47 2.01
HabitatDeveloped 1.22 0.30 0.57 1.76
HabitatOpen 1.48 0.18 1.12 1.83
HabitatWetland 3.43 0.21 3.02 3.84
Elevation -1.53 0.09 -1.71 -1.36
WaterDistance -0.70 0.05 -0.80  -0.60
Hourl.Crop -0.67 0.69 -2.02 0.67
Hour2.Crop 0.63 1.50 -2.21 3.69
Hour3.Crop 2.47 2.57 -2.33 7.77
Hour4.Crop 0.28 0.66 -1.06 1.52
Hourl.Forest -0.12 0.14 -0.39 0.16
Hour2.Forest -0.42 0.31 -1.03 0.19
Hour3.Forest -1.17 0.50 -2.14 -0.19
Hour4 .Forest 0.19 0.13 -0.06 0.44

Hourl.Developed -1.22 1.82 -5.25 1.88
Hour2.Developed 2.18 3.42 -3.91 9.53
Hour3.Developed 4,38 6.29 -6.48 18.18
Hour4.Developed 2.11 2.09 -1.38 6.78

Hour1.Open 1.06 0.51 0.03 2.06
Hour2.0Open -1.40 1.09 -3.51 0.78
Hour3.0Open -2.12 1.75 -5.48 1.40
Hour4.0Open -0.47 0.43 -1.29 0.39
Hourl.Wetland -0.50 0.55 -1.58 0.57
Hour2.Wetland 4.80 1.30 2.36 7.47
Hour3.Wetland 10.55 2.75 5.42 16.23

Hour4.Wetland -0.08 0.63 -1.37 1.12




Table S11: Posterior marginal distributions for the coefficients of the predictors of circadian
habitat selection for reproductively active male Eurasian beavers (Castor fiber) (N=44) in
southeastern Norway, 2009-2021. Smoothers have been fitted for hour of the night interacting
with habitat type using generalized additive mixed models with integrated nested Laplace
approximation using stochastic partial differential equations (INLA-SPDE). Each habitat
variable was included as a categorical variable interacting with smoothers for Julian day,
beaver ID was included as a random term and spatio-temporal correlation accounted for using

a replicate spatial autocorrelation model.

2.5th 0. 97.5th

Parameter Mean SD percentile percentile
Intercept (Crop) -0.43 31.18 -61.64 60.73
HabitatForest 0.79 0.07 0.65 0.94
HabitatDeveloped ~ -0.52 0.22 -0.97 -0.10
HabitatOpen 0.16 0.11 -0.05 0.36
HabitatWetland 0.67 0.13 0.41 0.92
Elevation -0.24 0.06 -0.35 -0.13
WaterDistance -2.03 0.05 -2.13 -1.93
Hourl.Crop -1.00 0.36 -1.70 -0.30
Hour2.Crop -0.68 0.78 -2.18 0.89
Hour3.Crop -0.33 1.29 -2.80 2.28
Hour4.Crop 0.96 0.34 0.28 1.61
Hourl.Forest -0.14 0.10 -0.35 0.07
Hour2.Forest -0.08 0.23 -0.53 0.38
Hour3.Forest -0.29 0.37 -1.02 0.45
Hour4.Forest 0.20 0.10 0.01 0.40
Hourl.Developed -0.94 1.08 -3.07 1.16
Hour2.Developed -1.33 2.44 -6.01 3.57
Hour3.Developed -1.47 3.94 -8.82 6.66
Hour4.Developed 0.51 0.97 -1.55 2.27
Hour1.Open 0.07 0.27 -0.46 0.60
Hour2.0Open -0.98 0.61 -2.16 0.22
Hour3.0pen -1.21 0.97 -3.09 0.72
Hour4.Open -0.03 0.24 -0.50 0.43
Hourl.Wetland 0.70 0.25 0.21 1.20
Hour2.Wetland -1.81 0.60 -2.99 -0.62
Hour3.Wetland -2.80 0.82 -4.40 -1.17

Hour4.Wetland -0.21 0.24 -0.68 0.25




Supplementary figures

Constrained refined Delaunay triangulation
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Figure S1: Example of one of the spatial meshes created using Delaunay triangularization
overlaying the three study rivers, which was used to estimate the stochastic partial differential
equations (INLA-SPDE) for the spatial temporal models. This particular mesh is made for
reproductively active female Eurasian beavers (Castor fiber) (N=39) within southeastern
Norway (2009-2021). The black areas represent GPS and available locations of the female

reproductively active beavers.
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Fig. S2: Population-level selection estimates of Eurasian beaver (Castor fiber) (N=104)
habitat selection in southeastern Norway 2009-2021. These are obtained from a generalized
linear mixed effects model using a binomial distribution with integrated nested Laplace
approximation (R-INLA) while accounting for beaver ID and year as random effects. The
95% credible intervals are displayed for around each fixed variable as vertical lines. The
dashed red line represents zero and individual estimates with credible intervals overlapping
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Figure S3: Spatial-random field for each time knot for reproductive female Eurasian beavers
(Castor fiber) in southeastern-Norway (2009-2021) (N=39). The spatial field displays the
predicted probability of beaver presence across the landscape not explained by a generalized
additive mixed effect model using integrated nested Laplace approximation and stochastic
partial differential equations (INLA-SPDE). Higher values represent a higher probability for

beaver presence, while lower represents low probability of beaver presence.
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Figure S4: Spatial-random field for each year for reproductive male Eurasian beavers (Castor
fiber) (N=44) in southeastern Norway, 2009-2021 The spatial field displays the predicted
probability of beaver presence across the landscape not explained by a generalized additive
mixed effect model using integrated nested Laplace approximation and stochastic partial
differential equations (INLA-SPDE). Higher values represent a higher probability for beaver

presence, while lower represents low probability of beaver presence.
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Figure S5: Spatial-random field for each time knot for non-reproductive Eurasian beavers
(Castor fiber) (N=21) in southeastern-Norway, 2009-2021 The spatial field displays the
predicted probability of beaver presence across the landscape not explained by a generalized
additive mixed effect model using integrated nested Laplace approximation and stochastic
partial differential equations (INLA-SPDE). Higher values represent a higher probability for

beaver presence, while lower represents low probability of beaver presence.
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Figure S6: Spatial-random field for each time knot for non-reproductive and male
reproductive Eurasian beavers (Castor fiber) (N=65) in southeastern Norway, 2009-2021. The
spatial field displays the predicted probability of beaver presence across the landscape not
explained by a generalized additive mixed effect model using integrated nested Laplace
approximation and stochastic partial differential equations (INLA-SPDE). Higher values
represent a higher probability for beaver presence, while lower represents low probability of

beaver presence.
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Abstract

Bio-logging is a common method to collect ecological data on wild animals, but might also
induce stress, reduce body condition, and alter behavior. Eurasian beavers (Castor fiber)
are a semi-aquatic and nocturnal species that are challenging to observe in the wild. Bio-log-
gers are hence useful tools to study their behaviour and movements, but this raises con-
cerns of potential negative impacts of tagging. To investigate the potential negative impacts
of glue-on tags, we compared body weight change for tagged and untagged Eurasian bea-
vers. We hypothesized that tagged beavers would gain less body weight compared to
untagged beavers, and that weight change might be affected by tagging length, tag weight,
water temperature and the season of tagging. Daily percentage body weight change in rela-
tion to initial body weight during the first capture was compared during 57 tagging periods
(18+7 days) and 32 controls periods (64+47 days). Body weight change varied between the
two groups, with untagged beavers on average gaining daily weight whilst tagged beavers
on average lost weight daily, indicating a negative effect of tagging. The average reduction
in percentage body weight change per day for tagged beavers was small (0.1 + 0.3%), and
with large individual variation. Neither tag weight, number of tagging days, nor season were
important in explaining body weight change of tagged animals. In other words, we found that
tagging reduced daily body weight during the tagging period but were unable to determine
the mechanism(s) responsible for this decline. Detrimental effects of tagging have important
implications for animal welfare and can introduce bias in data that are collected. This calls
for careful consideration in the use of tags. We conclude that studies investigating the
effects of tagging should consider individual variation in the effects of tagging and, where
possible, compare tagged animals with a control group.

Introduction

Bio-logging studies, i.e. using animal-borne devices to gather information on animal behavior,
movement, physiology, and environmental conditions, are key to increasing our
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understanding of animal behavior and ecology [1, 2]. However, negative impacts of attaching
instruments to animals can be substantial, yet are not always considered [3]. Generally speak-
ing, the impact of tag weight is a primary concern, and contemporary guidelines endorse con-
tinued miniaturization of tags [4]. The total weight of a tag should not exceed 0.7-10% of body
weight depending on the species and recommendations from different authors [5-9]. More-
over, negative effects from bio-logging can be caused by capture stress [8, 10] and vary depend-
ing on the attachment method [11]. For example, increased drag from external tags affects
energy expenditure, locomotion, and swimming speed [12], especially for aquatic and semi-
aquatic species [13-16]. Tagging may negatively impact both body condition and life history
traits such as reproduction, parental care, and survival [17, 18]. Such detrimental impacts raise
concerns around animal welfare and ethics. In addition, if the body condition, energy expendi-
ture or activity patterns of animals are affected, this can produce biased data that does not
reflect the true behaviour of the species [19, 20]. The effects of tag attachment vary among spe-
cies, individuals [16], and geographic regions [21], and require species-specific adaptations
[22]. Impacts from tagging and capture may also vary according to the sex and age of an ani-
mal [14, 23]. Assessments should therefore be made to the extent of the tag impact through
species-specific studies using different tag types [18]. Importantly, the effects of tagging on ani-
mal behaviour and body condition are often not fully understood due to the difficulty in com-
paring tagged animals with a control group of untagged individuals [24]. This should be
investigated and assessed whenever possible [25]. External attachment mechanisms for bio-
logging devices such as harnesses, backpacks, collars, and glue-on tags have been used for sci-
entific studies of numerous taxa from invertebrates to mammals [26-29]. The glue-on method
is commonly used on animals that are unsuitable to tag with a collar, and involves gluing the
tag directly onto the fur or skin of the animal with fast-curing adhesives [30, 31]. However, sev-
eral studies have found that such tags may impact animals negatively. For example, glue-on
tags affected swimming speed due to increased drag in Hawaiian monk seals (Monachus
schauinslandi) [32], increased trip duration in Antarctic fur seals (Arctocephalus gazella) [33],
changed foraging behavior in harbour seals (Phoca vitulina) [34], and caused skin abrasions
on Weddell seals (Leptonychotes weddellii) and southern elephant seals (Mirounga leonina)
[35]. Gluing tags onto the fur is a common method for tagging semi-aquatic mammals. For
animals that are insulated by blubber, such as pinnipeds, glue-on tags are expected to have lim-
ited impact on body temperature, despite potential heat leakage at the site of tag attachment
(e.g. in grey seals) [36]. However, semi-aquatic species that rely on a water-resistant fur for
insulation [37] may be more vulnerable to heat loss from glue-on tags that impair the insulat-
ing properties of their pelage [38, 39].

The Eurasian beaver (Castor fiber) together with the closely related North American beaver
(C. canadensis) are semi-aquatic and nocturnal, which makes it challenging to observe their
behavior and habitat use [40, 41]. Therefore, bio-logging is a powerful tool to study their secret
lives [42-44]. As ecosystem engineers that have large impacts on their surrounding ecosystems
[45, 46], they are often the focus of ecological studies in which bio-loggers are a valuable tool.
However, beavers have fusiform body shapes and thick necks with small heads that render the
common tagging method of collaring impossible [41, 47, 48]. Other methods to collect data on
beavers include surgically implanted transmitters [47, 49, 50], and securing devices using a
hole made in the beaver’s tail [51-55]. However, implants can cause extended recovery and
surgical complications [56], while tail mounting may cause tail injuries and reduce body
weight gain during winter [55]. Due to these challenges, glue-on tags have been utilized as an
alternative method for beaver bio-logging by the Norwegian Beaver Project (NBP) [42, 44, 57].

A study investigating short-term changes in post-tagging behaviour of beavers following
tagging with glue-on tags, found only minor alterations in behaviour through reduced activity
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levels of individuals, and four beavers remained in their lodge until the next day following
attachment of glue-on tags [58]. Another long-term study within the same population found
that the number of captures and handling events negatively affected beaver reproduction dur-
ing the first years of monitoring, but this effect subsided during the later years of the study,
possibly due to habituation of older beavers captured several times throughout their life [59].
The same study found no long-term effects related to whether a beaver had carried a tag in its
lifetime on body condition, survival or reproduction [59].

Changes to body condition or body weight in beavers as a result of glue-on tags have not
yet been studied during the tagging period. Beavers usually gain body weight from spring to
fall and decrease body weight in winter when food availability is scarce [60, 61]. Young beavers
tend to gain more body weight than adults, with the weight of beavers peaking at around 10
years of age, and adult females tend to have larger body masses than males in spring and sum-
mer [59]. The aim of this study was to investigate potential negative impacts of tagging on the
body weight change of beavers by comparing tagged and untagged (control) individuals. We
also aimed to identify variables related to tagging that could influence weight change, while
controlling for potential effects of year, age, and sex. We hypothesized that glue-on tags would
reduce the rate of body weight gain in beavers and predicted that tagged beavers would gain
less body weight during the tagging period compared to untagged beavers. Secondly, we
hypothesized that negative impacts of tagging on beaver body weight would be exaggerated
during the colder months in spring and fall, and at colder water temperatures when beavers
spend more energy on thermoregulation, and have lower food access compared to the warmer
summer months [45]. Lastly, we hypothesized that the negative effect of tagging on body
weight change might be exaggerated by the increased tag weight and duration of the tagging
period.

Materials and methods
Study area and beaver population

We studied beavers in the NBP study site. This site consists of three connected rivers-Gvarv
(59° 386’ N, 09° 179’ E), Straumen (59° 29’ N, 09° 153’ E), and Sauar (59° 444’ N, 09° 307’ E)-
which all discharge into lake Norsjo in Vestfold and Telemark County, Norway. The mean
annual air temperature is 4.6 Celsius and annual precipitation is 790 mm [59, 62]. Human set-
tlements, semi-agricultural landscapes, and forested woodlands are scattered throughout the
study area [62]. Eurasian beavers have inhabited the area since the 1920s [63]. Hunting pres-
sure in the area is low [64], and the population is considered to be at carrying capacity [42, 62,
64]. Beaver territories border each other, so there are few unoccupied stretches of the river. In
total, 25-30 beaver families inhabit the study area and they have been continuously monitored
since 1997 [42, 65, 66].

Capture and handling, and details of study individuals

We studied 57 beavers that had been captured as part of ongoing research. Specifically, every
year between March and November, beavers were captured as part of a long-term capture-
mark-recapture study and for tagging purposes [65, 67]. The NBP has studied beavers for over
20 years with 1,560 live captures. We attempted to reduce capture-related stress by not captur-
ing the same beaver several times a year, which resulted in a lower sample size of untagged bea-
vers (control group) compared to tagged beavers. Beavers were caught at night with nets from
a boat or onshore [68], and transferred into a cloth bag for handling. All beavers included in
this study were handled while awake with no use of anesthesia. Captured animals were micro-
chipped and ear-tagged for identification [69]. Each beaver was sexed, based on the color and

PLOS ONE | https://doi.org/10.1371/journal.pone.0261453 December 23, 2021 3/19


https://doi.org/10.1371/journal.pone.0261453

PLOS ONE

Bio-logging on body weight change of the Eurasian beaver

viscosity of the anal-gland secretion [70], weighed (tagged beavers were weighed with the tag
during attachment, and without the tag after removal) and measured for body size, tail length,
and tail thickness [65, 71]. Beavers were subsequently released back to the place of capture
after 20-40 minutes. Age was assigned based on body weight if not captured for the first time
as a kit or yearling. Individuals captured for the first time weighing between >17 and <19.5 kg
were assigned a minimum age of two years and a minimum age of three years when over
>19.5 kg [72]. We classified the beavers into age groups based on prior knowledge of rate of
body weight change for different ages. Beavers aged between 2-3 years were defined as ‘young’
(i.e. individuals that are still growing), those between 4-10 were classified as ‘adult’ (fully
grown with a lower body weight gain compared to young beavers). Beavers aged 11-17 were
classified as ‘old’ (showing signs of senescence, such as loss of body weight). The average age
when beavers in our study population tend to die or disappear is 9-10 years independent of
their sex [67], but beavers in the wild can live up to 20-24 years of age [73-75]. We have had
several beavers older than 10 years in our study area, with a maximum age of 17 included in
the dataset [65, 76].

Tagging procedure

Since 2009, glue-on tags have been the main attachment method under the NBP. From 2009 to
2020, beavers were equipped with tags sized approximately 12 x 12 x 1.2 cm with tag weight
varying according to logger weight and the materials used (total logger weight: 159 + 36 g,
range: 124-267 g). Every tag unit consisted of a VHF transmitter (18 x 35 mm, 10 g; Reptile
glue-on series R1910; Advanced Telemetry Systems, Isanti, MN, USA) in combination with a
global positioning system (GPS) device-model G1G 134A; Sirtrack, Havelock North, NZ

(50 x 70 mm, 24 g), or model Gipsy 5 GPS; TechnoSmart, Rome, Italy, (48x21 mm, 27.8 g).
Most beavers were also equipped with triaxial accelerometers (15 x 90 mm, 62 g; JUV Elektro-
nik, Schleswig-Hollstein, GER) or a Daily Diary (52 x 29 x 22 mm, 62 g with waterproof cas-
ing) developed by the SLAM lab at Swansea University, UK. During a few tagging sessions, a
time-depth recorder (67 x 17 mm, 30 g; model MK9 Archival Tag, Wildlife Computers Inc,
Redmond, WA, USA) was used instead of a GPS or accelerometer. The loggers were attached
to a piece of coarse polyester, secured with cable ties and glue (both to the polyester and to
each other), to assure all parts remained in one unit until retrieval of the tag.

The tag was glued onto the lower back of the beaver, 15 cm above the base of the tail irre-
spective of beaver body size, using a two-component epoxy resin (System Three Resins,
Auburn WA, USA) [58] (Fig 1). Note that tags were covered with a 4.5 mm mesh net (Mgrenot
Fishery AS, More and Romsdal) on both sides to prevent the glue from reaching the skin of
the beaver which may cause heat or chemical burns (Fig 1). After attaching the tag to the bea-
ver, we waited for the glue to harden, and rinsed the beaver and tag with cold water if we regis-
tered a rise in temperature that may harm the beaver. Temperatures above 50°C cause damage
to the skin of animals [77], but laboratory analysis using similar glues as we applied, showed
that three types of epoxy glue never reached temperatures above 34°C [35]. We monitored the
temperature of the glue with our hands while wearing latex gloves. The whole capture, han-
dling and attachment process took between 20-40 minutes. Tagged beavers were usually
recaptured after 2-3 weeks, and the tag was cut out of the fur using a scalpel, which took
approximately 10-40 minutes. We defined the tagging period from the time the tag was
attached on the beaver until the beaver was recaptured and the tag removed. If the tag fell off
by itself, the beaver was not recaptured, and the body weight difference from the beginning to
the end of the tagging period could not be estimated. These tagging events were therefore not
included in the analysis. The weight of each tag was estimated by adding together the weights
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Fig 1. Process of tagging a Eurasian beaver (Castor fiber) using glue-on tags within the study area in southeastern
Norway. Attachment of the tag using two-component epoxy glue (a), release of the beaver with the tag attached (b),
removal of tag by cutting it out of the outer fur using a scalpel (c), and the tag following removal (d). Photos: Patricia
Graf.

https://doi.org/10.1371/journal.pone.0261453.g001

of the individual loggers and an average weight of the materials used for attachment. We
weighed 21 tags post-removal (and after having removed the data loggers) to estimate the aver-
age weight of the glue and materials used for attachment; this was 90 + 27 g, and we therefore
added this as a constant to each tag weight.

Ethical statement

Ethical committees within the Norwegian Food Safety Authority (most recent authorization
FOTS ID 15947) and the Norwegian Directorate for Nature Management (most recent autho-
rization 2014/14415 ART-VI-ID) approved this study, including all handling and tagging pro-
cedures. To our knowledge, none of the beavers in this study were injured due to capture and
handling. Unfortunately, one beaver was found deceased in the entrance of the lodge during
the tagging period but cause of death and whether it was related to tagging could not be deter-
mined based on a necropsy by the Norwegian Veterinary Institute. The study complied with
the ASAB/ABS Guidelines for the treatment of animals in behavioral research and teaching
[78]. The study was also carried out in compliance with the ARRIVE guidelines [79].

Data preparation

We used percentage body weight change between initial and the subsequent capture of tagged
and untagged beavers as an indicator of change in body condition. Tagged beavers were
included if their body weight was measured both when the tag was attached (capture) and
removed (recapture). Untagged beavers were only included in the control group if captured
twice between March-November in a given year, in order to calculate their daily body weight
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change between the two captures. We first estimated total body weight change (%) between
the two captures, and then divided this by the number of days between capture and recapture
to obtain daily body weight change (%) in relation to the initial body weight (at first capture).
The percentage weight of the tag in relation to the initial beaver body weight was also calcu-
lated, which we hereby refer to as relative tag weight (%).

Glue-on tags were only used on beavers after 2009, so we only included observations of
tagged beavers during or following that year (2009-2020), while observations of untagged bea-
vers were included from 2006-2020. Prior to 2006, the beavers were weighed with less accu-
racy, and these observations were therefore not included. Four of the female territory owners
included in the study were pregnant in the period between captures. We conducted our analy-
sis both with and without these individuals included, and because they did not impact the
model selection or model estimates, they were retained in the dataset. Similarly, four tagged
beavers were older than the maximum age of the untagged beavers (13 years old), which
increased the average age of the tagged beavers. We also tried to exclude these older tagged
beavers from the analysis, but this did not influence model selection or model estimates, and
they were therefore retained in the dataset. Most of the study beavers have been monitored
over many years, and some were included several times in the dataset, either as tagged or
untagged (S1 File).

We defined season according to the months in which the majority of the days between cap-
tures fell within. Observations with the majority of days during March-May were defined as
spring, June-August as summer, and September-November as fall. We obtained average water
temperature measurements in Celsius from the Norwegian Water Resources and Energy
Directorate (NVE) for each river system during the periods beavers carried the tags. Water
temperatures were not monitored within the study area itself, and we therefore had to rely on
data from the same watershed to indicate water temperature. For Sauar, we used water temper-
ature data from Kirkvoll located on the Tinnaa river that runs into Heddal lake, which repre-
sents the start of Sauar river. For Straumen, we obtained water temperatures from Kilen in the
Kilai river than runs into Flavatn, which represents the start of the Straumen river. For Gvarv,
we used water temperature information from the Horte river, which merges with the Gvarv
river just above the study area.

Statistical analysis

We divided the analysis into two parts. First, we modelled the daily body weight change (%) as
a function of tagging status (tagged or untagged), including age group, season and sex as possi-
ble confounding variables. Second, for tagged beavers, we modelled total body weight change
(%) in relation to initial weight as a function of tagging season, relative tag weight (%), average
water temperature during the tagging period, sex, age group, and the duration of tagging. We
excluded the six tagged beavers for which we could not obtain water temperature data in this
analysis. For both analyses, we used linear mixed models (LMM) with a Gaussian distribution
and the R package Ime4 [80]. Beaver ID and year were included as crossed random effects on
the intercept in both analyses to account for pseudoreplication of repeated sampling of the
same individual and yearly variations. In part one of the analysis we included interactions
between the tagging status of the beaver (tagged or untagged) and its sex, age group and the
season of tagging. The recommended steps from Zuur, Ieno and Elphick [81] were followed
for data exploration. All numerical variables were tested for collinearity and were found not to
be correlated (Pearson r coefficient <0.6) and with a cut-off of variance inflation factor (VIF)
< 3 [82]. We visually assessed collinearity between numerical and categorical variables using
boxplots. The beavers’ social status was collinear with age and was therefore excluded from the
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analysis. Season of tagging and water temperature were also collinear, so we included them
both in different models.

We constructed a set of candidate models with separate combinations of the explanatory
variables for both parts of the analysis. Model selection was based on Akaike’s Information
Criterion (AICc) values for small sample sizes [83, 84], and carried out with the R package
MuMlIn using the "model.sel” function [85]. To avoid selecting complex models that add little
additional information compared to a similar nested model, we selected the most parsimoni-
ous model among the candidate models separated with less than <2 AAICc from the top
model [86, 87]. For each explanatory variable included in the most parsimonious model, we
calculated the 95% confidence interval, and if it overlapped with zero, the variable was consid-
ered uninformative. We plotted the Pearson residuals of the most parsimonious model against
fitted values to inspect for non-normality and heterogeneity [88]. We also plotted the model
residuals against each variable included and not included in the most parsimonious model,
and fitted a smoother to check for potential non-linear patterns in the residuals. Lastly, we sim-
ulated residuals from the model using the package DHARMa and plotted the residuals against
expected and fitted values to observe deviations from the expected distribution [89]. All data
analyses were performed with R version 4.0.3 (R Development Core Team 2020).

Results

We analyzed beaver body weight change across 89 periods (tagging periods or between cap-
tures of untagged beavers) of 57 individual beavers (S1 File). We included 57 tagging periods
(20 females, 22 males), and 32 control periods (14 females, 13 males). Of these,11 beavers were
tagged more than once, while 13 were included with more than one control period, and 13
beavers were included as both tagged and controls at different times (S1 File). The mean age of
the two groups differed by 1.8 years, and the mean number of days between captures was

18 + 7 days for tagged beavers and 64 + 47 days for untagged (Table 1). Water temperature var-
ied among tagging periods between 1.29 to 15.87 Celsius. The relative tag weight (%) consti-
tuted 0.8 £ 0.2% (range, 0.5-1.4%) of the initial body weight of the beavers. Between captures,
untagged beavers gained an average of 23 g per day, while body weight of the tagged beavers
declined by 13.7 g daily (Table 1). Percentage daily body weight change was on average 0.1%
for untagged and -0.1% for tagged beavers, but with considerable individual variation (Fig 2).
The largest decline in body weight among the tagged beavers was for an individual that lost
2,333 g (11.5% reduction) over a 14-day tagging period; this constituted 0.8% daily weight loss.
Amongst the tagged beavers, 57% of the tagging periods caused a decline in body weight, but
42% of the tagged beavers gained body weight. Two (7%) of the untagged beavers declined in
body weight between captures, while 93% gained body weight. Visual observations during tag
removal indicated that the amount of fur remaining post-tagging varied. The extent was not
documented consistently, but we believe it had a negligible impact on measured body weight.

Table 1. Overview of the two Eurasian beaver (Castor fiber) groups (tagged and untagged) in relation to number
of days between captures, and total and daily body weight change between the captures in southeastern Norway
2006-2020. Each variable is presented as the mean with standard deviation and the total range within the parenthesis.

Tagged Untagged
Days between captures 18 + 6.6 days (8-43) 64 + 46.8 (5-139)
Age 6.7 + 3.5 years (2-17) 4.9 + 3.0 years (2-13)
Average total body weight change -220.7 + 953.5 g (-2,333-2,077.8) 1,156.9 + 953.5 g (-500-3,500)
Average daily body weight change -13.7 £ 59.4 g (-166.64-115.43) 23 + 3.0 g (-66.67-149.63)
Average daily body weight change % -0.1 +0.3% (-0.82-0.57) 0.1+ 0.2% (-0.27-0.75)

https://doi.org/10.1371/journal.pone.0261453.t001
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Fig 2. Daily percentage body weight change between captures for Eurasian beavers (Castor fiber) in southeastern
Norway 2006-2020. Tagged beavers are shown in black while untagged are shown in dark grey.

https://doi.org/10.1371/journal.pone.0261453.g002

For some beavers, underfur appeared intact, while others had open patches with no underfur

remaining.

Daily weight change (%) in tagged versus untagged beavers

The most supported model retained tag presence and age group as fixed effects (Table 2). Pre-
dicted daily body weight change of tagged beavers was -0.04 g (CI: -0.18-0.09), while predicted
daily body weight change of untagged beavers was 0.20 g (CI: 0.07-0.32; Fig 3 & Table 3). Age
group was uninformative (95% confidence intervals overlapped zero) in explaining daily body
weight change for tagged and untagged beavers (Table 3). The interactions between tag pres-
ence and either sex or season were unsupported. The diagnostic plots indicated acceptable
model fit using a Gaussian distribution (S1 File).
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Table 2. The model selection results investigating the percentage daily body weight change between two subsequent captures of Eurasian beavers (Castor fiber) in
southeastern Norway (2006-2020). Each model represents a linear mixed effect model with year and beaver ID included as random effects. Potential fixed effects
included in each candidate model are age group of the beaver, season of tagging, sex of the beaver, and whether the beaver was tagged or not. The plus signs indicate which
variables were included in each candidate model. Degrees of freedom (df), log likelihood (logLik) and model AIC weight (w) are provided for each candidate model.
Results for the best supported model are shown in bold.

Intercept AgeG Season Sex
-0.04 | +
0.00
0.08 | +
-0.09 | + +
0.09 | + +
0.03 | + +
-0.08 | + + +
-0.08 | + + +
-0.11 | + + +
-0.11 | + + +

https://doi.org/10.1371/journal.pone.0261453.1002

Tag AgeG*Tag Season *Tag Sex “Tag df logLik AICc AAICc w

+ 7 4.36 6.66 0.00 0.90
4 -2.27 13.01 6.35 0.04
6 -0.47 13.96 7.30 0.02
+ + 12 6.55 15.01 8.34 0.01
7 -0.39 16.16 9.49 0.01
8 0.48 16.83 10.17 0.01
+ + + 13 6.57 17.72 11.06 0.00
+ + 13 6.57 17.72 11.06 0.00
+ + 14 6.76 20.15 13.49 0.00
+ + + 15 6.76 23.05 16.39 0.00
o
~
o
o~ 5
p
0.51 o
>
© o .
© 8
- 8
()] o
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)]
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Fig 3. Estimated daily weight change (%) between captures for tagged and untagged Eurasian beavers (Castor
fiber) in southeastern Norway (2006-2020). The prediction is based on a linear mixed effects model using percent
daily body weight change as the response variable. The horizontal lines represent the 95% confidence intervals around
each mean.

https://doi.org/10.1371/journal.pone.0261453.g003
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Table 3. Effect size (B), adjusted standard error (SE), lower (LCI), and upper (UCI) 95% confidence interval of explanatory variables in the most parsimonious
model analyzing percentage daily body weight change between two subsequent captures of Eurasian beavers (Castor fiber) in southeastern Norway (2006-2020).
The intercept includes the ‘young’ age group of beavers. The informative parameters are shown in bold, and the marginal (R’m) and conditional (Rc) R squared is given
for the model overall.

[ SE LCI ucI R’m R%c
Intercept (Tagged) -0.04 0.07 -0.18 0.09 | 0.16 0.40
TagUntagged 0.20 0.06 0.07 0.32
AgeGroup (Adult) -0.05 0.06 -0.16 0.07
AgeGroup (Old) 0.00 0.09 -0.18 0.18

https://doi.org/10.1371/journal.pone.0261453.t1003

Total weight change (%) in tagged beavers between tag attachment and
removal

The null model was the most supported model; none of the explanatory variables (relative
weight of tag (%), average water temperature during the tagging period, sex, age group, season,
and length of the tagging period) were retained in the model selection to explain total body
weight change (%) (Table 4).

Discussion

We investigated the effects of glue-on tags on body weight change of Eurasian beavers. We
found support for our first hypothesis that tagging reduced beaver body weight gain during
the tagging period (and actually led to body weight loss) compared to untagged beavers that
generally gained body weight. Our hypothesis that tagged beavers should gain less body weight
during the colder months of the year or with colder water temperature was unsupported.
Moreover, we found no evidence that relative tag weight or the number of tagging days
affected beaver body weight. The tagged beavers did, however, display individual variation

Table 4. The model selection result, investigating percentage body weight change during tagging of Eurasian beavers (Castor fiber) in South-Eastern Norway
(2009-2020). Each model represents a linear mixed effects model with beaver ID included as a random effect. Potential fixed effects included in each candidate model are
tag weight as a percent of initial beaver body mass (tag weight %), age group of the beaver, number of days tagged, season of tagging, sex, and average water temperature
during the tagging period. The plus signs indicate the categorical variables included, and values are given for numerical variables that were included in each candidate
model. The intercept includes the ‘young’ age group of beavers. Candidate models were ranked based on AICc, and the range of AAICc <2 are shown in bold. Degrees of
freedom (df), log likelihood (logLik) and AIC weight (w) is provided for each candidate model.

Intercept |Age group |Relative tag weight % |Taggingdays |Season |Sex |Average water temperature |df logLik AICc delta |w

-1.44 4.00 | -144.08 | 297.03 0.00 | 0.78
-1.59 | + 6.00 | -143.96| 301.83 4.80| 0.07
-3.22 | + 0.09 7.00 | -143.37| 303.35 6.32| 0.03
-0.37 | + -0.14 7.00 | -143.47| 303.53 6.50 | 0.03
-0.14 | + -2.12 7.00 | -143.75| 304.10 7.07 | 0.02
-1.40 | + + 7.00 | -143.89| 304.39 7.36 | 0.02
-2.05 | + 0.10 -0.14 8.00 | -142.79 | 305.01 7.98 | 0.01
-1.54 | + + 8.00 | -143.22| 305.88 8.85| 0.01
-1.90 | + -1.75 0.09 8.00 | -143.23| 305.88 8.85| 0.01
-3.36 | + 0.10 | + 9.00 | -142.66 | 307.70| 10.67 | 0.00
-1.93 | + 0.10 + -0.14 9.00 | -142.73| 307.86| 10.83| 0.00
-1.79 | + -1.65 0.09 + 9.00 | -143.15| 308.70| 11.66| 0.00
-1.81 | + -2.10 0.09 | + 10.00 | -142.44| 310.39| 13.36| 0.00
0.07 | + -2.46 0.09 + -0.16 | 10.00 | -142.46| 310.42| 13.39| 0.00
-1.79 | + -2.00 0.09 | + + 11.00 | -142.41| 313.59| 16.56| 0.00

https://doi.org/10.1371/journal.pone.0261453.t1004
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with some tagged beavers gaining body weight, while most lost body weight during tagging.
The average daily weight loss in tagged beavers of 13 g (0.1%) appears small, but importantly
indicates that tagged beavers were (on average) unable to gain weight compared to untagged
beavers that gained 23 g (0.1%) daily. This difference between the two groups, as well as some
tagged beavers displaying considerable declines in body weight, indicates that tagging can have
a negative impact on beavers.

Control groups

We included a control group of untagged beavers in our study, who mostly increased daily
body weight between captures in line with previous studies [61]. Comparing tagged animals
with a control group may help quantify the impact of tagging and avoid conclusions based on
statistical artifacts that may arise without one [90]. While the weight loss of tagged beavers in
our study was small on average, this was in direct contrast to untagged beavers who saw a
small increase in body weight. Many bio-logging studies lack a control group due to the chal-
lenges with monitoring wild animals that are not tagged, which may influence the conclusions
of these studies. Other semi-aquatic mammals such as the Eurasian otter (Lutra lutra) [91] and
platypus (Ornithorhynchus anatinus) [92] tagged with glue-on tags displayed no apparent
adverse effects. However, the authors did not compare the tagged animals with an untagged
control group, which may impact the results.

Defining a true control group to include in wildlife studies can bring additional challenges.
In the current study, there was a large difference in the number of days between the captures
in the control group (mean = 64 days) and the tagged individuals (mean = 18 days). This could
potentially lead to biases, requiring a careful interpretation of the results. In wild populations,
it can be challenging to capture a sufficient number of individuals (both for logistic and eco-
nomic reasons) to have a control group that is directly comparable to the tagged animals.
Here, we accounted for confounding variables such as age group, sex, season, year and individ-
ual variation. Despite controlling for these, we failed to identify any variables related to the tag-
ging process aside from the presence of a tag that drove the observed negative effects,
suggesting further investigation is needed.

Relative tag weight and drag

The decline in body weight of tagged beavers was not exaggerated by the relative weight of the
tag. If added weight was the main cause for the lower body weight gain, we would expect bea-
vers that carried heavier tags, or carried the tag over a longer period to display the strongest
decline in body weight. The tags made up between 0.5-1.3% of the initial body weight of the
tagged beaver, which is well below both the 3% and 5% limits suggested by several studies [7].
A meta-analysis reviewing 214 studies of birds tagged using various tag types and attachment
methods, found that negative effects of tagging were only apparent when tags weighed more
than 1% of the bird’s body weight [17]. As most of our tags were below this 1% threshold, we
would not expect to observe a strong effect due to relative tag weight.

The shape of the tag and its location on the body of an animal may be more important than
tag weight, as these factors directly impact tag-induced drag; something that is essential for
animals moving in fluid media [12, 93]. For example, drag created by an external tag might
increase energy expenditure, thereby increasing foraging time [94, 95]. A simulation study on
grey seals (Halichoerus grypus) showed that shape of a tag is much more important than its
size, e.g. a larger but more streamlined tag can reduce drag by 22% in swimming seals com-
pared to a smaller but conventionally shaped tag [93]. We did not record the size or shape of
the tag attached to beavers, and can therefore not directly analyze the drag impact. However,

PLOS ONE | https://doi.org/10.1371/journal.pone.0261453 December 23, 2021 11/19


https://doi.org/10.1371/journal.pone.0261453

PLOS ONE

Bio-logging on body weight change of the Eurasian beaver

the relatively slow swimming speed of Eurasian beavers compared to other aquatic or semi-
aquatic species may make them less susceptible to negative impacts from tag-induced drag.
Indeed, drag is influenced by the speed and acceleration of the tagged animal, with slower
moving animals not relying on high acceleration to capture prey being less impacted [9]. Great
cormorants (Phalacrocorax carbo) were only negatively affected by drag from a tag at swim-
ming speeds >1.4 m/s [4]. Beavers rarely swim faster than 0.8 m/s when swimming at the sur-
face [96], and 0.6 m/s when diving [97]. The tags used on beavers here are usually above the
surface of the water when beavers are swimming, and the beavers spend only 3% of their active
time diving [57]. Thus, we speculate that the tag-induced drag impact of the glue-on tags used
here may have been relatively small. However, we cannot make certain conclusions regarding
drag in tagged beavers, and future studies should attempt to address this.

Tagging season and tag removal

The season of tagging did not impact body weight change of the beavers, and neither did water
temperature in the river. A study of the impacts of tags on North American beavers in Minne-
sota, USA, that used different tagging methods (tail tags and implants) found no difference in
body weight between tagged and untagged individuals during summer, but tagged animals lost
more body weight in winter [55]. We did not tag beavers during the winter months, which
might partly explain why we did not observe a seasonal effect. Beavers may be more susceptible
to negative tagging effects during winter due to the colder winter temperatures and lower
access to green plants during this time. In ice free areas beavers may even increase their active
time and time spent foraging during winter, and tagging during this time may represent an
additional stressor [96]. Semi-aquatic species are in an especially energetic precarious position
due to changing temperature conditions in water and on land [37]. A major concern with
attaching a tag to the fur of a semi-aquatic animal is how it impacts the thermal insulation
properties of the fur [36]. Beaver fur consists of a protective overlayer of coarse guard hairs
and an underlayer of fur-wool [98], functioning as a thermal barrier in both air and water [99].
Beavers groom regularly to maintain the waterproof properties of the fur [100, 101] and a
glued patch will impair their ability to groom that patch, which might cause heat loss. Addi-
tionally epoxy used to attach the tag has a higher thermal conductivity than fur, and therefore
may act as a source of increased energy expenditure [36]. Grey seals tagged with glue-on tags
displayed no apparent heat loss when wet, but heat loss was clear when animals were dry [36].
We would recommend that future studies apply thermal imaging to measure differences in
surface temperature of tagged beavers both when they are wet and dry.

Following tag removal, we observed cases in which the underfur was left intact, but also
occasions where patches with no underfur were left on the beaver. Fur loss may be exaggerated
by excessive amounts of glue and attachment too close to the skin. The damaged patch left
after tagging beavers with glue on tags usually takes 3 to 4 months to be restored [58]. Thus,
the open patch may be a source of heat loss until the fur is regrown, further reducing body
weight because resources are invested into thermoregulation. Future studies should explore
whether the negative effects on body weight continues after tag removal. Skin irritation or
major wounds following tagging has not previously been documented with glue-on tags on
beavers, with the exception of one beaver included in our study with a small wound under-
neath the logger. Tagging of nutria (Myocastor coypus) using glue-on tags on the tail caused
sloughing of the skin [102], which we did not observe in our beavers. There is always a trade-
off between minimizing the amount of glue in order to reduce damage to the beaver fur, and
so minimize the compromise to thermal insulation and using sufficient amounts to ensure
that the tag remains attached to the beaver for the required duration.
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Tagging length, handling and individual variation

The length of the tagging periods varied between 8 to 43 days. While we attempted to recapture
beavers after 2-3 weeks for tag removal, some were retrieved earlier due to different battery
capacities of the loggers. Some beavers also evaded capture and carried the tag for longer time
periods. Despite the considerable variation, we did not find that tagging length affected body
weight change. A comprehensive long-term study in the same population of Eurasian beavers
found that beaver body mass and litter size (in old individuals only) decreased with increasing
number of captures [59]. However, this effect was less clear during the later years of the proj-
ect, indicating possible habituation towards capture and handling [59]. A previous tagging
study from the same area also found that tagged beavers tend to spend more time in the lodge
during the night they were tagged compared to later in the tagging period [58]. Upon capture,
tagged beavers are typically handled for longer time periods than non-tagged beavers, due to
the extra time required to attach and remove the tag. However, as we cannot monitor the spa-
tial movements of untagged beavers, we cannot conclude on whether this behavior is driven
by the capture itself or related to carrying the tag. Future tagging studies should attempt to
reduce handling time during tagging as much as possible to mitigate any potential negative
impacts.

We found considerable individual variation among the tagged beavers, and while the
majority lost body weight during tagging, some tagged beavers also gained body weight. In
comparison only two of the untagged beavers lost body weight between captures. This indi-
cates that it is unusual for beavers to lose body weight between spring and autumn (March and
November). Thus, body weight loss in 57% of the tagged beavers is a cause for concern. Habit-
uation to both capture and tagging could go some way to explain why some tagged beavers
gained body weight, and this would be interesting to explore in future studies with additional
data on body weight gain of the same individuals during several tagging periods.

Conclusion

Our study emphasizes the importance of using a control group to investigate tagging effects on
wildlife. We found a negative effect on beaver body weight change during the tagging period,
but with considerable individual variation amongst tagged individuals. These findings might
have implications regarding animal welfare and the validity of data collected [103, 104]. The
large variation among tagged beavers illustrates how effects of tagging should not only be stud-
ied by comparing averages among tagged and untagged individuals, but also by analyzing indi-
vidual impacts. The negative effect of tagging did not vary as a function of the confounding
variables (sex, age, relative tag weight, tagging duration, season, water temperature) we exam-
ined. This means we found no support for our hypothesis that relative tag weight would nega-
tively impact tagged beavers, but the drivers of the observed body weight loss should be
investigated further. The observed changes in body weight might be caused by stress associated
with capture [105, 106] as tagging usually requires longer handling time, and such impacts on
body condition do not necessarily mean that the beavers change their activity patterns or spa-
tial movements [58], or prolonged effects after tag removal, but this should be investigated fur-
ther. Especially the duration of weight loss in tagged beavers remains uncertain, and this
should be explored in relation to environmental conditions and food availability that may
exaggerate negative effects during tagging. Glue-on tags are used as a relatively short-term tag-
ging method on beavers, and the cumulative body weight loss observed was not extensive in
comparison to their total body weight. Nevertheless, any decrease in body weight gain during
tagging may be important in terms of individual animal welfare especially considering that
untagged animals by comparison tended to increase their body weight. Assessing potential

PLOS ONE | https://doi.org/10.1371/journal.pone.0261453 December 23, 2021 13/19


https://doi.org/10.1371/journal.pone.0261453

PLOS ONE

Bio-logging on body weight change of the Eurasian beaver

negative impacts of tagging on both a population and individual level should therefore be a pri-
ority for all research projects applying tags on wild animals.
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Supporting information

Table S1: Overview of tagging periods and control periods of Eurasian beavers (Castor fiber)

in southeastern Norway (2009-2020). Name of the beaver, age, days between subsequent

captures, initial weight at first capture, season and whether it was tagged or not is provided for

every period. Also included is how many tagging periods and control periods included for

each beaver.

Number |Number

of of Days

tagging control between Initial
Name Age | Tagged |periods periods captures weight (kg) | Season
Anders 5|No 1 1 108 19.80 | Summer
Anders 4|Yes 1 1 14 20.23 | Spring
Andreas
Bjorn 3| No 0 1 93 18.60 | Summer
Angus 2| No 0 1 68 16.00 | Summer
Anna 7|Yes 1 0 15 23.12 | Spring
Apple 3| No 2 1 28 21.50 | Autumn
Apple 3|Yes 2 1 19 21.38 | Autumn
Apple 5] Yes 2 1 20 20.83 | Spring
Aragorn 3| No 1 1 132 18.80 | Summer
Aragorn 2| Yes 1 1 31 22.38 | Autumn
Asle 4| No 0 1 116 18.00 | Spring
Athena 6|Yes 1 0 12 21.93 | Spring
Belinda 3|No 1 1 6 20.02 | Autumn
Belinda 3|Yes 1 1 12 20.92 | Autumn
Bram 14| Yes 1 0 19 19.38 | Summer
Caesar 3|No 1 2 139 23.50 | Summer
Caesar 5|No 1 2 108 20.70 | Summer
Caesar 7|Yes 1 2 14 17.52 | Spring
Carl 5|No 0 1 125 17.00 | Summer
Chris 5|No 0 2 83 20.00 | Summer
Chris 5|No 0 2 84 19.00 | Spring
Darwin 5|No 2 2 126 20.00 | Summer
Darwin 10| No 2 2 65 18.90 | Summer
Darwin 5|Yes 2 2 15 19.38 | Spring
Darwin 10| Yes 2 2 22 20.32 | Summer



Eirik 3| No 0 1 13 19.50 | Spring
Franky 6 | No 0 1 58 23.00 | Summer
Frode 5|No 0 2 103 21.50 | Spring
Frode 5|No 0 2 31 22.50 | Summer
Froydis 4| No 0 1 111 19.50 | Spring
Gronn 5|No 0 1 110 20.50 | Summer
Gunn Rita 4| No 0 1 16 22.00 | Summer
Hanna

Christi 3 |No 0 2 23 20.50 | Autumn
Hanna

Christi 3| No 0 2 133 17.60 | Summer
Hanne 3|No 0 1 62 22.00 | Summer
Hanne

Synnove 4| No 0 1 71 22.00 | Summer
Harald 5|No 0 1 69 21.50 | Summer
Havar 3| No 0 1 46 19.00 | Spring
Hazel 5|Yes 4 0 43 24.27 | Autumn
Hazel 9|Yes 4 0 9 20.83 | Spring
Hazel 10| Yes 4 0 39 22.33 | Autumn
Hazel 11]|Yes 4 0 21 21.83 | Spring
Helgenen 4| No 0 1 86 20.00 | Summer
Horst 6|Yes 1 0 18 22.83 | Autumn
Ikea 13| Yes 1 0 17 22.73 | Autumn
Ivo 4| Yes 3 0 14 20.88 | Spring
Ivo 6|Yes 3 0 14 18.98 | Spring
Ivo 9] Yes 3 0 18 20.42 | Summer
Jan Marc 5] Yes 3 0 20 22.37 | Spring
Jan Marc 6|Yes 3 0 20 22.83 | Autumn
Jan Marc 6|Yes 3 0 15 21.93 | Summer
Jobu 4| No 0 1 103 18.00 | Summer
Jodie 14| Yes 2 0 13 24.83 | Spring
Jodie 17| Yes 2 0 22 19.83 | Spring
Jon 5|No 0 2 154 20.50 | Summer
Jon 3|No 0 2 145 21.00 | Summer
Jorn 5|No 0 2 132 20.00 | Summer
Jorn 8 | No 0 2 59 19.00 | Spring
Kathrin 7|Yes 1 0 12 25.34 | Autumn
Kjartan 8| Yes 1 0 29 23.38 | Autumn
Kolbjorn 3| No 0 1 15 18.50 | Summer
Kyle 4| Yes 2 0 15 22.88 | Autumn
Kyle 6| Yes 2 0 14 22.43 | Summer
Lars 5| Yes 1 0 12 23.72 | Autumn
Lasse 3| No 1 1 27 19.00 | Spring



Lasse 7|Yes 1 1 25 22.88 | Spring
Laura 2| Yes 1 0 14 20.88 | Spring
Laurits 13| Yes 1 0 22 18.82 | Spring
Leaf 6 | No 1 1 6 24.70 | Autumn
Leaf 3| Yes 1 1 15 20.88 | Autumn
Leigh 12| Yes 1 0 18 22.63 | Spring
Leslie 2| No 0 1 9 18.00 | Summer
Live 5|Yes 1 0 8 23.35| Autumn
Loran 7|No 0 2 107 24.50 | Summer
Loran 9| No 0 2 124 24.00 | Summer
Malena 7|No 1 1 48 24.00 | Spring
Malena 7|Yes 1 1 14 24.88 | Spring
Marta 7| No 0 1 26 25.50 | Spring
Mason 3| Yes 2 0 12 14.58 | Spring
Mason 6| Yes 2 0 27 17.67 | Spring
Mattanja 3|Yes 1 0 12 17.82 | Spring
Maximus 2|Yes 1 0 13 16.92 | Spring
Mikkel 7| Yes 1 0 17 25.22 | Summer
Moritz 3| No 1 2 15 23.40 | Summer
Moritz 3 |No | 2 133 21.40 | Summer
Moritz 5|Yes 1 2 17 24.88 | Summer
Morten 6|Yes 1 0 20 18.83 | Spring
Moses 7|Yes | 0 14 23.83 | Summer
Nanna 5|Yes 1 0 20 22.88 | Spring
0Odd Arne 5|Yes 1 0 14 24.52 | Summer
Oddi 5|No 0 1 44 18.00 | Spring
Orjan 3| No 0 3 154 23.00 | Summer
Orjan 5|No 0 3 86 24.00 | Summer
Orjan 8| No 0 3 68 24.00 | Spring
Paddy 12| No 3 1 57 25.30 | Summer
Paddy 5] Yes 3 1 10 24.83 | Spring
Paddy 6|Yes 3 1 13 25.83 | Autumn
Paddy 7|Yes 3 1 23 25.33 | Spring
Randi 5|No 0 1 29 20.50 | Summer
Rudolf 6| Yes 1 0 14 20.88 | Spring
Sara 4| No 0 1 36 22.50 | Spring
Solveig 3|Yes 1 0 29 21.18 | Autumn
Sonja 5|No 0 1 127 23.50 | Summer
Stina 4 |No 0 2 81 19.50 | Spring
Stina 10| No 0 2 38 21.00 | Spring
Suzanne 4| No 0 1 88 17.60 | Summer
Takehode 4| No 0 2 91 20.00 | Spring
Takehode 4| No 0 2 70 23.50 | Summer



Tanja 13| No 2 1 117 19.50 | Summer
Tanja 11|Yes 2 1 19 21.88 | Summer
Tanja 15| Yes 2 1 22 18.42 | Summer
Terje 7| No 0 1 119 20.00 | Summer
Thatcher 8| No 0 1 93 23.00 | Summer
Thomas 3| No 0 1 5 22.00 | Spring
Trude 4| No 0 1 133 22.00 | Summer
Unni 2| No 0 2 39 20.00 | Summer
Unni 5|No 0 2 42 24.00 | Spring
Victoria 4| Yes 1 0 15 22.08 | Spring
Waltraut 6|Yes 2 1 13 24.58 | Autumn
Waltraut 7| Yes 2 1 16 23.02 | Summer
Waltraut 3| No 2 1 70 19.00 | Autumn
Yasmin 4| Yes 1 0 14 22.68 | Spring
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Fig. S1: Residuals versus fitted values from the most parsimonious model analyzing

percentage daily body weight change between two subsequent captures of Eurasian beavers

(Castor fiber) in southeastern Norway (2006-2020).
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Fig. S2: Model residuals plotted against each numerical variable included and not included in
the most parsimonious model analyzing percentage daily body weight change between two
subsequent captures of Eurasian beavers (Castor fiber) in southeastern Norway (2006-2020).

A smoother have been fitted to visualize any non-linear patterns in the residuals.
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Fig. S3: Simulated residuals from model simulations using the DHARMa package from the
most parsimonious model analyzing percentage daily body weight change between two
subsequent captures of Eurasian beavers (Castor fiber) in southeastern Norway (2006-2020).
The left panels show deviations from the expected distribution, while the right panel displays
residuals against fitted values. The KS test results tests for whether the correct distribution is

utilized.
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