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Abstract. Individual patterns of habitat use emerge from behavioral decisions driven by interactions
between landscape characteristics and individual traits. Individual traits, such as age and sex, influence the
net gain of using habitats and associated resources, and thus the relationship between size and composi-
tion of the home range. However, the pathways from individual variation in home range size and composi-
tion to habitat selection are rarely fully explored. We investigated how habitat selection in moose (Alces
alces) was a result of individual traits and home range characteristics, that is, we described the pathway
from home range to habitat selection. The study was conducted at two spatial scales during two contrast-
ing seasons. Home range size and composition varied with sex, with season, and to some extent with age.
Males had larger home range size, and the composition of their home ranges changed more with home
range size than for females. The general trend was that moose used habitats according to availability more
in winter than in summer, that is, a weaker habitat selection in winter than in summer. Sex and age
explained little of the variation in habitat selection, but sex had a pronounced effect on the relationship
between home range size and composition. Because habitat availability (i.e., home range composition) is a
component of habitat selection, it suggests that varying habitat use partly compensates for sex-specific dif-
ferences in home range composition, which in turn results from home range settlement. Hence, although
males and females showed similar habitat selection, they differed in the underlying mechanisms generat-
ing the pattern of habitat selection. These complex interactions between individual traits and environmen-
tal variation have consequences for how we understand the relationships between landscape
characteristics, individual behavior, and fitness.
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INTRODUCTION

Individual variation in resource use reflects the
cost-benefit trade-offs in behavioral decisions (Cat-
tarino et al. 2016). In animals, individuals often
show large variation in how they trade-off among
reproductive effort, predation avoidance, and ener-
getic intake. Because such factors also vary in space
and time, we observe spatio-temporal variation in
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resource use both within and among individuals
(Beyer et al. 2010, Bjerneraas et al. 2011). In turn,
such complex relationships among components of
resource use affect the demography and dynamics
of animal populations by influencing individual
vital rates (Losier et al. 2015, Bacon et al. 2017).
However, our understanding of the individual
variation in the pathways from landscape charac-
teristics to resource use remains limited.
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Sex, age, and body size affect resource use
through several mechanisms. Body size is
expected to be positively related to home range
size due to positive relationships with energy
requirements (McNab 1963), and better capacity
to utilize low-quality forage (Muller et al. 2013).
Moreover, since the use of a specific habitat type
is assumed to reflect the trade-off between forag-
ing and anti-predation opportunities (Lima and
Dill 1990), habitat use is expected to vary with
sex and reproductive status (Mysterud et al.
2004, Main 2008). For example, females with off-
spring tend to maximize offspring survival and
exhibit lower use of high-quality resources than
males, if such resources are associated with
higher mortality risk (White and Berger 2001).
As a consequence, males and females often have
different habitat use, home range size, and com-
position (Conner et al. 1999, Main 2008, Ofstad
et al. 2016). However, the behavioral mecha-
nisms behind these differences are often unclear.

Habitat selection is defined as the dispropor-
tionate use of habitat types relative to their avail-
ability (Johnson 1980, Lele et al. 2013), and will
therefore vary with changing habitat use and/or
availability. In heterogeneous landscapes, indi-
vidual home ranges will often differ with respect
to availability of a given habitat type and its
associated resources. Likewise, the availability of
different habitat types may vary with the size of
the home range at a given location, and conse-
quently, home range size may affect the strength
of habitat selection. Availability dependence has
been termed a functional response in habitat
selection (Mysterud and Ims 1998) and can gen-
erate considerable variation in habitat selection
among individuals (Beyer et al. 2010). Accord-
ingly, the influence of habitat availability on
habitat selection is therefore important to con-
sider (Johnson 1980, Beyer et al. 2010, Lele et al.
2013).

The difference in net gain among habitat types
varies with season. In temperate areas, large her-
bivores often find deciduous leaves and herba-
ceous plants to be highly digestible and plentiful
in summer, but mainly absent in winter, whereas
twigs of deciduous trees and conifers are less
digestible and often abundant throughout the
year (Blair et al. 1977, Rochelle 1980). Accord-
ingly, the cost and benefit of different habitat
types may vary among seasons and result in
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season-dependent use and selection (Rettie and
Messier 2000, Bjorneraas et al. 2011). Moreover,
because a high animal density will decrease a
habitat’s value relative to other habitat types
(Fretwell and Lucas 1969), selection for a habitat
type may also be affected by the distribution of
competitors across the landscape (Fretwell and
Lucas 1969, Sutherland 1996, van Beest et al.
2014). This will affect all components of habitat
selection described above and may generate
complex relationships between individual char-
acteristics and habitat distribution over multiple
spatial and temporal scales.

Here, we assessed how habitat selection by
moose (Alces alces) varies according to sex and
age, and across spatial scales and seasons. Moose
depend on a variety of resources that vary across
the landscape and between seasons (Wam and
Hjeljord 2010, Felton et al. 2016), and resource
and habitat selection may be influenced by fac-
tors occurring at several spatial scales (Herfindal
et al. 2009, Van Moorter et al. 2016). This pro-
vides an extension of a previous study in the
same population (Herfindal etal. 2009) by
including GPS locations of moose from both
summer and winter, and covering the entire 24-h
period. This means that we cover periods of for-
aging and rumination during both day and
night. Like most cervids, the activity level of
moose shows circadian variation and is typically
highest at dusk, night, and dawn (Godvik et al.
2009, Bjerneraas et al. 2011).

The overall aim of this study was to examine
whether individual traits influence the pathway
from landscape characteristics to individual
habitat selection. To do so, we first assessed the
relationship between home range size and com-
position. Males have larger energetic needs than
females (Ofstad et al. 2016), and due to their
smaller sizes, females and calves should be less
able to utilize lower-quality forage (Muller et al.
2013). Accordingly, with regard to home range
properties, we predict females to have smaller
home ranges and show a weaker relationship
between home range composition and size. Con-
cerning habitat selection, we predict females to
be more selective of higher-quality forage than
males and show a stronger selection for closed
habitats as to reduce predation risk and increase
offspring survival (Main 2008). However, since
both males and females are likely to benefit from
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nutrient-rich forage (Seether et al. 1996, Markus-
sen et al. 2019), we predict both to show a posi-
tive functional response for higher-quality
habitat types (Fortin et al. 2008). If the relation-
ship between home range size and composition
differs between males and females, it suggests
that a similar habitat selection for males and
females may occur through differential change in
habitat use and/or availability. However, this
could result in different functional response in
habitat selection.

METHODS

Study area and habitat variables

The study population is located at the island of
Vega in northern Norway (65°39'N, 11°54'E),
about 30 km from the mainland. The population
was founded by three individuals that swam
across from the mainland in 1985. In the follow-
ing years, the population increased, and since
1992, annual harvesting has kept the population
size at about 30-50 animals during winter. The
population is productive, and 86% of females
>2 yr old are accompanied by offspring with an
average of 1.29 calves per cow per year. Natural
mortality is very low, and mortality is mainly
due to harvesting (Kvalnes et al. 2016).

The climate on the island is oceanic, with mild
and wet winters (12 December—26 February,
mean temperature is 0.8°C, SD = 4°C; daily pre-
cipitation is 4 mm, SD = 6 mm) and short peri-
ods with snow cover (mean snow depth of
2.3 cm, SD = 7.4 cm). The mean daily summer
(18 May—14 September) temperature and precipi-
tation were 12.7°C (SD = 3°C) and 1.95 mm
(SD = 4.4 mm) during the study period.

The landscape of Vega is characterized by for-
ests, open heathland, and farmland (mainly grass
production), as well as unproductive and alpine
areas above the tree line (8% of total area, based
on aerial photograph and ground surveys; Angel-
off et al. 2004). The forest consists mainly of
deciduous trees (9% of total area), interspersed
with Scots pine (Pinus sylvestris, 4%) and Sitka
spruce (Picea sitchensis, 4%; Angeloff et al. 2004).
Moose locations were only occasionally found in
ocean (0.06%) and in unproductive areas (0.34%),
and these areas were excluded from the analyses.
We differentiated between open (mainly heath-
land, farmland, and alpine areas) and forested
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habitats, and characterized the habitat types by
their understory vegetation. We focused on open
areas dominated by grass (>50% grass cover, 36%
of the island), short herbs (8%), or heath (Ericac-
ceae, 31%), and deciduous forests where the
understorey was dominated by bilberry bushes
(8%) and tall herbs (8%), while the remaining
areas consisted of human settlements and unpro-
ductive areas such as alpine mountains. These
five combinations of cover and understorey repre-
sent habitat types that are frequently used by
moose and expected to influence moose spatial
behavior (Bjerneraas et al. 2011, 2012, Van Moor-
ter et al. 2016, Herfindal et al. 2017).

GPS data and ecological seasons

In 1992 and 1993, all moose on Vega were
radio-collared, and since 1994, most new recruits
and immigrants to the island have been collared
(pre-2004, VHEF; post-2003, GPS collars). Addi-
tionally, moose with malfunctioning collars are
routinely recollared (Seether et al. 2004). In the
present study, we used data from 52 adult indi-
viduals (1 yr and older) collared with GPS from
2004 to 2015. Relocations were taken at one-hour
intervals and were screened for errors following
Bjorneraas et al. (2010) before analyses. Individu-
als were followed for on average 2.8 yr and
included relocation data from at least half of their
last season (winter, summer). On average, we
used 2117 locations per individual during sum-
mer and 1252 during winter. Males (n = 18) and
females (n = 34) were on average 5.2 and 6.2 yr
old during the study period.

We divided the year into ecological seasons
following the clustering method of Basille et al.
(2013). We included daily proportional usage of
all habitat types and movement parameters, such
as turning angle, movement rate, and persis-
tency, as the mean of a 5-d moving window. The
method clusters continuous periods of similar
behavior, which is assumed to reflect the envi-
ronmental variables of interest to moose. The
season delimitation analysis was done separately
for each sex. Onset of autumn was the same for
both sexes, but females started summer 14 d ear-
lier than males. Onset of summer for females
coincided with calving. Using the summer onset
of females, we defined a common summer going
from 18 May to 4 September. Females and males
showed an onset of early spring at 25 and 27
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February, respectively, but no shift in habitat use
and movement characteristics marked the onset
of winter in females. Using the males’ onset of
winter, winter started 12 December and lasted to
26 February.

Home range properties

We used Brownian bridge density estimator
(BB, Horne et al. 2007) to estimate individual
home ranges per season and year. BB estimates
the probable location during a given time period
and is better for estimating space use in areas with
hard boundaries, such as an island (Horne et al.
2007). The Brownian motion drift coefficient, sigl,
was estimated with the function liker in the pack-
age adehabitatHR (Calenge 2015) in R version
3.3.2 (R Core Team 2017). GPS accuracy (sig2) was
assumed to be 10 m and kept constant for all ani-
mals throughout the study period. The Brownian
motion parameter (sigl) is a feature of animal
movement that reflects among-individual sources
of variation such as in behavioral strategies and
landscape characteristics (Horne et al. 2007).
Using a single Brownian motion parameter for all
individuals might introduce a bias or confound
among-individual sources of variation in space
use. Consequently, we calculated the Brownian
motion parameter individually (sigl: median =
1.8, 2.5-97.5% percentile: 0.98-5.34). We could
then carry these relationships forward and disen-
tangle them explicitly in habitat selection analy-
ses. We extracted the 90% estimate of the BB
home ranges to delineate seasonal home ranges
per individual. To avoid that sample size influ-
ence of home range size (Borger et al. 2006), we
tested at what sample size the estimates of home
range size leveled off. We estimated an asymptote
after 430 relocations (using the R-package SiZer,
accounting for moose id, and the three-way
interaction between year, season, and sex) and
removed all moose-year-seasons with fewer than
430 relocations. As a result, we ended up with 52
individuals and 243 individual moose-year—
season home range estimates in the analyses.

Habitat use and selection

Proportional habitat use was calculated as the
probability density of the 90% BB that fell inside
each habitat type i per moose-year-season. Like-
wise, we calculated the home range composition
as the proportional distribution of different
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habitat types within season-year home ranges.
At the home range scale, selection ratio was cal-
culated as proportion use;/proportion available;,
using habitat availability within each home
range (third-order selection). With this approach,
the depended variable is similar to the regression
coefficients obtained in a resource selection func-
tion approach (RSF; Lele et al. 2013). However,
by analyzing the selection ratio we get a better
understanding of how habitat selection is the
outcome of both use and availability. We ana-
lyzed these separately to get a better understand-
ing of how individual characteristics influence
the individual components of habitat selection.
On the landscape scale, that is, the whole island,
we estimated selection ratio as the ratio between
home range availability and landscape availabil-
ity (second-order selection, Avail;jr/Avail;1g) to
determine whether individual home ranges were
a random sample from the landscape. This
allowed wus to disentangle potential scale-
dependent habitat selection. Finally, we esti-
mated spatial variation in population density
using the density of locations per season-
year-habitat, divided by the total density of
locations in the target habitat types, that is,

(nLocs;/Area;)/ (Z':ZS nLocs;/ Z;ZS Areai). When

1

calculating the mean across years, the estimate of
each year was weighted according to the propor-
tion of the population that was marked a given
year. The weighting had negligible effect on the
results compared to ordinary mean but ensured
that the annual sample size was weighed accord-
ing to parameter certainty. A spatial measure of
density allowed us to evaluate habitat use
against the level of conspecific competition in the
different habitat types.

Statistical analyses of habitat selection against
individual traits, landscape, and home range
characteristics

Because of large variation in sample size
among habitat types, and to simplify the statisti-
cal modeling, we analyzed availability and selec-
tion ratios separately for each habitat type.
Strength of evidence for a given model was
assessed using AIC, (Burnham and Anderson
2002). In models with interaction effects, the
presence of higher-order interactions always
included their lower-order effects. All analyses
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were done in R statistical software version 3.3.2
(R Core Team 2017) using the Ime4 package
(Bates 2010), with moose identity and year
included as random intercepts to account for
interdependence in the data (Bolker et al. 2009).
Parameter estimates are presented with 95%
confidence intervals based on bootstrapping (in
square brackets). Home range size was In-
transformed in all analyses where it was the
dependent variable, to reduce heteroskedasticity.
Age-specific changes in home range characteris-
tics were also evaluated by calculating within-
individual changes in home range characteristics
and habitat use from year to year (eg.,
HR sizeyeary — HR  sizevears—1). The annual
changes were then assessed according to two age
classes (young = 14 yr old and old = 5-14 yr
old). This grouping was based on a trade-off
between capturing the age-dependent life history
characteristics of moose (Seether et al. 2004, Mys-
terud et al. 2005, Markussen et al. 2018) and
minimizing the sample size differences among
age classes (Borger et al. 2006).

Habitat selection was assessed by fitting a lin-
ear mixed model with In-transformed seasonal
selection ratios (to restrict predictions to positive
values) at both home range and landscape scale,
as response variable. The explanatory variables
included sex, season, age, and seasonal home
range size. If there were sex-specific cost—benefit
trade-offs of utilizing a habitat (e.g., dense cover)
that differed between seasons, the interaction
between sex and season should receive statistical
support. Age was included in a three-way inter-
action with sex and season to account for poten-
tial differences between males and females in
body mass variation with age, as this may influ-
ence the cost-benefit ratios of utilizing a habitat.
Finally, we included a three-way interaction
between home range size, season, and sex to
assess potential differences in the cost-benefit
ratios of a habitat type in relation to movement
costs associated with the size of the home range.

On home range scale, we assessed functional
responses in habitat selection by regressing the
individual selection ratios of habitat type 7 on the
individual home range relative availability of
habitat type i. We also included the two-way
interaction between relative availability and
home range size. A significant interaction reflects
that moose habitat selection responds to absolute
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habitat availability or that there is a trade-off
between gains of using a habitat against the costs
of acquiring it. Because males and females may
differ in behavioral strategies, for example, pre-
dation—energy trade-off, we also included the
three-way interaction between availability, sex,
and season.

To test whether the choice of density estimator
affected the results, we also used a fixed kernel
density estimator (KDE) to estimate individual
home ranges and repeated the above analyses.
However, this did not lead to qualitatively differ-
ent results (see Appendix S2, all other references
to supplementary material will refer to
Appendix S1).

REesuLTs

Home range properties

Home range size.—Males had larger home
ranges than females during summer (mean
across within-individual means: males = 9.78 km?
[SD = 4.71]; females = 3.51 km? [1.49]), but not
during winter (males = 3.83 km? [SD = 1.89];
females = 3.66 [1.77], Fig. la, Appendix SI:
Table S1). Home range size showed a small, but

statistically insignificant increase with age
(within-individual ~AHR =0.04 [-0.94;0.99],
Fig. 1b).

Habitat characteristics.— At both the landscape
scale and the home range scale, open grassland
was the most available habitat type, while the
deciduous habitat was the least available, espe-
cially among males (Fig. 1c). Open grassland
was also used the most and deciduous bilberry
forest the least (Fig. 1e). However, when consid-
ering the aggregated intensity of use at the popu-
lation level, that is, density of relocations of all
individuals, deciduous forest was most inten-
sively used, and particularly deciduous tall herb
forest (Fig. le). Among habitat types, only open
short herb-land changed in both use and avail-
ability with age, and deciduous bilberry forest
and tall herb-land changed in use and availability,
respectively, with age (Fig. 1d, f; Appendix Sl:
Tables S2, S3).

Home range composition—size relationship.— As
expected, we found that relative habitat avail-
ability was related to home range size (Fig. 2,
Appendix S1: Table S2). The relationship
between the availability of open short herb-lands
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Fig. 1. Variation in home range characteristic according to habitat type (deciduous forests with understorey
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(Fig. 1. Continued)

consisting primarily of bilberry [DB] or tall herbs [DT], and open landscapes with grass [OG], heath [OH], or
short herbs [OS]), sex, season, and age class (young: <5 yr and old: >4 yr) for moose on Vega. Points and bars
show the mean and associated standard error, and the mean was first calculated within individual and then
across individuals. The influence of age (black dots; panels b, d, f) is estimated using linear mixed models with
moose identity and year as random intercepts, and by using only age class as explanatory variable. (a) Home
range size (90% Brownian bridge estimate) among females (light) and males (dark) in summer (green), and
females and males in winter (blue bars), and (b) change in home range size with age among subsequent years.
Habitat composition and use among habitat types (landscape availability in bold line), sex, and season (c, e), and
how this change (d, f) between subsequent years for young and old animals. Colored points in panels c and e
represent a population density estimate per habitat type compared to overall density per season (relative number

of observations per m? right axis).

and home range size changed between seasons,
and the availability changed according to both
sex and season, that is, two two-way interactions
(Fig. 2e; Appendix S1: Table S2). In all other
habitat types, the relationship between habitat
availability and home range size differed
between males and females, and between sea-
sons (three-way interaction between home range
size, sex, and season, Appendix S1: Table S2).
According to the highest ranked models
(Appendix S1: Table S2), composition generally
changed more with increasing home range size
among males than females (i.e., higher mean
effect size, Fig. 2), especially the abundance of
poorer habitat types such as open heathland.
Moreover, males showed larger seasonal changes
in the home range size—composition relationship
than females. Finally, there was a general trend
that deciduous forest habitats decreased in rela-
tive availability with increasing home range size
(Fig. 2a, b).

Habitat selection

General patterns of habitat selection.— According
to the highest AIC.-ranked models (Appendix S1:
Table S4), we found that home ranges contained
more deciduous tall herb forest, and less decidu-
ous bilberry forest and open heathland com-
pared to the overall availability on the island
(Appendix S1: Table S6). Within the home
ranges, open grassland was available as expected
from the landscape composition. At the land-
scape scale, males selected deciduous bilberry
forests and open short herb-land more than
females (Appendix S1: Table S4). Within home
ranges, males also selected more open short
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herb-lands in summer than in winter (Appendix S1:
Table S6). Females showed significantly higher
landscape selection for deciduous bilberry forests
in summer (female—male, across 25-75 percentile
of observed home range size and habitat avail-
abilities: deciduous bilberry forests = 0.66 [0.10;
1.24]), but lower landscape selection for short
herb-land (open short herb-land = —0.69 [-1.12;
—0.16]).

Following the AIC. ranking (Appendix S1:
Table S5), habitat selection on the home range
scale was significantly different between males
and females for habitat types that showed no sex-
specific differences at the landscape scale; that is,
sexes differed for all habitat types except for open
short herb-land and deciduous bilberry forest.
However, only for open grassland in summer did
the overall difference significantly deviate from
zero (female-male, across 25-75 percentile of
observed home range size and habitat availabili-
ties: open grassland = —0.19 [-0.30; —0.07]).

For all habitat types, the selection at the land-
scape scale differed between seasons (Appendix S1:
Table S4) and there was also evidence for sea-
sonal differences at the home range scale for
deciduous tall herb forests, open grassland, and
open short herb-lands (Appendix S1: Table S5).
At the landscape scale, the seasonal differences
in habitat selection for open grassland and decid-
uous bilberry forest differed between males and
females (Appendix S1: Table 54). More complex
relationships between habitat selection, traits,
and home range properties were found at the
home range scale. Sex-specific differences were
found between habitat selection and age class
(deciduous tall herb forests and open heathland),
and habitat selection and home range size
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Fig. 2. The relationship between availability of a habitat within the home range and size of the home range in
moose on Vega using 90% Brownian bridge home range estimates. Summer and winter are shown with black
and gray lines, respectively, and females and males are shown with circles/dashed lines and squares/solid lines,
respectively. Plotted lines are the predicted relationships from the highest ranked habitat-specific model in
Appendix S1: Table S1 for (a) deciduous bilberry forest, (b) deciduous tall herb forest, (c) open grassland, (d)

open heath-land, (e) open short herb-land.

(deciduous tall herb forests, Fig. 3; Appendix S1:
Tables S4, S5).

Habitat selection, habitat availability, and home
range size—According to the highest ranked
models, there were significant relationships
between habitat selection and home range size at
both scales for most habitat types (Figure 3;
Appendix S1: Tables 54, S5). The landscape selec-
tion ratios for open grassland and heathland
increased with increasing home range size,
whereas selection for deciduous bilberry forest
decreased (Appendix S1: Table 54). Seasonal dif-
ferences in selection ratios were often small and
primarily governed by differences in availability
and home range size (Fig. 3; Appendix S1:
Table S5). At the landscape scale, open habitat
types were more selected during summer (sum-
mer-winter: open grassland = 0.02 [—0.26; 0.36],
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open short herb-land = 0.23 [0.04; 0.42], open
heathland = 0.18 [0.10; 0.27]). In contrast, decid-
uous forest habitat types were more selected dur-
ing winter, with sex-specific seasonal differences
in the selection for deciduous bilberry forest
(deciduous bilberry forestpemale = —0.17 [—1.25;
0.79], deciduous bilberry forestyjae = —0.69
[—1.89; 0.22], deciduous tall herb forest = —0.19
[-0.32; —0.06]). Within home ranges, only open
short herb-land was significantly more selected
during winter (—0.13 [-0.22; —0.03]).

We found evidence for functional response in
habitat selection for all habitat types at the home
range scale (Appendix S1: Table S5). Moreover,
the relationship between selection ratios and
availability was modulated by home range size;
that is, animals responded to the absolute amount
of available habitat (Appendix S1: Table S5).
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Fig. 3. The relationship between selection ratio of a habitat type within the home range and home range size

of males (solid lines) and females (dotted lines) during summer (upper row) and winter (bottom row), at sex-spe-
cific 10, 50, and 90 percentile of relative habitat availability (from dark blue to yellow) for moose on Vega. From
left, the columns represent (a, f) deciduous bilberry forest, (b, g) deciduous tall herb forest, (c, h) open grassland,
(d, i) open heath, (e, j) open short herb-land. The values are predicted for old individuals following the highest

ranked habitat-specific models (Appendix S1: Table S6).

Habitat selection ratios tended to increase with
increasing home range size (Fig. 3). Only selection
for open grassland and deciduous tall herb forest
differed between sexes (Appendix S1: Table S5),
and female habitat selection increased faster with
home range size than male habitat selection
(Appendix S1: Table S4). Overall, individuals
showed higher selection for habitat types with
increasing relative availability, indicating special-
ization toward that habitat type (Fig. 3).

DiscussioN

Habitat selection is the outcome of individual
characteristics, the landscape animals inhabit,
and the relationships among these (Godvik et al.
2009, van Beest et al. 2016, Thurfjell et al. 2017).
We found large individual variation in habitat
selection ratios in moose, of which only a small
proportion was explained by sex, age and sea-
son. However, the underlying components, the
size and composition of home ranges, as well as
their interaction, differed between the sexes as
well as between summer and winter. An
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understanding of these differences in processes
and mechanisms of habitat use and selection
would not have been revealed if we focused sim-
ply on habitat selection as a function of sex and
season. Regardless of how analyses of habitat
selection are performed, we need to understand
the underlying mechanisms and how they co-
vary due to behavioral strategies and landscape
distribution. This understanding enables us to
predict how habitat use can be expected to differ
between areas according to both individual traits
and landscape characteristics.

The amount of resources available to an ani-
mal depends on the habitat composition of its
home range and the home range size. Several
theories such as the metabolic theory (McNab
1963) and marginal value theorem (MVT, Char-
nov 1976) predict that animals should have lar-
ger home ranges in more marginal habitats, a
pattern that is confirmed for several taxa (Herfin-
dal et al. 2005, Nilsen et al. 2005, Morellet et al.
2013). Our results provide similar support, even
on the high-productive and spatially constrained
island of Vega. Regardless of home range size,
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females tended to exhibit similar home range
composition, whereas males showed large differ-
ences in the availability of the different habitat
types with increasing home range size (Fig. 2). In
general, larger home ranges had lower propor-
tions of habitats that provide cover and higher-
quality forage, and females had more than males
(Figs. 1, 2). The sex differences in home range
composition were most pronounced during sum-
mer. Summer is the period when environmental
variation has the greatest impact on life history
traits in moose (Herfindal et al. 2006). Calves are
at their smallest and grow most rapidly during
summer, making calves and lactating females
highly dependent on nutrient-rich and highly
digestible forage (Franzmann and Schwartz
2007). Even small changes in forage quality can
therefore have large fitness consequences (the
multiplier effect; White 1983).

The sex-specific relationship between home
range size and habitat composition did not neces-
sarily translate into sex-specific relationships
between home range properties and selection
ratios (Fig. 3; Appendix S1: Tables 54, S5). The dif-
ferences between male and female home range
composition (Fig. 1c and e) and home range size—
composition relationships (Fig. 2) may explain
why the often markedly differences in selection
ratios between males and females (Fig. 3) became
negligible after accounting for home range prop-
erties. Although there was a negative relationship
between home range size and availability of
deciduous tall herb forests in both males and
females (Fig. 2b), only females showed a corre-
sponding increase in the selection of this habitat
type with increasing home range size (Fig. 3b).
This suggests that females increase their use of
higher-quality resources with increasing home
range size, but not males. Such sex-specific pat-
terns are expected from sexual segregation theory
(Main 2008) because females benefit more from
higher-quality forage due to their smaller body
mass, and therefore should be less willing than
males to trade off forage quality for quantity
(Main 2008, Miller et al. 2013). Consequently,
females may choose to relocate themselves to
areas meeting several requirements, such as for-
age quality and cover (Main 2008), by landscape
scale selection. This will result in more similar
habitat compositions across all home range sizes
(Fig. 2). Within home range, however, our results
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suggest that males and females compensate for
variation in habitat quality through different
mechanisms: Females adjust their habitat selec-
tion, whereas males adjust their home range size.

It is often found that large herbivores at low
population densities increase the selection of ben-
eficial habitat types with increasing relative habi-
tat availability, that is, a positive functional
response (Losier et al. 2015, van Beest et al. 2016,
Mason and Fortin 2017). Fortin et al. (2008)
showed how energy maximizing species should
specialize their habitat selection with increasing
habitat availability when at low density. Our
results largely confirm such habitat specialization
(Fig. 3), which we also expected given that our
study population does not show signs of density
dependence in any life history trait (Seether et al.
2007). However, we did not find support for sex
differences in functional responses per se (habitat
selection as a function of relative habitat availabil-
ity, Mysterud and Ims 1998). This may be because
the functional response results from changing use
and/or availability. For instance, we found the rel-
ative availability of open grasslands to decrease
with increasing home range size in summer for
males, but the opposite for females (Fig. 2¢). Still,
there was no sex-dependent functional response
in the selection of this habitat type (Appendix S1:
Table S5). This suggests that females increase
their use of grasslands with increasing home
range size, whereas males reduce their use of it.
As males and females adjust habitat selection by
different mechanisms, the end results may be
similar when interpreted as the relationship
between habitat selection and relative habitat
availability.

We found that the functional response was
modified by home range size. This may be
because the individual responds to absolute
habitat availability, rather than relative habitat
availability. Alternatively, it may reflect the effect
of changing habitat composition with increasing
home range size (Fig. 2) and consequently a
change in the cost-benefit ratio in terms of ener-
getic intake of using a specific habitat type
(Fig. 3). We generally observe higher selection
ratios among animals with larger home range
size. The average travel distance between forage
patches will in a given landscape increase with
home range size, and consequently also increase
optimal residence times (Charnov 1976), that is,
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stronger habitat selection. The tendency of higher
increase in selection among females than males
emphasizes the conclusion above about sex-
dependent foraging strategy: Females with larger
home range also had higher selection ratios,
whereas this relationship was weaker for males
(Fig. 3).

Negative functional responses in habitat selec-
tion is usually attributed to factors resulting in
diminishing returns to fitness with increasing rel-
ative availability, such as increased predation risk
or reduced nutrient uptake (Mysterud and Ims
1998, Godvik et al. 2009). Negative functional
responses were observed in open grasslands
(Fig. 3¢, h) and deciduous tall herb forests during
winter (Fig. 3g). Although open grasslands are
expected to be favorable for ungulates (Bjorneraas
et al. 2012), they provide no cover from predators
(Godvik et al. 2009) and may not provide a wide
enough diet for browsing ungulates that require a
diverse diet (Felton et al. 2016). Moreover, since
open grasslands are very common on the island
and also within the home ranges (Fig. 1c), indi-
viduals may use the habitat type according to
availability and therefore not show any selection.
Conversely, deciduous tall herb forests provide
both higher-quality forage and cover, which could
lead to specialization. However, this habitat type
has the highest levels of local competition (Fig. 1c,
e) and is selected at larger spatial scale. These two
factors reduce both fitness benefits of increasing
the use of this habitat type (Fretwell and Lucas
1969) and the need for selection at smaller spatial
scales (Rettie and Messier 2000, Van Moorter et al.
2016). This illustrates how habitat selection is
affected by several mechanisms, not only the
habitat type’s intrinsic quality.

Performing complex analyses require that we
keep in mind the fundamental processes driving
the observed patterns (Cagnacci et al. 2010). Our
choice of methods is similar to alternative meth-
ods of analyzing habitat selection, such as
resource selection functions, in terms of ques-
tions they address, the importance of defining
available habitat, and the influence of habitat
availability (Lele et al. 2013, McDonald 2013).
However, by analyzing the variation in selection
ratio it becomes more transparent that habitat
selection is a compound trait consisting of both
habitat use and availability, and that both factors
vary according to individual and landscape
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characteristics. With increasingly detailed sam-
pling of animal movement, future studies can
explore how habitat availability and use co-vary
over shorter time-frames, and how this varies
among species or individuals (Herfindal et al.
2017). In order to make results transferable and
capture small-scale patterns, it is also important
to account for the local landscape characteristics
(Paton and Matthiopoulos 2016). The interaction
between home range size and relative habitat
availability confirms this conclusion within a
selection ratio approach.

Here, we have used a study population with
no detectable density dependence (Seether et al.
2007) combined with extensive information
about habitat distribution in a well-defined land-
scape with known extent. The detailed knowl-
edge about the landscape composition and the
population strengthens inferences on the rela-
tionships among space use components from the
individual level to the population level. Through
this approach, we have gained a better under-
standing of the processes that shape space use
and have learned more about individual varia-
tion in the mechanisms that shape habitat selec-
tion. With this information, we are better
equipped to predict habitat selection across
study areas and to know where to expect differ-
ences to occur.
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