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ABSTRACT

Population sizes and species distributions of wild ungulates in Europe have increased during the past decades,
and continue to do so. As a result, browsing pressure in forests is increasing and concerns about the effects of
increasingly common multi-species deer communities on forestry are rising. However, we currently lack an
understanding of how the composition of deer communities affects browsing damage, particularly with respect
to the role of species with different dietary requirements. Further, the relative importance of predictors of
browsing damage in systems with multiple browsers remains elusive. Here, we used data from Swedish man-
agement, which is monitoring ungulates and their damage to forests, to test how deer densities, forage avail-
ability, and winter severity predict browsing damage on commercially important Scots pine (Pinus sylvestris) at
national and regional scales. Moose (Alces alces) is the main browser of Scots pine, but competes with other deer
over more preferred forage. During winter, a higher index of moose density was associated with higher browsing
damage in northern Sweden, where there is low competition from other deer. In southern Sweden, competition
from other deer is higher and a higher density index of roe deer (Capreolus capreolus) was associated with higher
winter damage. However, there was no relationship between moose density and damage. We suggest that moose
are forced to browse more pine due to interspecific competition over alternative forage resources in the south,
yielding stronger relationships between densities of competing deer species and damage than between moose
density and damage. Pine density, a proxy for forage availability, was an equally or more important determinant
for browsing damage as deer density indices in most regions. Increasing pine density was associated with re-
duced browsing damage caused in winter in all regions and reduced damage caused in summer in central
Sweden. Increased winter severity, as an index of snow depth, predicted increased winter damage in the
northern region only. To reduce winter damage, our results suggest that management should consider deer
densities and forage availability simultaneously, while adopting a multi-species approach. Results varied among
regions, with densities of other deer being more relevant in the south and winter severity more relevant in the
north. Management data did not predict summer damage well. Since national models did not capture regional
variations, we conclude that management decisions and actions need to be tailored to the regional or local scale.

1. Introduction

or wildlife watching, at the same time population increases may lead to
strong browsing and grazing pressures, limiting production in forestry

Across Europe, deer numbers and species distributions have in-
creased partly as a result of wildlife management actions, including
adapted harvesting strategies, species (re)introductions, and translo-
cations (Apollonio et al., 2010; Ferretti and Lovari, 2014). In parallel,
human land-use has been intensified (Iacolina et al., 2019) and con-
tributed to increasing deer numbers through improving forage avail-
ability and habitat suitability (Presley et al., 2019). While increasing
deer populations may provide ecosystem services, e.g. through hunting
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and agriculture. As a result, human-wildlife conflicts have become in-
creasingly evident (Reimoser and Putman, 2011).

In the boreal zone, even-aged forest management of conifers is the
most profitable and commonly used forestry practice (Kuuluvainen
et al., 2012; Chen et al., 2017). For deer, young forest stands resulting
from regenerated clear-cut areas are a major source of forage. Due to
high forage quantity, deer commonly concentrate their foraging to such
stands (Kuijper et al., 2009; Bergqvist et al., 2018), where future
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production stems are especially susceptible to browsing damage from
deer (Reimoser, 2003; Gerhardt et al., 2013).

Hofmann (1989) classified the main European deer species, in-
cluding the species occurring in the boreal zone, into different feeding
types. Sensu Hofmann (1989), moose (Alces alces) and roe deer (Ca-
preolus capreolus) are concentrate selectors, foraging on trees, shrubs,
and forbs, whereas red deer (Cervus elaphus) and fallow deer (Dama
dama) are intermediate feeders, having a significant proportion of grass
in their diet. However, all four species may shift their diets seasonally
and generally increase the amount of woody plants in their winter diet
(Mysterud, 2000; Spitzer et al., 2020). Based on this, one would expect
moose and roe deer to affect forestry through summer and winter
browsing, whereas the impact of intermediate feeders should be more
severe during winter. Competition among these species may further
affect their browsing patterns and thus levels of browsing damage
(Spitzer, 2019). The relative importance of deer species and determi-
nants of browsing damage may change depending on the composition
of the deer community (Ferretti et al., 2011; Richard et al., 2010).
Typically, studies on browsing damage have focused on the effect of
one or two deer species in winter only (e.g. Ward et al., 2008; Bergqvist
et al., 2014). A better understanding of damage patterns in multi-spe-
cies deer communities is beneficial for wildlife management, as multi-
species deer communities are becoming more complex and common.

In this study, we investigated the predictors of browsing damage in
young forest stands across Sweden in a multi-species deer setting. We
focused on damage to Scots pine (Pinus sylvestris, hereafter referred to
as pine), which is an important production tree in the boreal zone.
While not being the most preferred forage, pine is an important forage
source especially for moose during winter (Cederlund et al., 1980;
Shipley et al., 1998; Mansson et al., 2007b). Further, moose is the
largest, most widely distributed, and after roe deer the second most
common deer species in Sweden (Liberg et al., 2010). Therefore, con-
flicts between forestry and deer management have been centered on
moose and pine in Scandinavia and the extensive scientific literature
has mainly focused on the effects of moose during winter so far (e.g.
Andrén and Angelstam, 1993; Danell et al., 2003; Mansson et al.,
2007a). However, as elsewhere in Europe, the Swedish ungulate com-
munity has changed and multi-species communities are now more and
more common, possibly increasing interspecific competition over
forage (Spitzer, 2019). Results from some studies suggest that this may
force moose to increase their use of pine in areas with high densities of
competing smaller deer (Nichols and Spong, 2014; Spitzer, 2019).
Further, browsing on pine has become more common during the ve-
getation period (Bergqvist et al., 2013) and moose has been shown to be
the main browser of pine also in summer (Nichols and Spong, 2014;
Spitzer, 2019). However, the importance of interspecific competition
for determining levels of summer damage has not been investigated yet.

We combined data mainly collected for formulating plans in local
moose management to investigate patterns and determinants of
browsing damage caused during winter and summer. We did this both
at the national and at the regional scale in Sweden in order to capture
the strong latitudinal gradient in deer communities, land-use, and
winter severity. We investigated the importance of the composition of
the deer community for browsing damage on pine. We predicted a
weaker relationship between moose density and browsing damage in
areas where competing ungulate species are abundant. Two different,
but not necessarily exclusive, mechanisms could explain this weaker
relation. First, the relation would become weaker if the smaller deer
species would be responsible for a larger share of browsing damage.
Second, moose may increase their use of pine due to interspecific
competition from smaller deer regardless of moose density (Spitzer,
2019). Furthermore, we determined the relative importance of deer
densities, forage availability, and winter severity on browsing damage
on pine in a multi-species setting. We predicted a stronger effect of
winter severity in northern Sweden, where winters are coldest and
longest. In southern Sweden, where densities of the smaller deer species
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are highest, we predicted that the combined effect of all smaller deer
would be larger than the effect of moose alone. Finally, we compared
the predictors of browsing damage on pine caused during winter and
summer. In general, we predicted the levels of summer damage to be
lower than levels of winter damage. We also predicted that our deer
density and forage availability indices would explain less variation in
summer than in winter damage due to higher availability of alternative
forage during summer.

Our approach exploits an opportunity to use management data for
elucidating ecological relationships, whilst evaluating the potential for
predicting the outcome of actions in local management using existing
management data. We discuss the implications of our results for un-
gulate management in Sweden, which currently has a strong single-
rather than multi-species focus.

2. Material and methods
2.1. Study system

In Sweden, the forestry sector is of high national importance due to
the large exports of pulp, paper, and timber throughout the world
(Swedish Forest Industries Federation, 2019). Simultaneously, Sweden
holds one of the densest moose populations in the world (Jensen et al.,
2020) and populations of other, smaller deer species are increasing
(Danell and Bergstrom, 2010; Viltovervakningen, 2018). Multi-species
ungulate communities exist in Sweden due to the natural distribution of
native species (e.g. moose and roe deer), but also due to the introduc-
tions of non-native species (e.g. fallow deer) and translocations of na-
tive species (e.g. red deer) towards the north (Liberg et al., 2010).

In 2012, an adaptive co-management system was introduced for
moose in Sweden with moose management areas (MMAs, in Swedish
Algforvaltningsomrdde) being the focal unit. The system’s guidelines
state that a MMA should cover an area equivalent to the distribution of
at least one migratory moose population (Naturvardsverket, 2011).
Thus, the annual range use of local moose populations determines the
size and boundaries of MMAs, in addition to geographical barriers and
administrative borders (Naturvardsverket, 2011). Reflecting differences
in migration patterns, MMA sizes increase from the south towards the
north (see Fig. 1). During the years of this study (2015 and 2016),
Sweden was divided into 148 MMAs (Fig. 1).

First, we performed analyses at the national scale (all moose man-
agement areas; n = 148). However, due to Sweden’s strong latitudinal
and, thus, environmental and climatic gradient, we expected different
ecological processes and drivers to play a role in different regions along
this north-south gradient. To explore patterns at this regional scale and
compare them to the national scale, we performed, in a second step,
separate analyses for the three Swedish regions where Norrland (33
MMAs) represents northern Sweden, Svealand (61 MMAs) central-
Sweden, and Gotaland (54 MMAs) southern Sweden (Fig. 1). These
three regions map geographical groupings often used by management
institutions and forestry and follow the broad climatic and land-use
gradient across the country.

2.2. Databases

We compiled information on browsing damage in young forest
stands, deer density indices, forage availability across the landscape,
and winter severity (see Table 1 for variables per category). Data used
in this study was collected by several national institutions that are re-
sponsible for providing publicly available monitoring data on an annual
basis (see Appendix, Table A.1). Where necessary, we aggregated data
to the common scale of MMAs (see Sections 2.2.2 and 2.2.4 for further
description). We present a national overview of the raw data per MMA
for each variable used in Appendix, Fig. A.1-4 and list mean values at
the national and regional scale in Table 1.
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forest stands. However, browsing on lateral shoots is not recorded, as

the main target of the inventory originally was to monitor browsing
that affects wood quality negatively. Thus, three types of damage are
shoot), stripped bark, and broken stem. These three types of damage
affect the quality of the butt log and thus reduce wood quality (Liberg
et al,, 2010). In this study, we refer to ‘browsing’ damage if stems
showed at least one of the three types of damage since top shoot

recorded for the central stem of the tree; browsed apical leader (top
browsing is most common (Roberge et al., 2012). Although the in-

ventory was designed to capture mainly moose damage, browsing by

other species, such as red deer, cannot be excluded based on the visual

assessment (Nichols et al., 2012). Thus, the main objective of the in-
ventory is to record the amount of damaged stems by deer in young

forest stands (Skogsstyrelsen, 2016). Here, we refer to the scheme as a

‘browsing damage inventory’ rather than a ‘moose browsing inventory’.
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Since 2015, young forest stands are monitored annually in roughly
half of the MMAs per county after snowmelt and before bud burst of
deciduous trees (approx. April in southern Sweden and June in
northern Sweden). However, in the two northern-most counties, all
MMAs are monitored each year. Combining the years 2015 and 2016
gave us the first available complete dataset for all but three MMAs (see
Appendix, Table A.2) using a new standardized methodology. In pre-
vious years, different regions used different methods. When MMAs were
measured in both years (n = 13), we randomly selected data from one
of the two years (see Appendix, Table A.2). This resulted in a dataset of
75 MMAs measured in 2015 and 70 MMAs in 2016 covering 145 out of
148 MMAs (Fig. 1). There were no significant differences between the
two years in winter damage across (Beta regression, z = 0.98,
p = 0.33) or within regions (Beta regressions, z < 1.32, p = 0.19).
Summer damage between the two years differed across regions (Beta
regression, z = 2.15, p = 0.03), however only within Norrland (Beta
regression, z = 2.38, p = 0.02), but not within Svealand or Gétaland
(Beta regression, z < 1.82, p = 0.07).

The SFA monitors browsing damage in young forest stands that have
a mean height between 1 and 4 m and a size of at least 0.5 ha (see
Appendix B.1 for detailed description of stand selection). Selected
young forest stands contain up to 15 sampling plots, with a sampling
area of 38.5 m? (radius = 3.5 m) each. In each sampling plot, browsing
damage is recorded as either ‘winter damage’ (from last winter; con-
sidered as fresh damage), ‘summer damage’ (from the vegetation period
preceding last winter; summer top shoot browsing is visible as damage
on not yet lignified top shoot), or old damage (from earlier years).
Browsing damage above the height of 0.3 m is recorded on all con-
iferous stems, which are taller than half of the average height of the two
tallest coniferous trees per sampling location. Thus, browsing damage is
not recorded on short stems that potentially are outcompeted and un-
likely to contribute to future wood biomass. In 2015 and 2016, stems
were also sub-evaluated as future production stems (i.e. estimated as
retained after future pre-commercial thinning). Winter damage on pine
production stems correlated positively to winter damage on all pine
stems (Pearson’s r > 0.9). We focused our analysis on damaged pro-
duction stems only, since production stems are economically most im-
portant to forest owners. Summer damage was only recorded for pro-
duction stems. We used the proportion of damaged production stems as
response variable for winter and summer damage since the proportion
of damaged stems is the main damage variable presented by the SFA
and is the indicator of acceptable browsing damage used in Swedish
management, including setting moose harvest quotas. The forestry
sector and the SFA have stated an official target of maximum 5% annual
browsing damage (winter + summer) on pine trees in young forests.
For comparisons, we present the mean absolute numbers of all and
damaged pine production stems in Appendix, Table A.3. We analyzed
the effects on winter and summer damage separately.

2.2.2. Deer density indices

We used harvest data reported by hunters as an index of population
density per deer species. As moose harvest goals are influenced by the
results of the browsing damage inventory, there might be a causal link
between browsing damage and moose harvest. Thus, moose harvest
might not be an ideal proxy for estimating moose density when the aim
is to predict browsing damage as in this study. However, moose harvest
has been suggested to be a good predictor of moose density (Ueno et al.,
2014). The issue of causality is less obvious for the other deer species
since hunters do not use damage data for setting harvest quotas of these
smaller deer species. To be able to compare results among species, we
ran analyses with harvest data for all species including moose. In ad-
dition, we included moose observations (Algobs) as an independent
index of moose density. Moose observations are based on the records of
moose seen during the start of the hunting season by Swedish hunters
(for details see Ericsson and Kindberg, 2011; Singh et al., 2014) and are
used within management to track changes in moose populations inside
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management areas and units (Ericsson and Kindberg, 2011). Spatial
variation in detectability due to differences in visibility caused by
varying topography and forest cover may result in biases when using
moose observations to predict moose densities across monitoring units,
even though the relation between moose observations and actual den-
sity is generally positive (Ericsson and Wallin, 1999). Thus, neither of
the two indices of moose density may be ideal for predicting actual
moose density or the relationship between density and damage. How-
ever, these are the only two measures widely available to us and con-
stitute what is being used in management for setting harvest goals in an
attempt to reduce damage. Therefore, we included both moose ob-
servations and moose harvest as indices of moose density in our models.

We extracted absolute moose harvest numbers and moose ob-
servations per observational hour for each MMA for the hunting seasons
of 2014/15 and 2015/16 to link them to winter damage measured in
2015 and 2016, respectively. Additionally, we extracted absolute
moose harvest numbers and moose observations per observational hour
for each MMA for the hunting season of 2013/14. We linked data from
the hunting seasons of 2013/14 and 2014/15 to summer damage
caused in 2014 and 2015, respectively. We had to exclude 11 of the 148
MMAs (see Appendix, Table A.2) from models predicting winter and
summer damage using moose observations as explanatory variable due
to insufficient numbers of observational hours (< 5000 h, see Ericsson
and Kindberg, 2011).

For roe deer, red deer, and fallow deer, we extracted absolute har-
vest numbers from hunting reports for the hunting seasons of 2014/15
and 2015/16 per hunting district (Jaktvdrdskrets; n = 322) to link them
to winter damage measured in 2015 and 2016, respectively.
Additionally, we extracted absolute harvest numbers for each hunting
district for the hunting season of 2013/14. We linked data from the
hunting seasons of 2013/14 and 2014/15 to summer damage caused in
2014 and 2015, respectively. Since hunting district borders do not al-
ways overlap directly with MMA borders, we assumed an equal hunting
pressure within each hunting district and used the proportion of ter-
restrial overlap between hunting districts and MMAs to assign harvest
numbers per MMA (see Appendix B.2 and B.3 for detailed method de-
scriptions). We transformed absolute harvest numbers of roe deer, red
deer, fallow deer, and moose to harvest 1000 ha™! per terrestrial land
per MMA.

2.2.3. Forage availability

For each MMA, we used three proxies for forage availability; stem
densities of pine and birch (Betula sp.) in young forest stands and the
proportion of young forest area. Stem densities were monitored as part
of the SFA’s browsing damage inventory per young forest stand. Data on
young forest area per MMA were available in 2016 from the SFA’s
forage prediction analyses (Foderprognos). The SFA uses satellite ima-
gery to estimate the area of young forest stands per MMA, defined as
stands with an average height between 1 and 6 m. We calculated the
proportion of young forest area based on the terrestrial area per MMA
(see Appendix B.2 for detailed method description).

2.2.4. Winter severity

We used snow depth and temperature during winter (Oct-April) as
proxies for winter severity. We extracted daily values of snow depth and
maximum temperature from the nearest weather station of the Swedish
Meteorological and Hydrological Institute (SMHI) to the centroid of
each MMA. Since most weather stations had winter days where data on
snow depth was missing, we calculated a winter severity index as the
number of days with snow in relation to the total number of days with
snow data available for each weather station during the winters of
2014/15 and 2015/16. We did this for three different snow depths;
days with =10 cm, =20 c¢m, and = 30 cm of snow. For temperature, we
calculated a winter severity index as the number of days with a max-
imum temperature below 0 °C in relation to the total number of days
during winter. We did not test for winter severity when predicting
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summer damage. Thus, we matched winter severity from 2014/15 to
damage data measured in 2015 and winter severity from 2015/16 to
damage data measured in 2016.

2.3. Statistical analyses

For all statistical analyses, we used the software R 3.6.2 (The R
Foundation, 2019) and a significance level of alpha = 0.05.

2.3.1. Winter damage

‘Winter damage’ captured the proportion of pine production stems
that were damaged by deer during the winter preceding the measure-
ment. We applied beta regression models using the betareg function of
the same-named package (Cribari-Neto and Zeileis, 2010), which is
appropriate for analyzing response variables within the standard unit
interval (0, 1). To be able to compare the relative influence of each
explanatory variable, we standardized explanatory variables according
to the z-score transformation in all statistical models (Abdi, 2007). To
identify patterns at the national scale, the initial model comprised all
explanatory variables representing deer density indices and forage
availability. Additionally, the initial model contained either tempera-
ture or one of the three categories for snow depth as index for winter
severity; meaning that the effects of temperature and different snow
depths on winter damage were tested separately due to strong corre-
lations between variables of winter severity (see Appendix, Table C.1).
Further, we tested strongly correlated explanatory variables (Pearson’s
r = +0.7 or =-0.7; see Appendix, Table C.1) in separate models in-
cluding all other variables. For all modelling scenarios, we adopted a
stepwise deletion approach and verified the removal of variables with
likelihood ratio tests. If AAIC was < 2, we selected the more parsimo-
nious model. To identify if patterns at the regional scale differed from
the national scale, we repeated the same stepwise deletion procedure as
described above for each of the three regions.

The proportion of winter days with =10 ¢cm and =20 cm did not
significantly explain winter damage independent of spatial context.
Thus, we present only the results including the proportion of winter
days with =30 cm of snow (in the remainder of the paper referred to as
‘snow depth’). Independent of scale, modelling scenarios with tem-
perature as index for winter severity revealed similar results as models
with snow depth. Thus, we presented only the effects of snow depth as
index for winter severity on winter damage. Model selection tables for
winter damage are presented in Appendix, Table D.1.

Table 2
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2.3.2. Summer damage

‘Summer damage’ captured the proportion of pine production stems
that were damaged by deer during the growing season preceding last
winter. For summer damage, we used the same analysis approach as
described for winter damage. However, since data on summer damage
contained several 0-values, we transformed data according to [y - (n -
1) + 0.5] / n, where n is sample size, when applying a beta regression
(Smithson and Verkuilen, 2006). Winter severity was not included in
analyses on summer damage. Correlation coefficients and model se-
lection tables for summer damage are presented in Appendix, Table C.2
and D.2, respectively.

3. Results
3.1. General patterns in deer density indices

There was a general decreasing pattern of deer density indices from
south to north (Appendix, Fig. A.2). Moose observations differed re-
gionally (Kruskal-Wallis, x> = 13.50, p 0.001), with lower ob-
servations in Norrland compared to Svealand (Mann-Whitney U test,
p =< 0.001) and Gotaland (Mann-Whitney U test, p < 0.0014), respec-
tively. Moose observations and moose harvest were weakly correlated
at the national scale (n 137, Pearson’s r > 0.28, p < 0.001). Roe
deer harvest varied across all regions (Kruskal-Wallis, y> = 97.59,
p < 0.0001), with lower harvest in Norrland than in Svealand (Mann-
Whitney U test, p < 0.0001) and higher harvest in Gétaland than in
Svealand (Mann-Whitney U test, p < 0.0001). Red deer harvest varied
in a similar manner across Sweden (Kruskal-Wallis, x> = 28.77,
p < 0.0001), with lower harvest in Norrland as compared to Svealand
(Mann-Whitney U test, p < 0.0001) and Gétaland (Mann-Whitney U
test, p < 0.0001), respectively. Similarly, fallow deer harvest varied
across all three regions (Kruskal-Wallis, x> = 58.06,p < 0.0001), with
the lowest harvest in Norrland, higher in Svealand than in Norrland
(Mann-Whitney U test, p < 0.0001) and higher in Gétaland than in
Svealand (Mann-Whitney U test, p < 0.01). No other pairwise com-
parisons of density indices between regions were significant.

<

3.2. Drivers of winter damage

Winter damage differed across the three Swedish regions (Appendix,
Fig. A.1), with higher winter damage in Gotaland as compared to
Svealand (Beta regression, z = 3.05, p = 0.003) and Norrland (Beta
regression, z = 3.80, p = 0.0001), respectively. There was a tendency

Estimates including standard errors (SE), z- and p-values for explanatory variables after model selection of a beta regression with winter damage on Scots pine (Pinus
sylvestris) as response variable. Sweden represents the final model on the national scale (all MMAs), whereas Norrland, Svealand, and Gétaland represent the final
model per Swedish region from north to south. p-values <0.05 are marked in bold.

Explanatory Variables Sweden Norrland Svealand Gotaland
n = 145 n =31 n = 59 n = 53

Estimate (SE) z-value P Estimate (SE) z-value P Estimate (SE) z-value P Estimate (SE) z-value P
Moose observations [h™] 0.25 (0.11) 2.32  0.020
Moose harvest [1000 ha~'] . . . . B B B . B
Roe deer harvest [1000 ha™'] 0.25 (0.07) 3.63 < 0.001 0.35 (0.09) 4.02 < 0.001
Red deer harvest [1000 ha™'] . . . 0.17 (0.09) 1.85 0.064
Fallow deer harvest [1000 ha~1'] . . . - - - . . . . . .
Pine density [ha~'] -0.23(0.07)  -3.25 0.001 -0.26 (0.10) -251 0.012 -0.18(0.08) -2.49 0.013 -0.26 (0.09) -2.86 0.004
Birch density [ha™'] . . . . . . . . . . . .
Prop. young forest area 0.09 (0.04) 1.99 0.047 . - .
Prop. days with =30 cm snow 0.14 (0.06) 2.28 0.022 0.27 (0.11) 2.48 0.013
r? 0.271 0.211 0.086 0.420

¢’ for explanatory variables that were included in the starting model but were removed during model selection. ‘-’ for explanatory variables that were not included
into the starting model: fallow deer harvest was excluded in the modelling for ‘Norrland’ due to the absence of the species in most MMAs and no expected ecological
effect. Red deer and fallow deer harvest were tested independent of each other in the modelling for ‘Svealand’ due to Pearson’s r > 0.7. Both did not influence the
final model. For details on Pearson correlation coefficients, see Appendix, Table C.1. Model selection tables are presented in Appendix, Table D.1.
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for a higher level of winter damage in Svealand as compared to Norrland
(Beta regression, z = 1.71, p = 0.09).

Independent of spatial context, winter damage in 2015 and 2016
decreased with increasing pine density (Table 2). Additionally, winter
damage increased with increasing roe deer harvest, the proportion of
young forest area, and snow depth at the national scale (Table 2). Pine
density and roe deer harvest predicted winter damage to a similar de-
gree (Table 2). However, the proportion of young forest area and snow
depth only predicted winter damage about half as much as pine density
and roe deer harvest (Table 2). Together, the four variables explained
27.1 % variation in the observed winter damage to pine. In Norrland,
winter damage increased with increasing moose observations and snow
depth (Table 2). Both variables predicted winter damage to a similar
degree as pine density (Table 2). The three explanatory variables ex-
plained 21.1 % variation in winter damage in Norrland. In Svealand,
pine density was the only significant predictor on winter damage
(Table 2). Pine density explained 8.6 % variation in winter damage in
Svealand. In Gotaland, winter damage increased with increasing roe
deer harvest, which predicted winter damage about % more than pine
density (Table 2). Together with the non-significant effect of red deer
harvest, these variables explained 42.0 % variation in winter damage in
Goétaland.

3.3. Drivers of summer damage

Levels of summer damage were lower than levels of winter damage
across regions (Beta regression, z = 2.42, p = 0.015), especially within
Gotaland (Beta regression, z = 2.18, p = 0.03). There was a tendency
for a lower level of summer damage compared to winter damage in
Norrland (Beta regression, z = 1.86, p = 0.06). Winter and summer
damage were weakly correlated (n = 143, Pearson’s r = 0.23,
p = 0.006). Levels of summer damage did not differ across regions
(Appendix, Fig. A.1), but showed a tendency for a higher level of
summer damage in Gétaland as compared to Norrland (Beta regression,
z = 1.82,p = 0.07).

For summer damage, pine density was the only significant predictor.
Summer damage in 2014 and 2015 decreased with increasing pine
density but only at the national scale and in Svealand explaining 6.3%
and 18.6% of the variation, respectively. In Norrland and Gétaland,
none of the tested variables showed a significant effect on summer
damage (Table 3).

Table 3
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4. Discussion

Our analyses on the determinants of browsing damage showed that
pine density is one of the most important predictors of browsing da-
mage at the national scale, as well as across regions for winter damage
and partly for summer damage. However, other variables that are im-
portant at the national scale did not affect browsing damage con-
sistently across regions. Instead, our analyses yielded different results
per region and no regional result matched the results from the analyses
at the national scale. For each region, management decisions based
solely on national analyses would either incorporate non-significant
regional effects or omit significant regional effects. This was true both
for winter and for summer damage. Given the pronounced latitudinal
gradient in the composition and density of deer communities, land-use,
forest composition, and climate, these differences are not surprising.
For these reasons, we focus the discussion on the results of our regional
analyses and patterns.

4.1. Deer communities and density indices

The deer community was dominated by moose in Norrland, whereas
deer communities in Svealand and Gétaland were dominated by the
smaller deer species. In Norrland, winter damage increased with in-
creasing moose observations. We did not find a relationship between
moose harvest and browsing damage regardless of spatial scale. In
Svealand, deer density indices and damage levels were intermediate.
However, our deer density indices did not explain browsing damage in
Svealand. In Gétaland, where overall deer densities and damage levels
were highest, winter damage increased with increasing roe deer har-
vest. Further, we found a trend between winter damage and red deer
harvest, both increasing in relation to each other, while there was no
relationship with the indices of moose density. Thus, our results support
our prediction of a weaker effect of moose density on browsing damage
in the presence of other deer species partly competing over the same
food resources (Spitzer et al., 2020). The effect of the smaller deer
species, in particular roe deer, was larger than the effect of moose
alone. We did not find any effects of fallow deer, even though fallow
deer densities can be high at some locations. This might be an effect of
aggregated distributions of fallow deer, with few moose management
areas containing high densities during this study.

From our results, we cannot say whether roe deer and potentially
red deer indirectly forced moose to browse more pine per capita due to
competition over alternative food resources or whether these species

Estimates including standard errors (SE), z- and p-values for explanatory variables after model selection of a beta regression with summer damage on Scots pine (Pinus
sylvestris) as response variable. Sweden represents the final model on the national scale (all MMAs), whereas Norrland, Svealand, and Gétaland represent the final
model per Swedish region from north to south. Deer density indices were extracted one year prior to the browsing damage inventory and thus marked with
indicating ‘summer’. p-values <0.05 are marked in bold.

Gotaland
n =52

Svealand
n =59

Norrland
n=31

Sweden
n = 143

Explanatory Variables

Estimate (SE)  z-value P Estimate (SE)  z-value P Estimate (SE)  z-value P Estimate (SE)  z-value P

Moose observations® [h™!]
Moose harvest® [1000 ha™']

Roe deer harvest® [1000 ha™']
Red deer harvest® [1000 ha™']
Fallow deer harvest® [1000 ha=!]
Pine density [ha~']

Birch density [ha~1]

Prop. of young forest area

-0.22 (0.13) -1.69 0.092
0.23 (0.14) 1.66 0.098

-0.18 (0.07) -2.48 0.013 -0.29 (0.11) -2.57 0.010

0.18 (0.17) 1.06 0.29

2 0.063 0.029 0.186 0.069

¢’ for explanatory variables that were included in the starting model but were removed during model selection. ‘-’ for explanatory variables that were not included
into the starting model: fallow deer harvest was excluded in ‘Norrland’ due to the absence of the species in most MMAs and no expected ecological effect. Red deer
and fallow deer harvest were tested independent of each other in the modelling for ‘Svealand’ due to Pearson’s r > 0.7. Both did not influence the final model. For
details on Pearson correlation coefficients, see Appendix, Table C.2. Model selection tables are presented in Appendix, Table D.2.
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increased damage directly by browsing on pine in Gétaland. Data on the
diet of the different deer species from Sweden shows that moose is the
deer species whose diet contains most pine (Cederlund et al., 1980;
Spitzer, 2019). Even though pine is also observed in roe deer diets
(Spitzer, 2019), roe deer are smaller in size and damage caused by roe
deer is unlikely to be detected in the investigated browsing damage
inventory, which focuses on monitoring damage from the larger moose
in taller stands. Studies of browsing on deciduous trees show that red
deer may browse at heights covered by the browsing damage inventory
(Nichols et al., 2015), but DNA analyses of browsed pine in an area with
increasing red deer densities in Gétaland showed that moose caused
most of the damage on pine (Nichols and Spong, 2014). Thus, we
suggest that the increased browsing damage in southern Sweden ob-
served in this study probably mainly is a direct effect of moose
browsing, but may result from interspecific competition over shared
forage resources from roe deer and red deer. Moose is the deer species
most restricted in diet diversity, which may make moose populations
sensitive to the influx of large numbers of deer with different foraging
preferences (Spitzer et al., 2020). With increasing densities of the
smaller deer species, moose diets have been shown to contain more pine
and less Vaccinium spp. potentially due to interspecific competition
(Spitzer, 2019). To disentangle the direct and indirect effects of the
different deer species, further research is needed. However, regardless
of whether the increased damage is a result of direct or indirect me-
chanisms, or both, our results suggest that management of damage le-
vels on pine at the tested scale requires more focus and potential direct
actions in terms of regulations of populations of sympatric deer species,
rather than of moose alone.

4.2. The relative importance of deer density, forage availability, and winter
severity

Some studies suggested negative impacts of deer densities on tree
regeneration and wood quality (Mansson, 2009; Hothorn and Miiller,
2010; Chevrier et al., 2011; Rao, 2017). Other studies suggested that
forage availability may play a crucial role in determining levels of
browsing damage (Nevalainen et al., 2016; Bergqvist et al., 2018). In
accordance with previous studies from Sweden (Andrén and Angelstam,
1993; Mansson et al., 2007a; Wallgren et al., 2013), Norway (Herfindal
et al., 2015), and Finland (Nevalainen et al., 2016), our results support
that winter browsing on pine decreases with increasing pine density, as
an index of forage availability in young forest stands. In contrast to
Bergqvist et al. (2013), we also found that an increasing pine density is
associated with decreasing summer damage in Svealand. With in-
creasing tree densities, the effect of browsing is diluted by a higher
forage availability (Bergqvist et al., 2014; Diaz-Yanez et al., 2017). In
our analyses, pine density was one of the most important predictors
being an equally or more important determinant for winter and summer
damage on pine as compared to deer density indices in all regions,
except for winter damage in Gotaland where the effect of roe deer
harvest was larger than the effect of pine density. Our results support
previous findings from southern and central Sweden, showing that pine
availability is a more important predictor of pine damage than moose
densities (Mansson, 2009; Bergqvist et al., 2014). However, taking the
complete deer community into account, deer densities and pine avail-
ability appear to have comparable effects on winter damage in most
regions.

Pine is not the most preferred forage by moose (Mansson et al.,
2007b). Thus, adapting forest management to increase alternative
forage in the landscape can also reduce damage and thus wildlife-for-
estry conflicts (Kuijper, 2011). However, within the Swedish manage-
ment system, measures of alternative forage are limited in detail.
Forage availability is assessed mainly by measuring the area of young
forest stands inside moose management areas. We did not find any
relationships between this measure and levels of damage in our regional
analyses. We suggest that monitoring forage availability in greater
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detail might provide a better understanding and predictive power. In
particular, the shrub layer appears to be a very important source of food
for all deer (Spitzer, 2019). Monitoring the shrub layer would be a
valuable addition.

In Norrland, snow depth explained as much variation in damage as
pine density as well as moose observations, respectively. This was ex-
pected as snow cover is most frequent in this region in comparison to
southern regions. We found no consistent effect of ’days with snow
depth above 10 ¢cm or 20 cm’. However, we found corresponding pat-
terns for the highly correlated variables ‘days with snow depth above
30 cm’ (i.e. snow depth) and ‘days with temperature below zero’. We
suggest that the detected effects come mainly from the snow accumu-
lation, which impedes animal movements and the accessibility to forage
within the field layer (e.g. dwarf shrubs) for large herbivores (Visscher
et al., 2006; Allen et al., 2016). Thus, available tree species such as pine
are browsed even if they are not the most preferred food resource
(Ménsson et al., 2007b), but simply because they are among the few
resources available with increasing snow depth. Forage limitation due
to snow might be comparable with a limited amount of forage due to
resource competition among co-existing deer species, which leads to
increased winter damage to pine. Also, energy expenditure of deer is
higher when snow depth increases (Gerhardt et al., 2013), making it
more efficient for moose to spend more time in young pine stands with
more available forage per hectare to reduce movement.

4.3. Comparing winter and summer damage

As predicted, levels of summer damage on pine were lower than
levels of winter damage. This is likely due to the increased availability
of alternative and more preferred forage during the vegetation period
(Herfindal et al., 2015) and species diversifying their space use and
diets, especially with the availability of agricultural crops (Allen et al.,
2016; Spitzer, 2019). A more diverse number of environmental as well
as land-use factors may therefore influence browsing patterns in
summer as opposed to winter. As expected, our results support this with
summer damage models having a lower explanatory power than winter
damage models. Further, this may partly be a result due to a more
difficult determination of the damage agent (e.g. deer, insect, etc.) al-
most one year after the damage occurred. Our models explained similar
levels of variation in winter damage as compared to previous studies
(Mansson et al., 2007a; Bergqvist et al., 2014) at most scales.

There was only a weak correlation between winter and summer
damage, suggesting that different factors influence summer and winter
damage, respectively. Monitoring winter and summer damage sepa-
rately may thus be of importance while considering a multi-species
approach in order to understand determinants of damage on pine.

4.4. Combining data from different sources across spatial and temporal
scales

Using management data allowed us to analyze the predictors of
browsing damage on pine across all of Sweden and our results highlight
the importance of adapting management to local and regional condi-
tions. The conventional approach of collecting scientific data in limited
study areas and trying to extrapolate the results to fit management
needs would not have given us such a comprehensive understanding.
Even though all variables were collected for management rather than
research purposes, we believe that the quality of the data is high and
relevant for the research questions we outline in this study. All datasets
we used were collected according to clear protocols, in a highly re-
peatable manner gathering amounts of data deemed sufficient for
making management decisions in validations of the methods. Further,
the monitoring methods have been scientifically evaluated and data on
deer density indices are validated by the responsible institutions
(Rolander et al., 2011; SLU, 2020).
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4.5. Management implications

Overall, 60-80% of the variation in damage often remained un-
explained, indicating that there may be other important predictors that
determine browsing damage or that random variation is high. Our re-
sults were arrived at using the same data used in management. Thus,
the explanatory power of our models, and the relative importance of the
different factors, may give an idea of the effect of management actions
based on the same data.

Nevertheless, our results emphasize the importance of simulta-
neously managing forage availability and deer densities for managing
browsing damage on pine. Regulating moose numbers alone may not
cause a corresponding decrease in relative damage. Successful man-
agement of browsing damage may require the regulation of deer den-
sities using a multi-species approach at the local and regional scale
besides managing forage availability. Roe deer densities appear to have
the strongest effects on damage levels in our study. Developing methods
for monitoring the different deer species with higher precision and at
the same scale might be an advantage to understand and regulate da-
mage levels. Currently, a national management plan for moose and red
deer in Sweden is being formulated at the national scale by the Swedish
Environmental Protection Agency (Naturvdrdsverket) and the SFA
(Naturvardsverket, 2018). This is good insofar as it is a step towards
multi-species management, where moose and red deer are managed and
potentially regulated in relation to one another. However, making re-
gional management decisions based on national analyses across a large
latitudinal gradient runs a considerable risk of targeting unimportant
factors, while omitting factors that are important. Thus, management
actions and plans need to be adapted to regional and local conditions in
order to increase the likelihood of reducing damage.

Our results show the importance of pine density to regulate winter
damage at the scale of the MMAs. However, in order to reduce browsing
on pine, many individual forest owners are currently regenerating
forests using less palatable spruce on sites more suitable for pine (Felton
et al., 2019). We suggest that a joint effort collectively regenerating
with pine on land suitable for pine regeneration would increase pine
availability at the landscape level and, thus, might be beneficial for
forest owners collectively. Such projects already exist (e.g. SFA’s project
‘Mera tall/More pine’) and should be given a high priority by the re-
sponsible institutions.
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