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ARTICLE INFO ABSTRACT

Keywords: Populations of large herbivores, including members of the deer family Cervidae, are expanding across and within

Browsing many regions of the northern hemisphere. Because their browsing on trees can result in economic losses to

;eer forestry and strongly affect ecosystems, it is becoming increasingly important to understand how best to mitigate
0o0se

resultant damage. Previous research has highlighted the importance of regulating deer density and the avail-
ability of alternative forage to reduce browsing damage levels in conifer production stands. However, often only
one or two proxies of forage availability have been used instead of applying a broad foodscape approach and
more knowledge is needed to understand which types of alternative forage best mitigate damage. We conducted
field inventories of damage that occurred during the previous fall/winter in 112 production stands in southern
Sweden, while also measuring forage availability and cervid faecal pellets in the surrounding landscape (16 ha).
Local landowners provided data on supplementary feeding. We found that variation in cervid (Alces alces,
Capreolus capreolus, Cervus elaphus and Dama dama) browsing damage to top shoots or stems of young Scots pine
trees (Pinus sylvestris, hereon pine), was better explained by the availability of alternative natural forage (using
several indices and species of trees and shrubs) than by supplementary feeding. The proportion of damaged pine
trees was higher in stands with a lower density of pine stems; in landscapes with a lower density of key broadleaf
tree species (genera Sorbus, Salix, Populus and Quercus); and in landscapes with more open land (agricultural
fields and paddocks). Damage was also higher in stands where relatively large amounts of moose faeces was
found, while not related to the amount of faeces from other cervid species. The amount of supplementary feed
(silage or other types such as root vegetables) did not explain variation in pine damage, but the result was
possibly affected by relatively few study areas supplying sufficient data on supplementary feeding. The results
from our inventory illustrate the efficacy of using naturally growing forage to mitigate browsing damage to
young pine trees in managed landscapes. Creation of such forage is also recommended over supplementary
feeding because of co-benefits to forest biodiversity and ecosystem services.

Forest management
Game management

1. Introduction

Populations of large herbivores, primarily represented by members
of the deer family Cervidae, have increased dramatically across exten-
sive regions of the northern hemisphere over recent decades (Cote et al.,
2004, Apollonio et al., 2017). These ruminant herbivores (hereafter
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cervids) carefully select which plants to eat, affecting the growth and
survival of many herb, shrub and tree species, and thereby modifying
patterns of plant abundance and vegetation dynamics in response
(Persson et al., 2000, Coté et al., 2004, Bernes et al., 2018). Cervid
foraging can also result in economic losses to forestry and agriculture
(Liberg et al., 2010, Reimoser and Putman, 2011), sometimes in ways

E-mail addresses: annika.felton@slu.se (A.M. Felton), per-ola.hedwall@slu.se (P.-O. Hedwall), adam.felton@slu.se (A. Felton), fredrik.widemo@slu.se
(F. Widemo), martha.wallgren@skogforsk.se (M. Wallgren), emma.holmstrom@slu.se (E. Holmstrom), Erik.Lofmarck@oru.se (E. Lofmarck), jonas.malmsten@slu.

se (J. Malmsten), Hilde. Wam@nibio.no (H. Karine Wam).

https://doi.org/10.1016/j.foreco.2022.120187

Received 26 January 2022; Received in revised form 21 March 2022; Accepted 25 March 2022

Available online 5 April 2022

0378-1127/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:annika.felton@slu.se
mailto:per-ola.hedwall@slu.se
mailto:adam.felton@slu.se
mailto:fredrik.widemo@slu.se
mailto:martha.wallgren@skogforsk.se
mailto:emma.holmstrom@slu.se
mailto:Erik.Lofmarck@oru.se
mailto:jonas.malmsten@slu.se
mailto:jonas.malmsten@slu.se
mailto:Hilde.Wam@nibio.no
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2022.120187
https://doi.org/10.1016/j.foreco.2022.120187
https://doi.org/10.1016/j.foreco.2022.120187
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2022.120187&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.M. Felton et al.

that hinder the transition to more sustainable and resilient production
systems (Felton et al., 2020a). Mitigating this damage by cervids using
fencing or culling is not always possible due to economic, legal or cul-
tural restrictions (Coté et al., 2004, Bergquist et al., 2009). Furthermore,
limiting cervid movements or population sizes likewise reduces their
valuable contributions to ecosystem services, via e.g. tourism, recrea-
tional hunting and meat provision (Schroter et al., 2014, Neumann et al.,
2022). Also, previous studies have shown relationships between cervid
densities and levels of damage on some timber tree species to be weaker
as compared to relationships between forage availability and damage (e.
g. Bergqvist et al., 2014, Pfeffer et al., 2021). When managing cervid
populations and assessing the associated risks, it is therefore necessary
to use a holistic approach (Apollonio et al., 2017). This requires man-
agement strategies that, under ideal conditions, align with the animals’
foraging behaviour.

Several factors influence cervid foraging behaviour, and these factors
operate at scales ranging from the region to the stand, and from the plant
community to specific plant parts (Senft et al., 1987). Cervid food se-
lection is highly dependent on the landscape configuration of vegetation
cover and plant species composition; due to the protection that vege-
tation may provide against adverse weather (Herfindal et al., 2017), its
influence on the animal’s perceived vulnerability to predation (Creel
et al., 2005), and direct relevance to food provision (Bergqvist et al.,
2018). Within a forest, cervids select food items based in-part on tree
species composition, forest age, plant age (time of season), weather and
snow depth (Bo and Hjeljord, 1991, Ball and Dahlgren 2002, Mansson
2009, Wam and Hjeljord 2010). How a cervid species forages within
forested landscapes, in-turn depends on its placement as a species on the
gastro-intestinal continuum of dietary niches (Clauss et al., 2010). Of the
northern cervid species, moose (Alces alces) consumes the highest pro-
portion of woody material (Spitzer et al., 2020). Although the diets of
European roe deer (Capreolus capreolus), red deer (Cervus elaphus) and
fallow deer (Dama dama) also can contain substantial amounts of woody
material, in general they contain far less than the moose diet (Mysterud
2000, Spitzer et al., 2020).

In Scandinavia, one of the two dominant timber production tree
species of high economic importance is Scots pine (Pinus sylvestris,
hereafter pine). This tree species also serves as a staple winter food for
moose in several regions, while it is eaten by the other cervid species in
smaller proportions of their diets (Cederlund et al., 1980, Spitzer, 2019).
Extensive browsing by cervids on pine is regarded as a problem since it
can negatively affect regeneration success, wood quality and volume
growth, and thereby result in large economic losses to forest owners
(Wam and Hofstad, 2007). The three most important local- or landscape-
scale factors that are thought to affect damage levels on pine in Scan-
dinavia are the density of the production tree species, population den-
sities of cervids, and the availability of naturally growing forage
alternatives to the production tree species (Bergqvist et al., 2014, Her-
findal et al., 2015, Pfeffer et al., 2021). A recent study of national scale
browsing damage data in Sweden reports that while the effect of cervid
density on damage varies among the regions assessed, higher densities of
pine within regenerating production stands (used as a proxy for forage
biomass availability) is consistently associated with reduced browsing
damage to this tree species in winter (Pfeffer et al., 2021). The same
result was found in a study of twelve areas across southern Norway
(Herfindal et al., 2015).

Forage availability is not always limited to just the vegetation cover
in a landscape, as it can be augmented by supplementary feeding, which
involves feed deliberately provided to wildlife by people. Supplemen-
tary feeding can therefore be part of the ‘foodscape’ (Searle et al., 2007),
which we define as the combined forage value of a landscape for a
species of large herbivore. There is a range of justifications for providing
supplementary feed to wildlife. These include the desire to reduce crop
and forest damage through diversion (“diversionary feeding”, Milner
et al., 2014), enhance an animal’s reproductive success and winter
survival (Schwartz and Hundertmark, 1993), increase hunting
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opportunities and game viewing (Smith, 2001), or manipulate migration
patterns (Gundersen et al., 2004). In Sweden, surveys have shown that
the primary reason given by hunters and forest owners for supplemen-
tary feeding is to increase the survival of targeted species. However,
supplementary feeding is also conducted to reduce damage to crops and
forests, as evidenced by this often being the second reason given
(Johansson, 2018; F. Widemo, unpublished data). Whatever the original
intent, a range of unintended outcomes may occur due to supplementary
feeding (Milner et al., 2014). For example, increased damage to local
vegetation near supplementary feeding sites is often reported (Gun-
dersen et al., 2004, Mathisen et al., 2014, Milner et al., 2014). In fact,
merely ingesting energy rich food can make cervids increase their intake
of browse (Doenier et al., 1997, Cooper et al., 2006, Timmons et al.,
2010, Kamler and Homolka, 2016, Felton et al., 2017). However, due to
the multitude of factors influencing the foraging choices of free ranging
cervids, it is unknown whether such potential side-effects of supple-
mentary feeding are detectable at levels relevant to forest managers.

Finally, whether alternative forage availability increases or de-
creases pine damage depends on the spatial scale. For example, a study
conducted in southern Sweden showed that damage to pine was greater
when the availability of birch in the stand was higher (Wallgren et al.,
2013), while Herfindal et al., (2015) found that the more alternative
forage available, the less pine damage occurred at landscape scales. Yet,
at the plot level, the associated protection from alternative forage only
applied when the densities of both pine and alternative forage were
high. The relationships are therefore complex, and more studies are
needed to understand which patterns prevail under different conditions.
In this study we investigated whether variation in browsing damage on
young pine trees can be explained by variation in the availability of
naturally growing forage of several different types and at different
scales, and/or the amount and type of supplementary feed used in an
area. We also account for cervid density, which informs us about
competition, and therefore per-capita forage availability. As such, we
use a broad foodscape approach, highlighting that not only biomass
estimates, but also specific assessments of a wide range of plant taxa
must be included to capture the availability of forage resources for
herbivores in landscapes (Searle et al., 2007). Based on previous findings
we predict damage levels to be negatively related to the amount of
forage growing in the local area but positively related to cervid density.
We also hypothesize that there is a difference in the extent of damage
between areas with smaller or larger amounts of supplementary feeding,
and that these differences would vary depending on the type of feed used
for supplementary feeding. We predict that lower damage levels in areas
with a large amount of supplementary feeding indicate a diversionary
effect, whereby the feed either acts to pull cervids spatially away from
regenerating production stands (Borowski et al., 2019), or simply
replace part of the cervids’ food intake from pine. In contrast, higher
damage levels to pine would indicate either a higher aggregation of
individuals (Gundersen et al., 2004), and/or that the animals are trying
to compensate for a nutritional imbalance induced by these energy-rich
and fibre poor feeds (Felton et al., 2017).

2. Methods
2.1. Study area description

Sweden is divided into moose management areas (MMAs), which
function as units for management planning and evaluation of resident
moose populations. Moose management areas are in-turn divided into
multiple moose management units (MMUs), within which the annual
hunt is carried out. We collected data in six MMAs in the boreo-nemoral
vegetation zone of southern Sweden (Fig. 1), each encompassing an area
of 155 000 ha in average (88 529 ha SD, range 73 145-326 278 ha).
While all six areas were located within the same climatic region, with
similar snow depth and temperature during the winter, they differed in
land use, forest type and structure, supplementary feeding intensity and
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Fig. 1. The study region was located in southern Sweden (small inset). Six
moose management areas (MMAs, red borders) were selected for data collec-
tion. Within each MMA, data was collected in three moose management units
(MMUs). The relative density of cervids (moose and smaller deer species
combined in one index) within MMUs is indicated in color, based on faecal
pellet counts (number of piles/1000 m?) within inventory tracts (Fig. 2). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

population density of cervids. The mean annual precipitation in the
region is 700 mm, with 25-100 days of annual snow cover. Of the re-
gion’s terrestrial area, 63% is forested (SFA, 2014), and the vast majority
(>80%) of the forest area is productive (approximately 5 M ha) and used
for forestry (SLU, 2020). Planted Norway spruce (Picea abies, hereon
spruce) or pine dominate production forests, and are to varying extents
mixed with naturally regenerated broadleaves, primarily birch (silver
birch B. pendula and downy birch Betula pubescens), rowan (Sorbus
aucuparia), aspen (Populus tremula) and oak (Quercus robur). The use of
herbicides is restricted on forest land (Lof et al., 2006), and the use of
fertilization is limited (e.g. an average of 570 ha of the region’s pro-
ductive forest land was fertilized annually 2006-2020, SFA, 2021).

2.2. Study design

We collected data in three MMAs in the south-eastern and three in
the north-eastern part of the region (Fig. 1). Within each of these two
sub-regions, cervid composition and forest types are similar. The aim
with the area selection was to include as much variation in supple-
mentary feeding as possible, based on a government survey at the county
level (SOU, 2014) and personal communication with local managers. In
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Sweden, common supplementary feed includes silage (fermented
grasses), grains and root vegetables. While grass silage may be a more or
less nutritionally appropriate feed for some cervids (Renecker and
Hudson, 1990), root vegetables have been cultivated for enhanced en-
ergy content, and have nutritional compositions that are highly incon-
sistent with the natural winter diet of most cervids (Felton et al., 2021).
Nutritional imbalance after intake of such foods could therefore induce
the cervids to forage more on tree material (Felton et al., 2017). Within
both sub-regions, we selected three MMAs where we anticipated (based
on the sources mentioned) distinctive patterns in the extent and type of
supplementary feeding: One MMA where people reportedly provided
almost no supplementary feeding; one MMA with relatively high
amounts of root vegetables used as supplementary feed; and one MMA
with relatively high amount of silage provided. In-turn, within each
MMA we focused data collection in three MMUs. The selection of these
smaller units was made to be consistent with the categorization of the
larger unit (MMA). Note that this anticipated pattern of supplementary
feeding was simply a guidance of study site selection, and should not be
seen as a treatment description. In the analyses, actual data of supple-
mentary feeding was used instead. Moose and roe deer were present in
all 18 MMUs, while red deer and fallow deer were present in 10 and 15
MMUs respectively (Table A1).

To enable an unbiased estimate of the average browsing pressure and
forage availability, we randomly dispersed 10-15 inventory tracts (400
x 400 m) in each of the 18 MMUs (Table Al), with a minimum distance
of 1 km between tracts (264 tracts in total, Table 1). Because a signifi-
cant proportion of cervid forage can be found outside of forests in most
landscapes (Hornberg, 2001), we sampled all habitat types whether
forested or not. However, randomly suggested tracts that resulted in
allocation to waterbodies, roads or buildings were discarded, and a
replacement tract was randomly assigned. Each tract had 16 circular
sampling plots, placed at 100 m intervals along its outer edge (Fig. 2A).
The radius of the plot differed depending on the type of inventory
conducted (Fig. 2C).

Using the Swedish Forest Agency’s online data (SFA, 2018a) we
identified production forest stands (minimum 0.5 ha) that had been
harvested and regenerated between 2007 and 2014 (3-10 years prior to
the study), within a radius of 600 m from the tract centre (1.13 km?2).
These stands were used to collect data on browsing damage (and for
faecal pellet counts additional to those conducted in tract plots). This
phase of the forest rotation period is the most sensitive to browsing
damage (Bergqvist et al., 2014) and it also represents the habitat type in

Table 1

Information about the various levels of sampling carried out in this study, and
associated sample size as sums across the whole study. Moose management units
(MMU) were nested within moose management areas (MMA). Inventory data
was collected in up to 15 tracts per MMU, with up to 16 plots per tract. When
present, one young production forest stand containing pine trees was invento-
ried per tract, by sampling up to 15 plots per stand. Telephone interviews to
obtain data on supplementary feeding was carried out with people owning land
in the majority of inventory tracts (“tracts with interview data™). In a subset of
these tracts we obtained interview data that covered at least 25% of the total
estate area. “Tracts used in SF Analysis” indicates the number of tracts which we
could use for data analysis regarding the effect of supplementary feeding on pine
damage. These tracts had to provide data on the pine damage situation in
associated forest stands, interview data that covered at least 25% of the total
estate area, as well as complete cervid dung pellet inventories in both stands and
tracts. See Table Al for breakdown of these numbers per MMU.

Sampling unit Sample size sum

Moose management areas (MMA) 6
Moose management units (MMU) 18
Inventoried tracts 264
Young production forest stands with pine present 112
Tracts with interview data 230
Tracts with interview data with > 25% coverage 148
Tracts used in SF analysis 50




A.M. Felton et al.

(caption on next column)

Forest Ecology and Management 513 (2022) 120187

Fig. 2. A. An inventory tract (400 x 400 m) showing 16 sampling plots (white
dots, referred to as tract plots), 100 m apart, along its outer edge, used to record
forage availability and cervid faecal pellets, in southern Sweden 2017. If pre-
sent, production forest stands < 10 yrs old (green) were identified within tracts,
one of which was selected (see selection criteria in Methods) for detailed in-
ventory of browsing damage. B. Outline of a forest stand and how plots
(referred to as stand plots) were systematically placed in the nodes of a pre-
determined, randomly placed, 20 x 20 m grid. Depending on the size of the
stand, 8-15 plots were placed with 20, 40 or 60 m distance from each other. C.
The inventory was conducted in circular plots. We used a plot radius of 5.64 m
(100 m?) to count moose and red deer faecal pellet groups in both tract and
stand plots. We used a plot radius of r = 3.5 m (38.5 m?) to record forage
availability in tract plots, and browsing damage in the forest stands. We used
the smallest plot size (r = 1.78 m) to count roe and fallow deer faecal pellet
groups in both tract and stand plots. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
tPis article.)

the region with the highest concentrations of tree browse within
browsing height (Wam et al., 2010, Bergqvist et al., 2018). We per-
formed an inventory in one of these stands per tract (if present). When
selecting among several available stands, we prioritised stands that 1)
had a suitable shape and size for fitting 15 plots (see below), 2) had a
maximum mean height of 3 m as this includes the browsing height
distribution for all four cervid species (Nichols et al., 2015); and 3) were
located closer to the tract centre. In cases when criteria 1 and 2 were not
fulfilled we accepted slightly smaller and/or taller stands, if they were
not further than 600 m from the tract centre. Stands were included
regardless of which production tree species was dominant. In this paper
we present data from stands where pine trees were present in at least one
stand plot. The spacing of plots (20, 40 or 60 m apart) depended on the
size of the stand, and field personnel located the plots using a prede-
signed systematic grid (Fig. 2) in a digital map tool. We refer to these
plots as stand plots. The aim was to space the plots so they were evenly
distributed within the whole stand, excluding a border of 20 m from the
stand edge. Spacing decisions were made prior to starting the inventory.
84% of stands inventoried could fit 15 plots, and the lowest number of
plots was 8 (2 stands, due to smaller size). All but 5 stands were within
the predefined upper mean height limit of 3 m (the greatest mean height
was 4.5 m). We found relevant forest stands in 112 of the 264 tracts
(Table 1). Because of differences in land use among the six MMAs, the
percentage of tracts per MMA with such forest stands present, ranged
between 20 and 75% (Table Al).

2.3. Field inventory

Data were collected by five persons, between March 7th and May
11th 2017. Calibration exercises were done to minimise observer bias,
and at least two persons worked in parallel in each MMU.

2.3.1. Data collection in tract plots (landscape scale)

In plots located along the edge of tracts (Fig. 2a) we classified the
general habitat type and the dominant forest floor vegetation, and
collected data on browse availability and the number of cervid faecal
pellet groups (faeces were also counted in the stand plots, see below).
We refer to this scale as “the landscape scale”.

2.3.1.1. Habitat type. Due to the importance of land cover habitat types
in explaining cervid damage (Jarnemo et al., 2014, Spake et al., 2020)
we categorised the general habitat type (within r = 5.64 m) as one of
eight different classes: forest stands up to 10 yrs of age (using the same
method of identification as described above); forest stands older than 10
yrs (all other forest stands); agricultural fields; edge zones with vege-
tation; waterbodies; roads; other open land (e.g. meadow or paddock);
or other (areas free of vegetation e.g. building). We calculated the per-
centage of each tract’s plots that had each habitat type. For later analysis
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we summed “agricultural field” and “other open land” into one category
(“open land”).

2.3.1.2. Forest floor vegetation. As a significant part of the cervids’
forage is found in the forest floor vegetation, we categorised the domi-
nant type of this strata (within r = 3.5 m) as one of five classes: No forest
vascular floor vegetation (e.g. mostly stone, bare soil or mosses); dwarf
shrubs (either one or a mix of cowberry Vaccinium vitis-idaea, bilberry
V. myrtillus, and heather Calluna vulgaris); grass; forbs (including ferns
and raspberry Rubus idaeus); or lichens. We calculated the proportion of
plots per tract representing each category. To reduce the number of
variables in later analysis, we only included the dwarf shrubs, as they are
an important winter forage for the cervids concerned (Spitzer et al.,
2021).

2.3.1.3. Availability of forage from trees. We assessed the availability of
seven forage tree species, within browsing height (0.3-3 m): pine, silver
birch, downy birch, rowan, aspen, willow (Salix caprea and closely
related species), and oak (Quercus robur and Q. petraea). Hereafter, un-
less otherwise specified, when referring to any of these tree taxa, we are
specifically referring to trees within browsing height. Within a radius of
3.5 m, we categorised each tree species as being represented in one of
five density classes: 0) O stems, 1) 1-10 stems, 2) 11-50 stems, 3)
51-100 stems, 4) 100-200 stems. We summed the class notation (0-4)
across all plots per species and tract, and divided that sum with the
number of plots inventoried (i.e if in 16 inventoried plots, pine had been
noted in class 1 in 4 plots, and not at all in the other plots, the index
would be (4+(12*0))/16 = 0.25). Hereafter we refer to this index as
representing the relative availability of each tree species within
browsing height per tract. Data for the two birch species were combined
in our statistical analyses. The four remaining broadleaved tree species,
rowan, aspen, willows and oak, are all highly preferred forage species by
the cervids in this region (Ménsson et al., 2007). Because these four tree
species are relatively rare compared to birch and the two conifer species,
we combined the four species into one index (as per Bergqvist et al.,
2014), and we call this group AROW (for Aspen, Rowan, Oak and
Willow).

2.3.1.4. Cervid density indices. To index cervid density, we conducted a
faecal pellet count in each of the tract plots. The distribution of winter
faecal pellet groups provides an estimate of the local habitat use by
cervids during the winter (Ball and Dahlgren, 2002). We counted pellet
groups produced by the two larger cervid species, moose and red deer,
within a radius of 5.64 m (100 m?). For efficiency, pellet groups by the
smaller roe deer and fallow deer were counted within a radius of 1.78 m
10m> Fig. 2c). For each fresh pellet group, we first counted the number
of pellets and recorded the species based on visual inspection. In cases of
suspected fallow deer or roe deer (two species with similar pellets), we
noted the species identification based on a pellet-number threshold
(fallow deer > 45 pellets; roe deer < 45 pellets) as suggested by Edenius
(2012). The centre of a pellet group had to fall within the plot bound-
aries to be included in the count. We only counted pellet groups that
consisted of at least 20 individual pellets in the case of moose and red
deer, and at least 10 pellets for roe and fallow deer, to not double-count
pellets that may have been kicked up. To ensure that the pellet count
largely represented the winter densities, we counted only pellet groups
lying above the leaf litter and not heavily decomposed. Because we used
a definition of pine damage designed to target damage caused primarily
by moose (top shoot damage, see below), we used moose pellet count
data separately (“moose index”, pellet groups / 1000 m?) from the three
smaller deer species (where the three species’ pellet counts are com-
bined into one “deer index” by summing pellet groups / 1000 m?) in our
data analysis regarding pine damage. Both the moose and deer indices
were used as continuous variables, for both stands and tracts. A com-
bined cervid index (all four species) was also calculated.
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2.3.2. Data collection in forest stands

2.3.2.1. Browsing damage and tree height. In stand plots (r = 3.5 m,
Fig. 2b) we counted all stems of production tree species that had a height
greater than half of the mean height of the two tallest stems in the plot
(Kalén et al., 2019), excluding stems below 0.5 m. In this region, com-
mon production tree species include pine, spruce and birch. Following
the same procedure as the national browsing damage monitoring
scheme, each pine tree (belonging to the above described category) was
noted as having recent damage or not, caused by cervids, and the
damage was categorized as browsing on the top shoot, stem breakage
(anywhere below the topmost whorl of shoots), or bark damage present
on the stem above 0.3 m (Kalén et al., 2019). A tree could have more
than one damage type. Recent browsing damage was defined by the
colour of the bite surface. If the surface was green-yellow and pale it was
assumed that the animal had taken the bite sometime during the pre-
vious five months, i.e. late fall and winter (Ohmark et al., 2015). If the
surface of the bite was dark, grey and dry, it was assumed it was an older
bite and was not included in the count. We only counted bites with a
frayed appearance as this is the signature mark of a cervid, as opposed to
the clean cut of a hare or rabbit (ibid). We calculated the density of pine
per hectare. We also calculated the percentage of pine trees with recent
damage per stand, pooling all three damage categories.

2.3.2.2. Cervid density indices. In stand plots (Fig. 2b) we also con-
ducted the faecal pellet count as described above for tract plots.

2.4. Supplementary feeding — Interviews

We collected information regarding supplementary feeding by
interviewing people owning properties within a radius of 600 m of each
tract centre (113 ha). Excluding properties < 10 ha in size, we identified
1127 persons or organizations as possible respondents. Property owners
were contacted by telephone during spring 2017 for a structured tele-
phone survey (Supplementary Methods, Appendix) regarding any sup-
plementary feeding taking place (amount, type) during the previous
winter season. We did not reach all the relevant property owners in each
tract (in total we reached 57%, and 20% of them declined to partici-
pate). To get a measure of data quality, we therefore calculated the total
combined area of all estates identified as relevant for each tract (“total
estate area”; range 188-4223 ha). We then divided the sum of property
areas that were successfully included in the survey, with the total estate
area, and used this proportion as an index of data quality. If this pro-
portion was < 25% we did not include the tract’s data in statistical
analyses of relationships with pine damage and browsing pressure. Data
regarding the amount (kg/ha) of different supplementary feeding types
were lumped together into two major categories: grass silage and
“other”. “Other” supplementary feed included: beets (Beta vulgaris),
carrots (Daucus carota), potato (Solanum tuberosum), oat (Avena sativa),
wheat (Triticum aestivum), corn (Zea mays), pea (Pisum sativum), fruit or
manufactured game pellets.

2.5. Statistical analyses

Statistical analyses were conducted in R version 4.0.2 (RCoreTeam,
2020).

2.5.1. Comparisons among moose management units

To assess variation in our measured variables at a large spatial scale,
we first assessed whether there were differences among the 18 MMUs
(Table A2). Due to the abundance of zeros in our response variables (e.
g., many stands lacked damaged pine), we used beta regression for zero-
inflated bounded proportion data to compare MMUs in terms of the
likelihood of pine being damaged. This is a generalized logistic model,
which allows us to mix two distribution functions for the same response
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data (Ospina and Ferrari, 2010). In our case, we used a beta function for
its proportional part (response y > 0), and an additive function for its
binomial part (response y = 0; with logit- and log-link respectively). We
used this approach in several assessments involving pine damage
(further described below). We focused our interpretation on the pro-
portional part while the binomial part is presented in the supplementary
information. These and all other statistical models described below,
except those named GLM and GLMM, were performed using the gamlss
function in the gamlss package (Rigby and Stasinopoulos, 2005).

Generalized Linear Models (GLM) were used (followed by an ANOVA
test) to compare MMUs in terms of forage availability indices (pine,
birch and AROW), cervid index and total amount of supplementary feed
reported by respondents (each response modelled separately with MMU
as a fixed explanatory variable). The responses forage availability, cer-
vid index and amount of supplementary feed (kg/ha) were modelled
with a Gaussian distribution with identity link and a dispersion function
with a log-link that accounts for heteroscedasticity (i.e. different vari-
ance in the response across MMUs). Generalized Linear Mixed Models
(GLMM) with tract ID as a random (intercept) effect, and Gaussian
distribution with identity link, was used to test if there were differences
between tracts and stands in the moose and deer indices. These GLMs
and GLMMs were done using the glmmTMB function in the glmmTMB
package (Brooks et al., 2017).

2.5.2. Factors accounting for variation in pine damage

Zero-inflated beta regression on the tract level, with MMU as a
random effect (exploratory analyses showed that including MMAs had
no significant bearing on the results), was used to assess which factors
account for variation in recent damage to pine among stands. At first we
did not include the aspect of supplementary feeding, but utilized the
larger data set including all tracts from which we had data regarding
pine trees in stand plots (n = 112 tracts, i.e. stands with pine present,
both with and without damage). We included the density of pine per m?
in the stand as an explanatory variable (“pine in stand™). As explanatory
variables we also included the availability of pine, birch and AROW in
the tract plots surrounding the stands (density of trees within browsing
height as indicated by availability indices, see above), percentage of
tract plots with forest < 10 yrs old or open land (habitat type), per-
centage of tract plots dominated by dwarf shrub cover (forest floor
vegetation), the moose density index (stand level) and the deer density
index (stand and tract level). We also included the interaction term
“moose density index in stands x availability of AROW”. The animal
density indices and the tree availability indices were log-transformed
(natural logarithm) to reduce the effects of extreme values. All vari-
ables included in the model were standardized prior to modelling by
subtracting the mean and dividing by the standard deviation (Z-trans-
formation) to make the model coefficients comparable across explana-
tory variables. From the full model we performed a stepwise model
selection based on AIC, whereby all variables are tested by removal and
subsequent reintroduction to the model in iterative steps.

Similarly, zero-inflated beta regression, with MMU as a random ef-
fect, was used to assess the linkages between damage on pine and sup-
plementary feeding at the landscape level. The number of tracts for
which we obtained both interview data and stand inventory data was
limited (n = 50 tracts, out of the pool of 112 stands with pine present),
and to avoid over-parameterization, we were restricted in how many
explanatory variables we could include. We first tested the relationship
between the proportion of damaged pine stems in the stand and the
natural logarithm of the total amount of supplementary feed (kg) per
hectare, also including the density of pine per m? in the stand (“pine in
stand”) and the availability of AROW in tract, as these two variables
were the strongest variables explaining variation in recent damage to
pine in the above analysis. We tested the same model again but this time
including an interaction term between the amount of supplementary
feed and the availability of AROW in tract. Finally, we ran the same test
again, but instead of the total amount of supplementary feed, we
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included the logarithm of each of the two fractions silage and other
supplementary feed (kg/ha). Due to weak distribution of data points and
small sample size, we could not include more explanatory variables or
interaction effects.

3. Results

3.1. General patterns from field inventory and supplementary feeding
survey

Across tract plots in the 112 tracts with relevant stands, we found on
average 1.29 + 1.8 SD moose faecal pellet groups/1000 m? (range
0-11), and 15.6 + 18.5 SD small deer faecal pellet groups/1000 m?
(range 0-100). The equivalent density in stands was 3.2 + 4.8 SD for
moose (range 0-40) and 23.1 + 26.3 SD for small deer (range 0-129).
The GLMMs show that there were significantly more pellet groups in
stands than in tracts, both regarding moose (p < 0.001) and smaller deer
(p < 0.01). The most commonly found faecal pellet groups on a land-
scape scale were from moose and roe deer (observed in 61% and 59% of
all inventoried tracts respectively), while we found pellet groups from
fallow deer and red deer in 26% and 14% of the tracts respectively.
There was a significant difference among MMUs in the density of cervid
faecal pellet groups in tract plots (p < 0.001, Table A2).

The average height of the inventoried pine stems was 1.6 m (SD 0.77
m). We assessed 2435 pine trees, of which 10.4% displayed recent
damage caused during the preceding fall/winter. In most cases (87%)
the damage involved browsing on the top shoot, as opposed to breakage
of stem or bark damage (no pine trees were encountered that had more
than one type of recent damage). There were no significant differences
among MMUs in the proportion of damaged pine trees (p = 0.137).
However, the availability indices for forage trees within browsing
height, as measured in tract plots, varied significantly among the 18
MMUs (p < 0.001 for all tree species assessed, Table A2). The four
broadleaf tree species AROW lacked representation of stems within
browsing height (0.3-3 m) in 34-64% of inventoried tracts depending
on the species (aspen lacking in 53% of tracts, rowan 34%, oak 64%,
willow 49%). Pine, spruce and birch were lacking in 24%, 10% and 17%
of tracts respectively.

We obtained telephone survey data from 230 tracts. Of these 230
tracts, 148 (64%) were covered by the telephone survey in such a way
that we obtained data from at least 25% of the combined area of all
properties identified as relevant for each tract (“total estate area”, see
Methods). We call these 148 tracts “interviewed areas”. The interviewed
areas were well distributed across the six moose management areas
(range 17-32 tracts per MMA, average 23 tracts/MMA). The variation in
reported amount of supplementary feed ranged between 0 and 423 kg
per km? (average 24 kg/km? - 49.17 SD for the whole season). About a
fifth (19%) of the interviewed areas had only respondents who reported
that they did not supply any feed at all during the season in question.
The most common supplementary feed used (54% of study areas) was
silage of some variety (average 45.5 kg/km? across the 96 study areas
who used silage; average 22 kg/km? + 47.5 SD across all 148 areas
(range 0-415 kg/km?)). Silage is normally placed out as round-bales,
with the plastic cover partially opened or entirely removed to allow
the game access to the fermented grass mixture. Respondents from 24
study areas (18%) reported the use of root vegetables, i.e. beets, carrots
and potato. Root vegetables were used in relatively small amounts
compared to silage (average 3.3 kg/km? across the 24 study areas who
used root vegetables; average 0.6 kg/km? + 2.39 SD across all 148 areas
(range 0 - 18 kg/kmz)). As many as 64% of interviewed areas had re-
spondents who reported the use of supplementary feed other than silage
or root vegetables (i.e. oat, wheat, corn, pea, hay, fruit, or game pellets).
These feeds were also used in relatively small amounts (average 1.7 kg/
km? + 4.02 SD across all 148 areas (range 0 - 25 kg/kmz)). Sixty-six
areas reported supplying both silage and other types of food at the
same time. There were significant differences among the 18 MMUs with
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regard to the total amount of supplementary feed that managers re-
ported they had placed out into the landscape the year of the study (p <
0.001, Table A2).

3.2. Factors explaining variation in recent damage on pine trees

With data from 112 tracts (supplementary feeding not included) we
found that the proportion of damaged stems was significantly higher in
the young forest stands that had a lower density of pine stems (p <
0.001). Damage levels were also higher in the stands within tracts where
the AROW availability index (p < 0.001) was lower, the availability of
open land (p = 0.007) was higher, and where the moose density index
was relatively high in the stand (p = 0.003, Fig. 3; Final model in
Table 2; Full model in Table A4). The interaction term was not included
in the final model, indicating that the positive relationship between
moose density and pine damage was not dependent on the availability of
AROW in the landscape surrounding the stand. The deer index (moose
not included) was not retained in the final model, neither with data
collected in stand plots nor in tract plots.

The proportion of pine stems that were recently damaged by
browsing was not associated with the overall amount of supplementary
feed that people had placed within or near the tract during the winter
(Table 2). In the model where the total amount of supplementary feed
(regardless of type) was included, the % of damaged stems was lower in
stands with a high density of pine (p < 0.001) and where the availability
of AROW was high in the tract (p = 0.021). There was no significant
interaction between the total amount of supplementary feed and the

**%

0 0.1 0.2
Density of pine in the stand

Partial effect for the % of pine stems in stands with recent damage

0 1
Availability of AROW in the tract

1519

Forest Ecology and Management 513 (2022) 120187

availability of AROW (p = 0.288, Table A5). The outcome was similar
when the type of supplementary feed was specified. While the density of
pine in the stand was negatively related to pine damage levels (p =
0.001), neither silage nor “other” supplementary feed (root vegetables
etc) were significant explanatory variables (Table 2). There was no
correlation between the % of estate area covered by the interview per
tract (our measure of data quality, see Methods) and the damage level on
pine (r = -0.075).

4. Discussion

The key finding of our study was that variation in cervid browsing
damage to young pine in production stands could be best explained by
the availability of pine and broadleaf forage in the stand or the sur-
rounding landscape (as defined by our inventory tract, 16 ha), while the
presence of supplementary feed did not account for variation in damage
(Table 2). We found that 10% of all inventoried pine had been damaged
by cervids during the previous winter. For perspective, this is double the
Swedish Forest Agency’s goal that not >5% of Scots pine stems are
damaged by cervids in a given year (SFA, 2018b), but lower than in
other recent assessments of the region (Pfeffer et al., 2021). Although
this may be unacceptably high for commercial forestry, it is worth
noting that at least the majority of damage we found was in the form of
top shoot browsing (as in Bergqvist et al., 2001), rather than stem
breakage, that has more serious repercussions for the trees (Heikkila and
Loyttyniemi, 1992). As expected, we found that pine damage was lower
in stands with a lower density of moose faeces. This is in line with

151 %% .
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Fig. 3. Associations between forest stand and landscape scale variables and the proportion of pine stems in production stands (n = 112) that have been recently
browsed by deer and moose (cervids) in southern Sweden 2017. The four variables depicted are those included in the final regression model®, which excluded
supplementary feed (Table 2). Panels illustrate the partial effect of each variable (controlling for the other variables in the model; solid line), the variation (£SE, grey
field), and partial residuals (dots). Panel A) Density of pine in the stand (stems/m?); B) moose density index in the stand (number of pellet groups/ 1000 m?); C)
Availability of aspen, rowan, oak and willow (AROW) in tract plots (index based on # stems/ha of trees 30-300 cm in height); D) Proportion of tract plots on open
land. Level of significance is indicated with stars on each panel (corresponding to Table 2). ®Modelled with a beta regression, where a binomial part models the
likelihood of 0 outcomes (no pine damage, see Table A4). The proportional part, which is shown here, models the outcomes where > 0 pines were damaged.
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Table 2

Beta regression analyses” of factors explaining variation in cervid damage on
pine trees growing in production forest stands (up to 10 yrs old) in southern
Sweden 2017. The response variable was the proportion of pine stems that were
recently damaged by cervids (see Methods for definition). In the first analysis,
we included all tracts from which we had data on pine trees in young production
stands (n = 112), and several variables regarding forage availability (indices), %
of plots in open land or in forest < 10 yr, and moose and deer density indices (T
= tract level data); whereas supplementary feeding was excluded (see foot note).
The second analysis was limited to 50 tracts, but included data on the total
amount of supplementary feed (Tot SF) used by local landowners, along with
density of pine in the stand (Pine in stand) and availability of AROW in tract
(AROW avail). In the third analysis, the model included the amount of supple-
mentary feed classified as either silage or other feed types. Stepwise model se-
lection was performed for the first analysis in the table (here depicting the final
model), but not for the second and third analyses (here depicting full models).
“In this type of regression a binomial part models the likelihood of 0 outcomes
(no pine damage, see Table A3). The proportional part, which is shown here,
models the outcomes where > 0 pines were damaged.

Association between landscape scale factors and pine damage, excl.
supplementary feeding; Final model’; n = 112

Estimate  Std.Error tvalue Pr(>|t|)
Intercept -1.71 0.09 -17.99 < 0.001
Moose in stand 0.27 0.09 3.11 0.003
AROW avail (T)  —0.44 0.09 —4.86 < 0.001
Open land (T) 0.24 0.09 2.74 0.007
Pine in stand -0.57 0.11 -5.05 < 0.001

Association between supplementary feeding (Total) and pine damage”; n = 50

Estimate  Std.Error tvalue Pr(>|t|)
Intercept —1.65 0.12 —13.34 < 0.001
Tot SF 0.08 0.12 0.68 0.500
AROW avail (T) -0.28 0.11 —-2.55 0.015
Pine in stand —0.75 0.17 —4.42 < 0.001

Association between two categories of supplementary feeding and pine damage;
n =50

Estimate  Std.Error tvalue Pr(>|t|)
Intercept -1.51 0.16 —9.72 < 0.001
Silage (log) 0.12 0.14 0.83 0.412
Other SF (log) —0.07 0.18 —0.38 0.71
Pine in stand —0.68 0.20 —3.46 0.0014

@ More variables were included in the full model (see Table A4);
b Model results including an interaction term are presented in Table A5.

several other studies of ungulate systems (e.g. Angelstam et al., 2000,
Coté et al., 2004, Bergqvist et al., 2014), and indicates that there is a
positive correlation between damage and the amount of time moose
spend in a stand. The lack of a similar relationship between damage and
our density estimates of other cervids was also expected, due to their
different feeding physiology and -behaviour. It is important to note
however, that although the other cervids may not damage pine to the
same extent as moose, they can influence moose foraging via competi-
tion in their shared foodscape (Spitzer et al., 2021).

Our findings highlight the influence that natural forage availability
has on cervid damage to pine, as likewise supported by a number of
previous studies (e.g., in Sweden: Hornberg 2001, Ball and Dahlgren
2002, Jarnemo et al., 2014, Gicquel et al., 2020). Importantly, damage
was lower within production stands with a higher density of pine stems
(Fig. 3, as in Bergqvist et al., 2014, Pfeffer et al., 2021). Even though a
habitat rich in young pine may be attractive to moose and other deer
(Nikula et al., 2004), the dilution effect of many pine stems results in a
lower proportion of stems being damaged (as in Hornberg, 2001, Ball
and Dahlgren, 2002, Cassing et al., 2006). In our study, we cannot tell
whether the low pine density found in those stands that were most
affected by damage was the result of several years of high browsing
pressure, or past forest management decisions. However, moose and
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deer density indices at the landscape level were not strong explanatory
factors in relation to damage in stands, suggesting that the stand pine
density was not simply a result from the preceding winter’s browsing
pressure. In addition, browsing pressure on pine and broadleaved trees
as measured in the tract plots was not significantly correlated with pine
damage in the associated stand (A. Felton, unpublished data).

We also found that a relatively high availability of key broadleaf
trees (AROW: aspen, rowan, oak and willow) in the surrounding land-
scape, was associated with lower levels of damage to pine (Table 2), and
importantly, our measure of AROW availability was not correlated with
moose or deer density indices. This negative relationship between
AROW availability and pine damage is in accordance with a large-scale
moose selection study showing that when AROW density at the munic-
ipality level (several thousand ha) is higher, moose selection for pine is
lower (Wam and Hjeljord, 2010). The AROW species are known to be
highly selected by cervids, likely due to their more beneficial nutritional
composition (Hjeljord et al., 1982, Felton et al., 2021). In Scandinavia,
where rotational, even-aged production forestry is the norm (Felton
et al., 2020a), the availability of these four broadleaf tree species and
other key food resources for moose, is strongly influenced by the amount
of forest in young succession stages (Wam et al., 2010, Bergqvist et al.,
2018). Therefore, we expected that a high proportion of forest < 10 yrs
of age in the surrounding landscape would be associated with lower
damage to pine in production stands. The variable ‘forests < 10 yr of
age’ was significant in the full model but was not retained in the final
model. Instead, we found that the less open land there was in the sur-
rounding landscape, the lower the damage to pine (Fig. 3). Open land in
this case is defined as agricultural fields, meadows, paddocks and
similar. This indicates that the forage that is present in several habitats
(e.g. forests of all ages, and edge zones with vegetation), in addition to
young production forests, significantly lowers the browsing pressure on
production trees (as in Jarnemo et al., 2014).

About 1% of Sweden’s productive forest land is clear cut every year
(SFA, 2021), and the estimated amounts of woody forage present in
stands regenerating after clear cutting range between 0.2 and 3 tonnes
ha~?, up until this vegetation grows out of browsing height (Kalen and
Bergquist, 2004, Mansson et al., 2015). In comparison, supplementary
feed is provided at much lower amounts and is even more patchily
distributed. Our survey revealed large geographical variation in the
types of supplementary feed provided, and that it was available at
amounts comparable to those recorded by other studies identifying a
significant influence of supplementary feeding on cervid movements
and foraging choices (Schmidt 1993, Guillet et al., 1996, Sahlsten et al.,
2010, van Beest et al., 2010). The lack of a signal in our data suggests
that even in regions where supplementary feeding is part of the food-
scape, its effects are hard to predict due to many context-dependent
factors.

Such context-dependant outcomes have been shown in other socio-
ecological systems. For example, fallow deer browsing intensity on
young Norway spruce in south western Sweden was strongly moderated
by the relative availability of forest floor vegetation (Vaccinium spp. and
Calluna spp.) and young deciduous trees (Garrido et al., 2014), despite
close proximity to silage feeding sites. The availability of alternative,
naturally growing, forage in the landscape likely takes the burden off
production trees, both in terms of providing food for the elevated den-
sities of game surrounding the feeding stations (Garrido et al., 2014),
and via the provision of forage items that are nutritionally comple-
mentary to the supplementary feed (Timmons et al., 2010, Felton et al.,
2020c). It is therefore reasonable to expect that an effect of supple-
mentary feeding on pine damage may depend on how much alternative
natural forage is available in the surrounding landscape. However, we
did not find this interaction in our data (Table 2).

The lack of an effect of supplementary feeding on pine damage in our
study may be due to several reasons. First, there was a mismatch in the
response scales measured. We estimated forage availability within ca.
400 m of the stand, whereas the area covered by phone interviews was
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larger (as a direct effect of different estate sizes; range 188 — 4223 ha).
This meant that feeding stations were likely located at variable distances
from where damage was measured, which is known to be an important
determinant of outcomes (Gundersen et al., 2004, Garrido et al., 2014).
Second, the effects of supplementary feeding on pine damage may
cancel each other out if the cervid community is diverse in their dietary
niches; as was the case in our study. The potential effects of a given type
of food on browsing behaviour should depend on the species of con-
sumer (Milner et al., 2014, Felton et al., 2017). For example, whereas
grass silage supplementation may induce higher levels of pine damage
by moose (Mathisen et al., 2014), it can reduce damage caused by red
deer (Borowski et al., 2019) (but see Rajsky et al., 2008). Third, the
relative influence of supplementary feeding on surrounding vegetation
will also depend on the local cervid populations’ use of these feeding
stations. During the winter of our study, snow fall was limited, which
may have both increased the availability of alternative browse, and
reduced cervid reliance on such stations (Guillet et al., 1996, Doenier
et al., 1997). Finally, because supplementary feeding is controversial in
Sweden, it is possible that our interview respondents understated their
use of supplementary feed, or that respondents who declined to partake
represented the more active providers of supplementary feed. Both
outcomes would increase the noise and decrease the signal in our results.
For these reasons, we caution against using our findings to conclude that
the type and extent of supplementary feeding does not alter damage
outcomes in timber production stands.

4.1. Implications for game and forest management

Our results support the efficacy of using naturally growing forage to
mitigate cervid browsing damage to pine in managed forested land-
scapes. The availability of naturally growing forage can be increased in
production-forest dominated landscapes by either limiting the removal
of edible biomass, or by actively promoting its growth. Notably, within
browsing height (0.3-3 m), willow, aspen and oak were missing in half
or more (depending on the species) of the tracts in our study. The
frequent absence of these trees may at least in part be due to a high
browsing pressure on these preferred tree species over many years, and
raises important questions about the prevalence of mature AROW in-
dividuals in the future (Angelstam et al., 2017). However, despite their
limited and patchy occurrence, the current density of AROW in our
study locations was never-the-less sufficient to apparently have an
alleviating effect on pine damage, although controlled experiments are
needed to verify this pattern. This is positive news, as it indicates the
potential to which pine damage could be reduced in the region by
actively promoting these broadleaf trees species during the cleaning and
thinning of production stands, and in the management of hedge rows,
edges and small forest roads. Additional contributions to the availability
of alternative natural forage can be made by forest owners and managers
when deciding which production tree species to regenerate after harvest.
For a given level of timber production, the high needle area of spruce
dominated forests leads to darker understories than pine forests,
resulting in a poorer understory and forest floor vegetation layer
(Petersson et al., 2019). To efficiently create more forage during the
whole rotation period, landowners could prioritize tree species other
than spruce (e.g. broadleaf trees, pine), limit stem density, and increase
the rotation time (Petersson et al., 2019). Our results also indicate that
landowners could help reduce forest damage by ensuring a sufficiently
high overall density of regenerating pine in the landscape at any given
time.

The management approaches mentioned here are particularly rele-
vant to areas where browsing damage results in significant economic
losses, and increased culling is not an acceptable option due to conflicts
with other societal goals and cultural values. Increasing the prevalence
of pine and broadleaf trees, as well as promoting the cover and diversity
of understory vegetation, is likely to have a range of additional
ecological and societal benefits, allowing for a potential win-win
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solution for timber production, species conservation and ecosystem
services (Felton et al., 2020b). In contrast, recent trends in Scandinavia
involving land owners shifting timber production from pine to spruce,
and shortening rotation times, runs counter to such recommendations,
raising concerns as to the longer-term vulnerability of such landscapes to
browsing and additional biotic and abiotic risks (Petersson, 2019, Felton
et al., 2020b).

4.2. Conclusion

A range of strategies is available to those trying to reduce the risk of
cervid browsing damage in production forests, and thereby help sustain
their delivery of vital ecosystem services. Our results suggest that the
most effective strategy for reducing damage to pine will rely on the
retention and creation of natural forage in the foodscape, while also
regulating moose densities. The lack of a clear signal in our results
linking supplementary feeding with browsing damage raises questions
regarding the efficacy of this practice to reduce damage. Our results
indicate that targeted controlled experiments are now needed to test the
effect of supplementary feeding on pine damage at the landscape scale.
The large number of biodiversity and ecosystem service co-benefits
associated with retaining and creating sources of natural forage raises
the promise of landscape scale solutions that successfully combine
forestry with healthy cervid populations and additional societal values.
As both pine production forests, and the four cervid species assessed are
prevalent features of European and other northern hemisphere land-
scapes, our results have implications that extend well beyond Sweden’s
borders.
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