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Modelling the effect of moose Alces alces
population density and regional forest
structure on the amount of damage in forest
seedling stands
Ari Nikula,a* Juho Matala,b Ville Hallikainen,a Jyrki Pusenius,b
Antti Ihalainen,c Tuomas Kukkod and Kari T Korhonenb
Abstract
BACKGROUND: Moose (Alces alces L.) populations and moose damage in forests are debated in Nordic countries with dense
moose populations. Moose populations and food resources vary greatly, both spatially and temporally, and reliable data covering both variables simultaneously at the same scale have seldom been available. We modelled the effect of moose population
density and forest resources on the area of moose damage at regional scale, referring to moose management areas (MMA). Forest data and moose damage data originated from the Finnish National Forest Inventory, and the moose population data came
from a Bayesian moose model. For modelling, average values of moose population, damage and forest variables were calculated for the periods 2004–2008 and 2009–2013 for each MMA. The MMAs were further classiﬁed into one of four larger geographical zones. The area of moose damage was used as a dependent variable, and the proportions of different types of
forests and moose population densities per land area or area of seedling stands as explanatory variables. The relationships
were modelled with a linear mixed-effects model with an exponential spatial correlation structure.
RESULTS: The area of moose damage was best explained by total forest area, proportions of plantations and mature forests, and
moose population density per land area or the proportion of plantations. There were differences among the biogeographical
zones in how different variables explained the amount of damage.
CONCLUSION: The results provide tools for analyzing the regional effects of moose population density and the amount of food
resources on the amount of moose damage. This information can be used in reconciling sustainable moose population levels
and the amount of damage.
© 2020 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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INTRODUCTION

Ungulate species have increased throughout Europe during the last
few decades and become locally overabundant.1 Ungulates provide
beneﬁts for humans in terms of hunting and recreational value, but
locally, high numbers of ungulates also cause considerable damage
to forestry and agriculture, and cause thousands of ungulate–vehicle
collisions.1,2 The largest ungulate species, moose (Alces alces L.) has
an ambiguous position in Fennoscandian (Sweden, Norway and Finland) nature because it is the most important game animal, but it also
causes considerable losses to forest owners.3,4 Taking the large
amount of moose damage and consequent economic losses in forests into account, the term ‘pest’ also can be applied to moose.5 To
reconcile the beneﬁts and costs of ungulates, there is a need for tools
that can assess the impact of different population levels on beneﬁts
and costs at scales feasible for ungulate management.1,2

Rapid growth of moose populations occurred in all Fennoscandian
countries at the beginning of the 1970s.6–8 The winter population in
Finland was ≈30 000 moose at the beginning of 1970 and increased
to ≈120 000 in the early 1980s. At the same time, the moose populations were ≈300 000 in Sweden and ≈90 000 in Norway, and these
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have remained about the same up to the present.6,8 After the 1980s,
the moose population decreased in Finland until the mid-1990s and
peaked again at the turn of the millennium, when it was ≈160 000.
Since then, the overwintering population has been ≈90 000 moose.
The most intensive growth in moose populations occurred a
couple of decades after a modern forest management system
with clear-cutting and planting of mainly coniferous trees was
applied in Nordic forestry at the beginning of the 1950s. The
applied forestry methods have resulted in a continuously large
proportion of young development classes of coniferous trees,
especially Scots pine (Pinus sylvestris L.) dominated forests, which
has beneﬁtted moose in terms of suitable winter foraging areas.6,9
The increased moose populations have subsequently caused
increasing damage to forests.4,10,11 In Finland, moose damage was
recorded on 960 000 ha of forest land in the 11th National Forest
Inventory (NFI) in 2009–2013.11 In this area, the quality of plantation
decreased in 520 000 ha and serious damage was recorded in
106 000 ha. The majority (75%) of damage occurred in Scots pinedominated stands, among which serious damage covered
85 000 ha, corresponding to ≈22% of Scots pine plantations. However, the highest proportion of damaged stands were found in birch
species (Betula pendula Roth. and Betula pubescens Ehrh.) and other
stands dominated by broadleaved species.11 In Sweden, moose
damage was found in 12–15% of Scots pine plantations in 2003–
2013.12 Also in Norway, moose and other ungulates have been
among the most severe damage agents, and moose have been estimated to cause annual losses of EUR 1.5–3.7 million.2,13
A plethora of factors, such as human disturbance, snow depth,
topography and soil, forest landscape composition, tree species
composition and spatial structure of plantations, and competition
from other deer species among others, have been shown to affect
moose browsing and habitat selection at the habitat and homerange levels.14–19 Moose are facultative food specialists/generalists, because the diet of moose consists of woody species, mainly
Scots pine, in winter, but in summer, moose utilize tens of species
of plants and also browse in seedling stands.20–22 Although deciduous trees are preferred and Scots pine is only of medium preference, pine forms the majority of moose diet in winter, and
consequently, most of the damage occurs to pine.11,23,24
Moose cause damage to trees by browsing leader and lateral
shoots, breaking stems and stripping bark.25 As a consequence,
the growth of trees is reduced and the quality of timber is
impaired.26 In the worst cases, the whole seedling stand has to
be regenerated. All types of damage cause considerable economic losses to forest owners as a consequence of the lower
amount of timber during the rotation period and lower prices of
timber owing to impaired quality.26,27
Different types of repellents have been tested for controlling
moose damage, but the costs and the amount of labour are considerable because control has to continue for several years until
the seedlings grow beyond the reach of moose.28,29 Mechanical
protection methods, such as fencing, has been tested, but
although rather effective, their costs are high, and they are thus
applicable only in special cases.30 In summary, owing to the high
amount of seedling stands prone to damage, the most feasible
method of controlling the amount of damage at regional and
country level is the management of moose populations.
Key information in managing wildlife populations for keeping
damage at a sustainable and acceptable level is the effect of different population densities on the amount of damage. However,
only a few studies have been able to assess the correlation
between moose population and damage at scales applicable to
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moose management.31 Apparently, the relationship between
moose population and damage has been a problematic subject
for study owing to the lack of data on moose populations, moose
damage and food resources at the same spatial and temporal
scales. The results indicate that the amount of moose damage at
national and regional levels reﬂects changes in moose population
levels.31 In addition, the changes in moose populations also are
reﬂected in the changes of browsing on preferred tree species
and damage in pine stands.31,32 The moose density index has
been found to positively correlate with browsing pressure on
Scots pine also at local scales, but neither evidence of densitydependent habitat selection nor correlation between population
level and damage level has been found.31,33 Rather, signiﬁcant
correlation between the availability of browse species and the
browsing intensity of the most preferred food have been found
at regional and at landscape levels similar to, or larger than, the
home range sizes of moose.34,35
The aim of this work was to model how the variation in moose population and forest resources explain browsing damage in forest plantations at scales used in moose management – moose management
areas (MMAs). We hypothesized that the amount of moose damage
is dependent on population density in relation to the amount and
composition of forests dominated by different tree species, representing young successional stages of forests, mature forests and forestry land. Furthermore, we hypothesized that the effect of these
factors explain damage in different ways depending on the biogeographical area within Finland. In Finland, the Finnish Wildlife Agency
grants hunting licences for moose, and when deﬁning the amount of
licences, a sustainable population of moose has to be ensured and
damage caused by cervids has to be kept at a reasonable level.36
The agency consults with the relevant regional stakeholders over
licences on an annual basis, and the amount of moose damage is
one argument in these negotiations. Our modelling was aimed at
developing a tool for moose management by which the effect of different moose population densities on the amount of damage can be
estimated by MMAs.

2 MATERIALS AND METHODS
2.1 Moose population data
Moose population estimation in Finland is based on Bayesian
population modelling, which synthesizes data from multiple
sources (Appendix S1).37 The basis of the method is a population
model where the population in a year produces the population of
the subsequent year. The model is constructed to include the
annual life cycle of moose: In spring new calves are born; in summer, wolves, bears and trafﬁc cause mortality in the population; in
autumn, hunting, wolves and trafﬁc cause mortality; in winter,
wolves and trafﬁc cause mortality; and during the next spring,
the surviving adult females produce new calves. At each phase
of the cycle, the number and fates of adult males and females
and juvenile males and females are recorded separately. The
moose numbers are based on the estimates of moose population
after hunting. Recruitment and sex ratio are inferred from the
number of observed moose in the different categories and are
obtained from moose observation cards completed by practically
all moose hunting clubs. Mortality due to large carnivores is based
on estimates of large carnivore populations, and mortality due to
moose–vehicle collisions on statistics from the Finnish Transport
and Communications Agency.38 Mortality due to hunting is based
on the ofﬁcial hunting bag of the Finnish Wildlife Agency. The
model run starts from several years before the year for which
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population estimates are calculated, and subsequent populations
must be biologically compatible – that is, the population in each
year must have been able to produce at least the bag hunted in
the subsequent year. Distribution for the moose abundances in
the analyzed time series are computed such that the ﬁt between
the modelled numbers and dynamics obtained from observation
per unit effort (obtained from moose observation cards), moose
population estimated by hunters, the number of moose–vehicle
collisions and, in some areas, from aerial surveys is optimal.39
Finland is divided into 59 MMAs for moose management purposes, and the average size of an MMA is 5112 km2
(SD 3327 km2). The annual estimated moose population sizes for
modelling were calculated for each MMA, and the years where
moose damage estimates (see Section 2.2) were available. We
merged some adjacent moose management areas to get a minimum size of 5000 km2 land area for each study unit to guarantee
an adequate number of NFI ﬁeld plots for each MMA and more
evenly distributed areas among MMAs. The catch-all study units
‘MMAs’ can include both the original MMAs and merged MMAs.
The two most northernmost MMAs were excluded from the study
because the forest area comprises only 12% and 4.6% (respectively) of the land area. A total of 41 MMAs was used in modelling
(Fig. 1). Moose population density estimates for each MMA were
calculated by dividing population estimates by total land area, forest area or by the area of seedling stands with different dominant
species.
Each MMA was further associated with one of four zones (Fig. 1)
that we roughly delineated according to biogeographical regions
of Finland.40 The Eastern Finland Zone covers the Finnish Lakeland, Northern Carelia and Kainuu regions, which belong to hemiboreal and middle boreal vegetation zones. The Lapland Zone
belongs mostly to the northern boreal vegetation zone, consisting of the Kainuu–Kuusamo areas, North Ostrobothnia and Forest
Lapland; the most southwestern part belongs to the middle
boreal vegetation zone. The Southern Finland Zone covers mostly
the southern boreal vegetation zone, with hemiboreal vegetation
zones in the most southwestern part of Finland. The Western
Finland Zone belongs mostly to the middle boreal vegetation
zone, and the most southern parts of it to the south boreal
vegetation zone.
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Figure 1. Moose management areas (MMA) used in the analysis. The
smallest MMAs were merged to fulﬁll a minimum area of 500 000 ha. Each
MMA was further associated to one of four zones representing different
biogeographical conditions in Finland (blue, Lapland; orange, Eastern Finland; light green, Southern Finland; dark green, Western Finland).

damage (mild, intermediate, severe, total) and time (Table S2).
At maximum, the two most severe damage agents per stand
and tree species were registered, and the severity of the damage
was the sum effect of all the damage agents in the stand. In this
study, the areas of intermediate, severe and total moose damage
were used if the damage was classiﬁed as continuous (Table S2).
These three damage classes reﬂected a signiﬁcantly decreased
quality of seedling stands. Continuous damage means that fresh
browsing was still visible at the time of the inventory. In NFI10,
76% of damage cases were in advanced seedling stands, indicating that they were almost certainly caused by moose.11 In Southern Finland, some damage in young seedling stands was probably
caused by white-tailed deer and roe deer, but there were no
inventory results available.
2.3 Statistical analysis and modelling
The total area of continuous moose damage (km2) in seedling
stands per MMA and per both NFI inventory periods separately
was used as a dependent variable in the modelling. Modelling
was based on the theoretical framework of moose-cover-
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2.2 Forest resource and moose damage data
We used the ﬁeld measurements of the 10th (2004–2008) and
11th (2009–2013) NFIs.9,41,42 Systematic cluster sampling was
used in both NFIs, and the average distance between neighbouring clusters varied from 6 km in South Finland to 10 km in North
Finland. In NFI10, the number of sample plots per cluster varied
from 12 (9 in NFI11) in South Finland to 14 (12 also in NFI11 permanent clusters) in Central Finland. In the NFI, stands were
deﬁned as units that are homogeneous in respect of site, growing
stock and recommended future management. The stand description included >100 variables, including site, growing stock, damage, main tree species and the development class (successive
phase) of forest (Table S1). Using the entire ﬁve-year data for both
NFIs separately, we calculated the area estimates for total land
area, total forestry land (tree growth >1 m3 ha−1), development
classes of stands by dominant tree species and moose damage
for each MMA. These area estimates were based on the number
of NFI ﬁeld plots in the domain in question, the total number of
NFI ﬁeld plots in the MMA and the total land area of the MMA.9,41
Damage was assessed at stand level, and the following variables
were recorded: damage agent, symptoms of damage, severity of
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Table 1. Variables that were tested during modelling and their mean, SD, median, minimum and maximum values
Variable

Mean

Total land area (km2)
Total forest area (site productivity ≥1 m3 ha−1 yr−1), (km2)
Proportion of forestry land area (of land area) (%)
Area of Scots pine seedling stands (km2)
Area of Norway spruce seedling stands (km2)
Area of deciduous seedling stands (km2)
Area of seedling stands (km2)
Area of clear-cuttings (km2)
Area of mature stands (km2)
Proportion of Scots pine seedling stands of forest area (%)
Proportion of Norway spruce seedling stands of forest area(%)
Proportion of deciduous seedling stands of forest area (%)
Proportion of all seedling stands of forest area (%)
Moose density 10 km−2 land area
Moose density 10 km−2 Scots pine seedling stands
Proportion of mature stands (%)
Zone (four categories)

S.D.

Median

Min.

Max.

7053
3.57
6710
1013
17 510
4864
2012
4655
383
11 999
55
15
59
7
76
535
337
450
31
1943
297
344
214
0
1037
73
51
64
8
213
905
396
862
47
2250
66
33
61
0
164
2126
857
2004
241
4818
11
4
10
4
20
10
2
10
5
12
2
1
1
0
6
22
5
21
14
40
4
1
4
1
8
61
35
53
10
195
45
10
45
27
72
Lapland: n = 18 (22%), Western Finland = 30 (36%), Eastern Finland = 22 (27%),
Southern Finland = 12 (15%)

See SuppInfo 2.docx for the deﬁnition of variables.

browsing material availability, and several combinations of the
explanatory variables (Table 1) were tested during modelling.
In order to control for the varying sizes of MMAs, the land
area, total forestry land area or proportion of forestry land area
per MMA were used as base covariates in models. Forestry land
area consisted of different forest development classes (forest
succession phases) having different importance to moose:
seedling stands serve as major food resources, and mature
stands as shelter and an easy-access living environment in
snowy conditions.43 Most of the moose damage occurs in Scots
pine-dominated seedling stands and, therefore, we also tested
the proportions of seedling stands with different dominant tree
species.11 Differences among biogeographical zones (Lapland,
and Western, Eastern and Southern Finland) and the interactions of the explanatory variables also were tested in candidate
models. Owing to the high number of variables, it was not feasible to test all combinations of the variables and, therefore,
we tested only those combinations that described the most
probable food-cover variables for moose.15,44 Our modelling
aimed at good forecast performance and, therefore, we
adopted an approach that regards model construction as a process of testing several options rather than building the most
parsimonious model.45
The linear mixed effects models used can be written as:
 
log y ij =⊎ 0 +∑lk =1 ⊎ki x ki + ⊘0j +εij

ð1Þ

4

where ⊎0 is a ﬁxed intercept, ⊎ki are ﬁxed coefﬁcients that have
been measured at MMA level (i), xki are ﬁxed explanatory variables
that have been measured at MMA level (i), ⊘0j is a random NFI
effect (random intercept at level j), εij is residual (exponential spatial autocorrelation was assumed) and k is the number of ﬁxed variables representing the MMA effects.
MMAs close to each other may be more similar to each other
than to those further away, and this was considered in the model
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by using an exponential spatial correlation structure for the residuals. Because we used data from NFI10 and NFI11, the NFI number
was considered as a random factor in the mixed-effects model.
The model and its parameters, and the coefﬁcient of determination were expressed in log-transformed scale, but the predictions
were back-transformed using exponential transformation. The
bias in the back-transformation was corrected by multiplying
the predicted values by the ratio of observed and predicted
means.46 Model predictions for each variable were calculated
using only the observed min–max values in the data and using
median values for co-variates.
The mixed models were constructed using the R package NLME.
The coefﬁcients of determination (R2) for the mixed effects
models were computed using R/MUMIN.47 All of the analyses were
computed in the R statistical environment.48

3 RESULTS
For the 23 models tested, the pseudo R2 varied between 24% and
71.9%. Out of the best six models (Appendix S2) with pseudo
R2 > 60%, ﬁve included zone, total forest area, the proportions
of seedling stands and mature forests as explanatory variables.
The number of moose 1000 ha−1 land area or per Scots pinedominated seedling stand were the variables that best explained
browsing pressure. The best model according to pseudo R2
included total forest area, the proportion of Norway spruce [Picea
abies (L.) Karsten] seedling stands and mature forests, and the
number of moose per land area. The second-best model had a
pseudo R2 of 69.5%, and it included total forest area, the proportion of seedling stands and mature forests, and the number of
moose per Scots pine seedling stand. Because the majority of
the moose damage occurred in non-spruce-dominated plantations, we found it feasible to present the model results for model
18 (Figs 2 and 3; Table 2; Appendix S2; see ‘Discussion' for other
models’).

© 2020 The Authors.
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were added to the models than when using only the ﬁxed effects
of variables. The comparison of model predictions and observed
values of the area of moose damage in each MMA showed a good
match in all zones (Fig. 3).

4 DISCUSSION

Figure 2. The predictions for moose Alces alces damage area in seedling
stands (km2) and 95% conﬁdence intervals for the main effects of (a) the
number of moose 1000 ha−1. Scots pine seedling stands, (b) the proportion of all seedling stands and (c) the proportion of mature forests. Model
includes interactions of Zone and all used variables.

Pest Manag Sci 2020
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The area of moose-damaged stands increased along with
increasing moose density per Scots pine seedling stand [Fig. 2
(a)] in all zones except Southern Finland, where the trend was
slightly decreasing. However, the 95% conﬁdence interval of the
predictions also was the largest in Southern Finland for the whole
range of the moose population density, which makes the predictions less certain than in other zones. Probably as a consequence
of the small number of observations, the conﬁdence interval
broadened towards the largest values in all zones.
The predicted area of moose damage per proportion of seedling stands increased in all zones except Lapland, where the trend
was descending [Fig. 2(b)]. An increasing proportion of mature
forests increased the predicted amount of damage in Western
and Southern Finland, whereas the outcome was the opposite
for Lapland and Southern Finland [Fig. 2(c)]. For all models, the
performance was better when the interaction terms Zone × Varn

In general, the area of moose damage in seedling stands
increased with the increasing proportion of seedling stands and
moose population density [but see Fig. 2(c) for Lapland]. The
results support our hypothesis and are in line with previous studies, which have found that young forests contain the highest
amount of browse species for moose and that the relative consumption is highest in young forests.17 However, the proportion
of mature forests also was a signiﬁcant variable in ﬁve of the six
best models. Older forests also contain quite a large amount of
browsing material, and they are an important factor explaining
variation in consumption and damage.17,43 A mosaic of seedling
stands and mature forests explains the browsing and habitat
use of moose.15,43,44,49 In snowy environments, mature forests
enable moose to move with a lower energy cost, and owing to
the relatively small stand size, the distance between cover and
food resources is short. In Southern Finland, however, the amount
of mature forests might be linked simply to the amount of forest
area as the landscape is fragmented by inhabited areas and
agricultural land.
The best six models included a signiﬁcant interaction term,
Zone, which we originally included to account for the biogeographical variation in Finland. This is in line with previous studies,
which have found several factors such as climate and snow, bedrock and soil, forage coverage, habitat patterns, inhabited areas,
period of growth as well as competition with other deer species
as plausible factors that explain regional variation in moose habitat selection and moose damage.16,19,33,34,43,50,51 As the interaction with Zone was signiﬁcant also with the proportions of
plantations and mature forests, our results indicate that there is
regional variation in factors that are directly related to the moose
forage availability and, consequently, the amount of damage.
Owing to the limited amount of MMAs, we had to make the Zone
division rather coarse to have enough observations per Zone.
However, our results show that even this kind of zoning clearly
improves the performance of the model, and it should be
included in models as a proxy if direct measures of Zone-related
variables are not available. The signiﬁcant effect of Zone also
implies that moose management should be adjusted to local conditions for better moose damage control.31,32
Judged with pseudo R2, spruce-dominated seedling stands
together with the proportion of mature stands and the number
of moose per land area explained the area of damaged plantations best. This was an unexpected result, as moose use mainly
Scots pine in winter, and spruce is only seldom consumed in Fennoscandia.23,52 An intuitive explanation is that when the amount
of spruce-dominated seedling stands is high, the amount of other
tree species seedling stands is inevitably less, which increases
browsing pressure in these. Another explanation could be that
the proportion of spruce seedling stands serves as a proxy for
more fertile soils, and thus for better food quality and quantities.
This would be in line with the ﬁnding that there were more
moose-damaged Scots pine plantations in areas with higher
amounts of nutrient-rich bedrocks and soils.16 However, our
results contrast with those from previous studies that have found
the intensity of browsing on Scots pine to follow the variation in
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Table 2. The parameter estimates and tests of general linear mixed model for the continuous moose Alces alces damage
Variable ﬁxed effects

Coefﬁcient

SE

df

t/χ 2

P

Intercept
Zone (ref. Lapland)
Western Finland
Eastern Finland
Southern Finland
Forest area in MMA (km2)
Moose density (animals 1000 ha−1 of Scots pine seedling stands)
Proportion of seedling stands (%)
Proportion of mature stands (%)
Zone * Moose density (animals 1000 ha−1 of Scots pine seedling stands)
Western Finland
Eastern Finland
Southern Finland
Zone * Proportion of seedling stands (ref. Lapland)
Western Finland
Eastern Finland
Southern Finland
Zone * Proportion of mature stands (ref. Lapland)
Western Finland
Eastern Finland
Southern Finland
Random effects (variances) and range of exponential correlation
Exponential spatial correlation
NFI effect
Residual

5.055
—
−5.974
−10.406
−0.321
2.24·10−4
0.011
−0.043
−0.038
—
0.012
5.82·10−3
−0.014
—
0.118
0.259
0.044
—
0.054
0.106
0.016
Variance

1.213
—
1.213
1.884
1.950
0.3·10−4
0.005
0.020
0.017
—
0.010
8.34·10−3
0.008
—
0.027
0.042
0.049
—
0.021
0.026
0.034
Range
0.046

64
3
64
64
64
64
64
64
64
3
64
64
64
3
64
64
64
3
64
64
64

4.167
39.465
−3.674
−5.521
−0.166
7.539
1.444
−2.207
−2.276
15.782
1.375
0.698
−1.706
44.725
4.319
6.201
0.908
18.251
2.599
4.115
0.469

<0.001
<0.001
0.001
<0.001
0.869
<0.001
0.154
0.031
0.026
0.001
0.174
0.490
0.093
<0.001
<0.001
<0.001
0.367
<0.001
0.017
0.002
0.641

5.620e10−10
0.140

SE, standard error, t and χ 2 values, test values for the parameter estimates or type III ANOVA (deviance) tests; df, degrees of freedom; MMA, Moose
Management Area. R2 for marginal model was 69.4% (the variation explained by the ﬁxed predictors).
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the abundance of other browsing species.32,34 At the scale similar
to our MMAs, pine browsing has been found to be negatively
associated with the availability and quality of alternative browsing
species.32,34 The different results might be partly explained by
how browsing is measured in different studies. In our modelling,
browsing in seedling stands had to be continuous and the degree
of damage at least intermediate. This probably covers only part of
the total amount of browsing and habitats used by moose, as up
to ≈42% of the total consumption has been measured to occur in
older forests in some studies.17
Our results support the idea that moose management should
be applied at scales that are large enough to cover the variation
in local moose populations and the amount and quality of browsing species, as well as other factors inﬂuencing the habitat selection of moose.32,34,43,53 Our models provide a tool for assessing
the effect of different moose densities on the amount of damage
as they can, in principle, be assessed for each MMA. NFI-based forest and moose damage variables can be regarded as reliable at
the level of MMA, as the number of sample plots is statistically
determined.41 The accuracy of the estimated number of moose
cannot be statistically calculated in a similar way as NFI estimates,
and the migration of moose between summer and winter pastures might, to some degree, change the amount of moose per
adjacent MMAs between hunting season and winter.51 However,
because there was a statistically signiﬁcant dependence between
moose density and damage, moose population estimates can be
regarded as reliable enough to capture the variation
among MMAs.

wileyonlinelibrary.com/journal/ps

The density of moose per area of Scots pine seedling stands and
the number of moose per land area were signiﬁcant factors in
three of the six best models. Thus, our results do not give clear
support to the idea that the amount of moose should be determined by using more detailed habitats than land area only. However, the models included the proportion of all seedling stands or
Scots pine dominated seedling stands as a covariate and are thus
included in the assessment of moose damage by local main food
resources.
Finally, our results show that this modelling scheme can be used
as a tool for assessing more detailed moose population – moose
damage dependency for regional decision-making. Although
the time span for collecting NFI data for the whole country is ﬁve
years, the change in forest landscapes resulting from logging and
forest growth is probably not detrimental for the usability of the
model.

5 CONCLUSION
The results indicate that the association between the amount of
moose damage and forest resources can be modelled with adequate accuracy. Models can be used in analyzing the regional
effects of moose population density and the amount of food
resources on the amount of moose damage. This information
can be used in reconciling sustainable moose population levels
and the amount of damage in moose management decisionmaking.

© 2020 The Authors.
Pest Manag Sci 2020
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Modelling the effect of moose population density and forest structure on the amount of damage

www.soci.org

Figure 3. Observed versus predicted moose Alces alces damage in moose management areas by zones.

ACKNOWLEDGEMENTS
This study was partly accomplished with a grant from the Ministry
of Agriculture and Forestry for the project ‘Big data in moose management and control of damage’.

CONFLICT OF INTEREST
The authors state that there are no conﬂicts of interest with any
parties.

SUPPORTING INFORMATION
Supporting information may be found in the online version of this
article.

REFERENCES

Pest Manag Sci 2020

© 2020 The Authors.
wileyonlinelibrary.com/journal/ps
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

7

1 Valente AM, Acevedo P, Figueiredo AM, Fonseca C and Torres RT, Overabundant wild ungulate populations in Europe: management with
consideration of socio-ecological consequences. Mam Rev (2020).
https://doi.org/10.1111/mam.12202.
2 Olaussen JO and Skonhoft A, A cost-beneﬁt analysis of moose harvesting in Scandinavia. A stage structured modelling approach. Resour
Energy Econ 33:589–611 (2011).
3 Mattsson L, Hunting in Sweden: extent, economic values and structural
problems. Scand J For Res 5:563–573 (1990).
4 Lavsund S, Nygrén T and Solberg EJ, Status of moose populations and
challenges to moose management in Fennoscandia. Alces 39:
109–130 (2003).

5 Hill DS, Pest deﬁnitions, in The Economic Importance of Insects, ed. by
Hill DS. Springer, Dordrecht, pp. 51–63 (1997).
6 Cederlund G and Markgren G, The development of the Swedish moose
population, 1970-1983. Swedish Wildl Res Suppl 1:55–62 (1987).
7 Nygrén T, The history of moose in Finland. Swedish Wildl Res Suppl 1:
49–54 (1987).
8 Østgård J, Status of moose in Norway in the 1970's and early 1980's.
Swedish Wildl Res Suppl 1:63–68 (1987).
9 Korhonen KT, Ihalainen A, Ahola A, Heikkinen J, Henttonen HM,
Hotanen J et al., Suomen metsät 2009–2013 ja niiden kehitys
1921–2013. Luonnonvara- ja biotalouden tutkimus 59:1–86
(2017). http://urn.ﬁ/URN:ISBN:978-952-326-467-0.
10 Bergqvist G, Bergström R and Wallgren M, Recent browsing damage by
moose on scots pine, birch and aspen in young commercial forests –
effects of forage availability, moose population density and site productivity. Silva Fenn 48:1077 (2014). https://doi.org/10.14214/sf.
1077.
11 Nevalainen S, Matala J, Korhonen K, Ihalainen A and Nikula A, Moose
damage in National Forest Inventories (1986–2008) in Finland. Silva
Fenn 50:1410 (2016). https://doi.org/10.14214/sf.1410.
12 Swedish Statistical Yearbook of Forestry. Skogsstyrelsen. p. 369. (2013).
https://www.skogsstyrelsen.se/globalassets/statistik/historiskstatistik/skogsstatistisk-arsbok-2010-2014/skogsstatistisk-arsbok2013.pdf.
13 Díaz-Yáñez O, Mola-Yudego B, Eriksen R and González-Olabarria JR,
Assessment of the main natural disturbances on Norwegian Forest
based on 20 years of National Inventory. PLoS One 11:e0161361
(2016).
14 Lykkja ON, Solberg EJ, Herﬁndal I, Wright J, Rolandsen CM and
Hanssen MG, The effects of human activity on summer habitat use
by moose. Alces 45:109–124 (2009).
15 Bjørneraas K, Solberg EJ, Herﬁndal I, Moorter BV, Rolandsen CM,
Tremblay J et al., Moose Alces alces habitat use at multiple temporal

www.soci.org

16

17

18
19
20
21
22
23

24
25

26

27

28
29
30
31
32

33

34

scales in a human-altered landscape. Wildl Biol 17:44–54 (2011).
https://doi.org/10.2981/10-073.
Ruuhola T, Nikula A, Vesa N, Nevalainen S and Matala J, Effects of bedrock and surﬁcial deposit composition on moose damage in young
forest stands in Finnish Lapland. Silva Fenn 50:1565 (2016). https://
doi.org/10.14214/sf.1565.
Bergqvist G, Wallgren M, Jernelid H and Bergström R, Forage availability and moose winter browsing in forest landscapes. For Ecol Manage
419–420:170–178 (2018). https://doi.org/10.1016/j.foreco.2018.
03.049.
Härkönen S, Miina J and Saksa T, Effect of cleaning methods in mixed
pine–deciduous stands on moose damage to scots pines in southern Finland. Scand J For Res 23:491–500 (2008).
Spitzer R, Trophic resource use and partitioning in multispecies ungulate communities. Acta Univ Agric Sueciae 73:121 (2019).
Shipley LA, Fifty years of food and foraging in moose: lessons in ecology from a model herbivore. Alces 46:1–13 (2010).
Cederlund G, Ljungqvist H, Markgren G and Ståhlfelt F, Foods of moose
and roe deer at Grimsö in Central Sweden. Results of rumen content
analyses. Swedish Wildl Res Vilt 11:169–247 (1980).
Bergqvist G, Bergström R and Wallgren M, Summer browsing by
moose on scots pine. Scand J For Res 28:110–116 (2013).
Månsson J, Kalén C, Kjellander P, Andrén H and Smith H, Quantitative
estimates of tree species selectivity by moose (Alces alces) in a forest
landscape. Scand J For Res 22:407–414 (2007). https://doi.org/10.
1080/02827580701515023.
Bergström R and Hjeljord O, Moose and vegetation interactions in
northwestern Europe and Poland. Swedish Wildl Res Suppl 1:
213–228 (1987).
Bergqvist G, Bergström R and Edenius L, Patterns of stem damage by
moose (Alces alces) in young Pinus sylvestris stands in Sweden. Scand
J For Res 16:363–370 (2001). https://doi.org/10.1080/
02827580119307.
Wallgren M, Bergquist J, Bergström R and Eriksson S, Effects of timing,
duration, and intensity of simulated browsing on scots pine growth
and stem quality. Scand J For Res 29:734–746 (2014). https://doi.org/
10.1080/02827581.2014.960896.
Matala J, Kilpeläinen H, Heräjärvi H, Wall T and Verkasalo E, Sawlog
quality and tree dimensions of scots pine 34 years after artiﬁcial
moose browsing damage. Silva Fenn 54:10389 (2020). https://doi.
org/10.14214/sf.10389.
Löyttyniemi K, Heikkilä R and Repo M, Pine tar in preventing moose
browsing. Silva Fenn 26:187–189 (1992).
Härkönen S and Heikkilä R, The use of birch tar in the prevention of
moose damage in young scots pine stands. Estonian J Ecol 58:
53–59 (2009).
Löyttyniemi K, Sähköpaimen taimikkojen suojauksessa hirvivahingoilta. Summary: testing of electric fences for moose (Alces alces).
Metsäntutkimuslaitoksen tiedonantoja 102:1–7 (1983).
Hörnberg S, Changes in population density of moose (Alces alces) and
damage to forests in Sweden. For Ecol Manage 149:141–151 (2001).
https://doi.org/10.1016/S0378-1127(00)00551-X.
Herﬁndal I, Tremblay J, Hester AJ, Lande US and Wam HK, Associational
relationships at multiple spatial scales affect forest damage by
moose. For Ecol Manage 348:97–107 (2015). https://doi.org/10.
1016/j.foreco.2015.03.045.
Månsson J, Environmental variation and moose Alces alces density as
determinants of spatio-temporal heterogeneity in browsing. Ecography 32:601–612 (2009). https://doi.org/10.1111/j.1600-0587.2009.
05713.x.
Hörnberg S, The relationship between moose (Alces alces) browsing
utilisation and the occurrence of different forage species in Sweden.

35

36
37
38

39
40
41

42

43

44
45
46
47
48
49
50
51

52
53

A Nikula et al.

For Ecol Manage 149:91–102 (2001). https://doi.org/10.1016/S03781127(00)00547-8.
Cassing G, Greenberg LA and Mikusiñski G, Moose (Alces alces) browsing in young forest stands in Central Sweden: a multiscale perspective. Scand J For Res 21:221–230 (2006). https://doi.org/10.1080/
02827580600673535.
Hunting
Act.
https://www.ﬁnlex.ﬁ/en/laki/kaannokset/1993/
en19930615_20130206.pdf. [accessed April 15, 2020].
Kukko T and Pusenius J, Hirvikannan arviointimenetelmä. Metsästäjä 5:
18–19 (2019).
Kojola I, Helle P, Heikkinen S, Lindén H, Paasivaara A and Wikman M,
Tracks in snow and population size estimation: the wolf Canis lupus
in Finland. Wildl Biol 20:279–284 (2014). https://doi.org/10.2981/wlb.
00042.
Pusenius J, Kukko T, Tykkyläinen R and Wallen M, Hirvikannan koko ja
vasatuotto, in Riistakannat 2016, ed. by Helle P. Luonnonvarakeskus,
Helsinki, pp. 7–14 (2017).
Suomen Metsäluonnon Monimuotoisuuden Turvaaminen. Muistio
3, Ympäristöministeriö, Alueidenkäytön osasto. Painatuskeskus Oy,
Helsinki (1994).
Tomppo E and Tuomainen T, Development of Finland's National Forest
Inventory, in National Forest Inventories: Pathways for Common
Reporting, ed. by Tomppo E, Gschwanther T, Lawrence M and
RE MR. Springer, Dordrecht, pp. 185–206 (2010).
Korhonen K, Ihalainen A, Viiri H, Heikkinen J, Henttonen H, Hotanen J
et al., Suomen metsät 2004–2008 ja niiden kehitys 1921–2008. Metsätieteen aikakauskirja 3:269–333 (2013).https://doi.org/10.14214/
ma.6025.
Nikula A, Nivala V, Matala J and Heliövaara K, Modelling the effect of
habitat composition and roads on the occurrence and number of
moose damage at multiple scales. Silva Fenn 53:9918 (2019).
https://doi.org/10.14214/sf.9918.
Olsson M, Cox JJ, Larkin JL, Widén P and Olovsson A, Space and habitat
use of moose in southwestern Sweden. Eur J Wildl Res 57:241–249
(2011). https://doi.org/10.1007/s10344-010-0418-5.
Burnham KP and Anderson DR, Model Selection and Multimodel Inference - A Practical Information-Theoretic Approach, 2nd edn.
Springer-Verlag, New York, pp. 1–488 (2002).
Snowdon P, A ratio estimator for bias correction in logarithmic regressions. Can J For Res 21:720–724 (1991).
Barton K. MuMIn: Multi-Model Inference. R package version 1.40.4.
Available: https://CRAN.R-project.org/package=MuMIn (2018).
R Core Team. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org/.
Nikula A, Heikkinen S and Helle E, Habitat selection of adult moose
Alces alces at two spatial scales in Central Finland. Wildl Biol 10:
121–135 (2004). https://doi.org/10.2981/wlb.2004.017.
Angelstam P, Wikberg P, Danilov P, Faber WE and Nygrén K, Effects of
moose density on timber quality and biodiversity restoration in Sweden, Finland and Russian Karelia. Alces 36:133–145 (2000).
Ball JP, Nordengren C and Wallin K, Partial migration by large ungulates: characteristics of seasonal moose Alces alces ranges in northern Sweden. Wildl Biol 7:39–47 (2001). https://doi.org/10.2981/wlb.
2001.002.
Faber WE and Pehrson Å, Foraging on Norway spruce and its potential
association with a wasting syndrome in moose in Sweden. Alces 36:
17–34 (2000).
Nilsen EB, Skonhoft A, Mysterud A, Milner JM, Solberg EJ and
Andreassen HP, The role of ecological and economic factors in the
management of a spatially structured moose Alces alces population.
Wildl Biol 15:10–23 (2009). https://doi.org/10.2981/06-084.

8
wileyonlinelibrary.com/journal/ps

© 2020 The Authors.
Pest Manag Sci 2020
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

