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*  Moose damage increased slightly from 5.2% to 6.1% of Finland’s forests available for wood
production over the past two decades.

*  Remeasurements on permanent sample plots showed that moose damage affected 44% of the
area of young seedling stands artificially regenerated for Scots pine.

*  Moose damage resulted in a shift in the dominant tree species on 23% of this damaged area.

In Fennoscandia, moose (A4lces alces L.) browsing significantly damages commercial forests,
influencing tree species composition and seedling growth. We examined the long-term develop-
ment of moose-damaged forests in Finland, focusing on seedling stands artificially regenerated
for Scots pine (Pinus sylvestris L.). The analysis used National Forest Inventory (NFI) data from
four consecutive five-year periods (2004—2023). Remeasured permanent sample plots were used
to compare the development of damaged and undamaged stands. The total area affected by moose
increased from 0.966 to 1.116 million hectares over the four NFI cycles. Of this, 61% was sig-
nificantly damaged, indicating reduced silvicultural quality, and the proportion was higher in the
north. Among young seedling stands recorded in the first inventory as being artificially regenerated
for Scots pine, moose damage affected 44% of their total area nationwide over the study period,
with a higher proportion in the south. Moose browsing frequently shifted the dominant tree species
from Scots pine to downy birch (Betula pubescens Ehrh.) and, secondarily, Norway spruce (Picea
abies (L.) H. Karst.). Where notable or severe damage was observed in the first inventory, crop
seedling numbers remained lower throughout the study. Our findings show that moose browsing
has long-term effects on tree species composition and stand structure, including mean height, mean
diameter, and density. Damage patterns vary regionally and by stand characteristics, although many
previously affected stands show recovery or reduced impacts. Large-scale monitoring systems
such as NFIs provide long-term data for detecting changes in browsing intensity and vegetation,
thereby supporting forest and wildlife management.
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1 Introduction

Herbivores modify boreal ecosystems by affecting the growth and biomass of the plants they
consume, altering the relative abundance of plant species and influencing interspecific competi-
tion (Rooney and Waller 2003; Co6té et al. 2004; Komonen et al. 2020). Herbivores are therefore
important also from a forestry perspective, as browsing can jeopardize the achievement of forest
management objectives. Since the 1960s, the so-called Nordic forest management model has
relied primarily on clear-cutting and planting, most frequently with conifers, Scots pine (Pinus
sylvestris L.) and Norway spruce (Picea abies (L.) H. Karst.), and less frequently with broadleaved
species, mainly silver birch (Betula pendula Roth). Clearings and thinnings in sapling stands are
conducted to regulate tree density and species composition, aiming to maximize the growth of the
economically most valuable tree crop. However, large herbivores, such as moose (4lces alces L.),
can hinder the achievement of forestry objectives, as their browsing can change the tree species
composition and growth of seedlings. In fact, moose is considered the most significant damage agent
in forest seedling stands in Fennoscandia (Lavsund et al. 2003; Nevalainen et al. 2016; Korhonen
et al. 2024a), causing growth losses and reducing timber quality, which in turn leads to economic
losses (Wallgren et al. 2014; Matala et al. 2020).

Forests cover over 55% of the total land area in the Nordic countries, and as much as 74%
in Finland and 69% in Sweden (Hannertz and Ekstrdm 2023). Main tree species in Finland and
Sweden are Scots pine and Norway spruce. Most of the productive forests in Finland are dominated
by Scots pine (63%), followed by Norway spruce (25%), and only 10% by broadleaved species
(Korhonen et al. 2024a), and are managed under a rotation forestry system. In Nordic forestry,
planting is used as the regeneration method for all commercially important tree species, while direct
seeding is applied mainly to Scots pine. In Finland, planting was used as the regeneration method
on 77% of the artificially regenerated sites in year 2021, and direct seeding on the remaining 23%
(Peltola and Vaahtera 2022).

Over the last decades, the proportions of tree species used in regeneration have varied.
During the 1970s and 1980s, Scots pine was the most commonly planted species, accounting for
82% of the seedlings produced between 1978 and 1982. Since 1995, Norway spruce seedlings
have accounted for the largest proportion of seedlings used in regeneration. By 2023, 60% of the
seedlings used were Norway spruce, whereas only 34% were Scots pine (Luke 2024). One reason
for the decline in proportion of Scots pine regeneration area in Finland has been the high risk of
moose damage (Viiri 2007).

In Finland, moose have benefited from large-scale forest regeneration areas consisting of
single-species, even-aged Scots pine seedling stands since the 1950s and 1960s (Markgren 1974;
Lavsund 1987). As a consequence of these favorable browsing conditions, along with hunting
regulation, moose populations increased rapidly in the early 1970s and have remained at relatively
high levels since then (Cederlund and Markgren 1987; Nygrén 1987).

Higher moose populations have resulted in both a higher proportion and a larger area of
moose damage, especially in Scots pine seedling stands (Nevalainen et al. 2016; Korhonen et al.
2021). Even relatively mild browsing can cause quality defects and reduced growth in Scots pine
seedlings, which later results in a loss of sawn timber yield in thinning and final felling (Matala et
al. 2020). As Scots pine is the main winter food source for moose (Bergstrom and Hjeljord 1987)
and given that moose typically browse the same stands repeatedly (Bergquist et al. 2003), repeated
moose browsing can lead to more severe damage with increased seedling mortality (Wallgren et
al. 2014). If browsing-related mortality is high and more browse-tolerant species are present in a
stand, heavily browsed species may be outcompeted. For example, Norway spruce may benefit
indirectly as moose browsing is directed toward other tree species (Hjeljord and Grenvold 1988).
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National Forest Inventories (NFIs) provide information on land use and its changes, the
amount and increment of growing stock, cutting possibilities, the health status and ownership struc-
ture of forests, the quality of forest management, and indicators of forest biodiversity (Korhonen
et al. 2021). Field measurements include observations of forest damage, generally covering its
symptoms, causal agent, age, and severity as assessed by its effects on stand quality. Regarding
moose damage, NFIs have so far provided insights into moose browsing preferences (Hornberg
2001a), the risk of damage by tree species proportions and other stand-level measures (Nevalainen
et al. 2016), the influence of bedrock and soil on moose damage (Ruuhola et al. 2016), the scale of
damage at regional and national level (Tomppo and Joensuu 2003; Nevalainen et al. 2016) and the
relationship between moose population density and damage (Hornberg 2001b; Nikula et al. 2021).

In addition to directly follow or study moose or other deer damage (Tomppo and Joensuu
2003; Nevalainen et al. 2016; Brock et al. 2023), data from NFIs have been used to analyse vul-
nerability of different forest stand properties on cervid damage (Diaz-Yanez et al. 2017), forage
availability for deer in forests (Graf et al. 2026) and deer forage use (Wam et al. 2021). Further-
more, NFIs are useful in studying impacts of cervids on forest ecosystem including understory
vegetation (Corcoran et al. 2026).

Earlier studies on moose damage based on NFI data have relied on observations from a single
time point or from several time points, but without utilizing the information provided by permanent
plots. By using remeasurements of permanent plots, it is possible to assess the development of
individual plots or stands over time. NFI field data include several variables that describe forest
stand structure and stand quality from a timber production perspective. Tree-level measurements
provide accurate information on growing-stock volume at plot level. Plot level time series of these
parameters, together with data on damage occurring between measurements, provide a unique
opportunity to study the long-term impact of moose damage on the development of seedling stands
and its potential effects on stand structure and tree species composition.

Given the variation in moose population density and the declining use of Scots pine in
regeneration, our first aim was to examine temporal and regional patterns in the prevalence and
severity of moose damage in Finland. We quantified changes in the area affected by moose damage
between 2004 and 2023 across different vegetation zones and, focusing on seedling stands, assessed
damage occurrence in relation to geographical location, stand development stage, dominant tree
species, and regeneration method. Our second aim was, for the first time, to utilize remeasurements
of permanent NFI sample plots to analyze how Scots pine seedling stands develop following dif-
ferent levels of moose browsing compared with undamaged stands. Specifically, we examined the
persistence of previously recorded damage and the development of damaged stands through stand
density, the mean height and diameter of the growing stock, and changes in dominant tree species.

2 Material and methods

The study encompassed the whole Finland locating on four different forest vegetation zones (Fig. 1).
The area of hemi-boreal zone covers only a small area on a south-west corner of Finland and
was therefore combined with the southern boreal zone. The Finnish NFI is based on a systematic
cluster sampling where a part of the sample plot clusters is permanent and remeasured in subse-
quent inventories. The remaining sample plot clusters are temporary and are measured only in one
inventory round, with new locations established for each subsequent inventory round. Due to the
large-scale spatial variation in forest characteristics and the differing sizes of the administrative
regions for which NFI results are reported, sampling density varies across regions (Tomppo et al.
2011), being highest in the south.
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Fig. 1. Delineation of the three regions, which follow the vegetation zones while adhering to the administrative borders
of the moose management areas in Finland. The vegetation zones are indicated by smooth lines on the map, with the
small hemi-boreal areas in southwestern Finland included in the southern boreal zone. For each region, variation in
moose population density during 20002022 is presented based on Luke’s official moose population estimates (Puse-
nius et al. 2024).

For the analyses, we used field measurements from the four consecutive NFIs: NFI10 carried
out in 20042008 (Korhonen et al. 2013), NFI11 in 2009-2013 (Korhonen et al. 2017), NFI12 in
2014-2018 (Korhonen et al. 2021) and NFI13 in 2019-2023 (Korhonen et al. 2024a). In NFI10,
sample plots of every fourth cluster were established as permanent, and these sample plots have
been remeasured in all subsequent inventories.

In the NFI, forest characteristics, including damage, are assessed at the forest stand level.
A forest stand is defined as a homogeneous area in terms of land use, site characteristics, owner-
ship, forestry restrictions, structure of the growing stock, and both completed and proposed forest
management activities. The recommended minimum stand size is 0.5 ha, but smaller units can be
delineated if they clearly differ from their surroundings. Stand-level variables are assessed within
the nearest 0.25 ha area surrounding the plot center. If a sample plot extends into two or more
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stands, each stand is described separately. The land use class of a sample plot stand determines
the extent of the stand description. For sample plots located on forest land, defined as areas with
a potential mean annual increment of at least 1 m3 ha™!, the growing stock is described by tree
storeys, and since NFI11, also by tree species, and in seedling stands, also by the origin of regen-
eration. The origin indicates whether the stand has regenerated naturally or has been artificially
established (planted or sown). In the NFI, seedling stands are classified into two development
classes based on the mean height of the saplings. In young seedling stands, the mean height is less
than 1.3 meters, while in advanced seedling stands, it is at least 1.3 meters. In advanced seedling
stands, most of the dominant trees have a diameter of less than 8 cm at breast height (1.3 m), and
the largest trees are less than 10 cm in diameter (Korhonen et al. 2024b).The growing stock vari-
ables used in this study were dominant tree species, mean age, mean height, the number of crop
seedlings, and the total number of seedlings. In seedling stands, these variables were assessed using
6-9 circular sample plots (radius of 2.66 m) systematically distributed around a NFI sample plot
center (Korhonen et al. 2024Db).

In the NFI, forest damage is assessed in sample plot stands located on forest land by tree
storeys, and since NFI12 also by tree species and stand origin. The assessment included four vari-
ables (Table 1): symptom description, causal agent, age of the damage, and degree of the damage,
which describes the severity of the damage in terms of its impact on growth and yield, mortality,
and timber quality (Tomppo et al. 2011; Korhonen et al. 2013). The degree of damage is a stand-
level variable summarizing the impact of all observed damage. Between NFI11 and NFI12, the
assessment of moose damage severity was improved by introducing detailed guidelines on how
different types of moose damage affect seedling vitality. This change may have influenced the
assessment of the degree of moose damage.

Causal agents include the most common damaging agents in Finland and are grouped into
categories such as abiotic factors, human activity, vertebrates, insects, and fungi. In Finland, brows-
ing damage by ungulates is mainly caused by moose (4/ces alces L.), but in southern Finland also
by roe deer (Capreolus capreolus L.) and white-tailed deer (Odocoileus virginianus Zimmermann)
(Huuskonen et al. 2020; Korhonen et al. 2021). In NFI13, moose and other ungulates were recorded
separately, whereas in NFI10 they were not.

Table 1. Description and explanation of National Forest Inventory moose (4lces alces L.) damage variables applied in
this study (Nikula et al. 2021).

Variable Description Additional explanation
Damage Visual assessment of the injury In case of moose damage: broken or dry top (in the upper
symptoms half of the crown), technical defects on stem, other crown

malformations, defoliation.

Degree of  Apparent severity of damage at the stand 0 mild damage, symptoms observed, but the damage does

damage level which was evaluated by change in not reduce the silvicultural quality of the stand;
silvicultural quality of the stand, see next 1 intermediate, the stand quality is reduced by one class;
variable row. Damage classes 1,2 and 3 2 severe, the stand quality is reduced by more than one class;
were utilized. 3 total, artificial regeneration is required.

Silvicultural The division was based on species com- 1 good

quality of  position, dominant height, even spatial 2 satisfactory
the stand distribution, density and technical quality 3 adequate

of the dominant tree storey. 4 low-productive: the yield is so low that the stand should be
regenerated before maturity.
Age of The time when the damage has started 0 started less than two years ago;
damage and the possible continuing effect of 1 started 25 years ago and still continuing;
the cause in the stand. In this study 2 started 2—5 years ago, but ceased;
damage age classes 0, 1 and 3 were 3 started more than 5 years ago and still continuing;

utilized which means that there was fresh 4 started more than 5 years ago but ceased.
damage at inventory year.
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To estimate the prevalence of moose damage in Finland over time, we used all sample
plots, both permanent and temporal, measured in the NFI10, NFI11, NFI12, and NFI13. For area
estimation, we applied the same method as used in official NFI reporting (Tomppo et al. 2011;
Korhonen et al. 2013, 2019, 2021, 2024a). The method is based on the number of sample plot
centers on land and in the domain of interest (e.g., land use class, development class). The area
represented by a single plot was first calculated by sampling region and by NFI round, using the land
areas published by the National Land Survey of Finland in the time of each NFI. All estimations
were performed using SAS Enterprise Guide. The results are presented only for forests available
for wood production (FAWS), meaning that conservation areas and other protected forests were
excluded. For each inventory, the data on wood production restrictions at the time of the inventory
were used; they were not updated to reflect the present protection status.

For the analyses of stand development following moose damage, we included only permanent
plots classified as seedling stands in NFI10, artificially regenerated with Scots pine, and remeasured
in NFI13. Furthermore, only those sample plots that could be precisely located in the field in all
subsequent inventories (NFI11-NFI13) were included in the analyses. The number of permanent
sample plots in a seedling stand artificially regenerated (planted or sown) for Scots pine in NFI10
was 576, and 562 of these were on forest land available for wood production, according to NFI13.
To ensure that the forest stand described on the center point of a plot was the same as in NFI10,
forest characteristics assessed in the subsequent NFIs were compared. Due to changes in stand
delineation in some sample plots, and consequently, conflicting stand characteristics, such as large
discrepancies in stand age or mean height, three sample plots were excluded. As a result, the final
number of sample plots was 559 (Table 2). In analyzing the influence of moose damage on stand
development, only field data from NFI10 and NFI13 were used. When analyzing the persistence
of previously recorded damage, we further divided the advanced seedling stands in NFI10 into
two classes based on the mean height: those with the mean height of 4 m or less, and those with
the mean height greater than 4 m.

3 Results
3.1 Prevalence and severity of moose damage

In NFI10, moose damage was observed on 0.966 M ha, corresponding to 5.2% of the area of
FAWS nationwide (Supplementary file S1, available at https://doi.org/10.14214/sf.25034). Of this
affected area, 61% was classified as significantly damaged, indicating a reduction in silvicultural
quality. By NFI13, the damage area had increased slightly to 1.116 M ha, or 6.1% of the FAWS.
The increase was due to a larger area of mild damage, whereas the area of significant damage
remained at approximately 3% of the total area of FAWS.

In the northern boreal zone, moose damage was more frequently classified as significant
than in the southern and middle boreal zones (Suppl. file S1). The area of significant damage also
increased from 2.7% of the FAWS in NFI10 to 3.9% in NFI13.

Most of the moose damage was observed in advanced seedling stands, 58% of the total area
of moose damage in NFI10 and 39% in NFI13 (Fig. 2, Suppl. file S2). The estimated area of moose
damage in both young and advanced seedling stands decreased between NFI10 and NFI13, from
173200 ha to 140500 ha and from 561300 ha to 439900 ha in the whole country, respectively
(Fig. 2, Suppl. file S2). The relative area of moose damage has nevertheless remained at the same
level, being 13% in young and 23% in advanced seedling stands in NFI13. Over the same period,
moose damage increased in young and advanced thinning stands (Fig. 2). However, the relative
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Fig. 2. Area and proportion (labels on bars, %) of moose damage by development class and damage
severity in four consecutive National Forest Inventories (NFIs) conducted in Finland: NFI10 (2004—
2008), NFI11 (2009-2013), NFI12 (2014-2018), and NFI13 (2019-2023). Development classes are: 1
= regeneration stand (open, seeding, or shelter stand), 2 = young seedling stand, 3 = advanced seedling
stand, 4 = young thinning stand, 5 = advanced thinning stand, and 6=mature stand.

area of moose damage in young thinning stands is small, 6.3% of the total area of young thinning
stands in NFI13 (Fig. 2, Suppl. file S2).

Geographically looking, the results in the northern boreal zone differed from the results in
the other zones. Both the absolute and relative extent of moose damage in seedling stands increased
between NFI10 and NFI13 (Fig. 3), from 14% to 19% of the total area of young seedling stands,
and from 16% to 35% in advanced seedling stands, respectively (Suppl. file S2).

Moose damage was observed most frequently in Scots pine-dominated stands. Nationwide,
Scots pine-dominated stands accounted for 73% of the total moose damage area in young seedling
stands and 76% in advanced seedling stands in NFI10, compared with 81% and 79%, respectively,
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Fig. 3. Area and proportion (labels on bars, %) of moose damage in seedling stands (young and advanced) by damage
severity and vegetation zone in Finland in four consecutive National Forest Inventories (NFIs): NFI10 (2004-2008),

NFI11 (2009-2013), NFI12 (2014-2018), and NFI13 (2019-2023).
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Fig. 4. Area and proportion (labels on bars, %) of moose damage in seedling stands (young and advanced) by
dominant tree species and vegetation zone in Finland according to the 10th National Forest Inventory (NFI10,
2004-2008) and the 13th National Forest Inventory (NFI13, 2019-2023). Moose damage includes both mild
and significant damage. Proportions were calculated as a percentage of the total area dominated by the respec-
tive tree species.

in NFI13 (Fig. 4, Suppl. file S3). Moose damage in Norway spruce and broadleaved-dominated
stands was observed mainly in the southern boreal zone (Fig. 4).

Among Scots pine-dominated seedling stands, moose damage was most frequent in the
southern boreal zone, affecting 33% of the area in NFI10 and 30% in NF113 (Fig. 4, Suppl. file S3).
Significant damage accounted for 20% and 14% of the area, respectively (Suppl. file S3). In NFI13,
moose damage was also common in the northern boreal zone, affecting 29% of the area of Scots
pine-dominated seedling stands, while significant damage affected 21% of the total area. In the
southern boreal zone, the proportion of moose damage area in broadleaved-dominated seedling
stands was also relatively high, with 29% in NFI10 and 22% in NFI13 (Fig. 4, Suppl. file S3).
Because moose browsing may alter tree species dominance, further analyses focused on seedling
stands regenerated for Scots pine.

Moose damage was more frequent in seedling stands artificially regenerated for Scots pine
(by planting or sowing) than in naturally regenerated stands, particularly at the advanced seedling
stage (Fig. 5, Suppl. file S4). In NFI10, total and significant moose damage affected 37% and 25%
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100~ . Natural
B Adtifcial
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0 -
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Fig. 5. Area and proportion (labels on bars, %) of moose damage in seedling stands regenerated for Scots
pine, by regeneration method and vegetation zone in Finland, according to the 10th National Forest Inventory
(NFI10, 2004-2008) and the 13th National Forest Inventory (NFI13, 2019-2023). Moose damage includes
both mild and significant damage, and seedling stands comprise both young and advanced seedling stands.
Proportions were calculated as a percentage of the total area of Scots pine seedling stands regenerated using
each method.
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of the area of artificially regenerated advanced seedling stands nationwide, compared with 21%
and 10% of naturally regenerated stands, respectively (Suppl. file S4). In artificially regenerated
advanced seedling stands, the proportions remained similar in NFI13 at the national level, but the
highest occurrence shifted from the southern boreal zone (44% total and 30% significant damage
in NFI10) to the northern boreal zone (40% and 30%, respectively).

3.2 Impact of moose browsing damage on the development of seedling stands
regenerated for Scots pine

Over the fifteen years between NFI10 and NFI13, most young seedling stands artificially regener-
ated for Scots pine had developed into advanced seedling stands (57% of the area) or further into
young thinning stands (37%). Among advanced seedling stands, 90% of the area had progressed to
the young thinning stage, in which most trees exceed 8 cm in diameter and the stand has reached
the first-thinning phase (Table 2).

According to NFI13, recent moose damage (0-5 years old, or older than 5 years with ongo-
ing browsing) was observed on 16% of the total area of young seedling stands recorded in NFI10
(Fig. 6, Suppl. file S5). Recent moose damage was more common in stands where no damage had
been observed in NFI10 (18% of the area). In contrast, among stands with moose damage recorded
in NFI10, damage was either not recorded in NFI13 (61% of the area) or was not identified as moose
damage, although typical symptoms such as stem defects and broken treetops or branches were
observed (7% of the area). Together, the two inventories indicate that moose have affected at least
44% of the total area of young seedling stands artificially regenerated with Scots pine nationwide
(Suppl. file S5). The highest proportion was observed in the southern boreal zone, where moose
damage was recorded in either inventory on 50% of the area (Suppl. file S5).

Table 2. Forest characteristics of the seedling stands that were artificially regenerated for Scots pine and re-
corded on permanent sample plots in the 10th National Forest Inventory (NFI10, 2004-2008), shown both for
NFI10 and the remeasurement in the 13th National Forest Inventory (NFI13, 2019-2023).

Young seedling stands in NFI10

NFI Variable N Mean Std Dev Minimum Maximum
NFI10 Mean height, dm 228 5.8 17.3 1 13
Stand age, yr 227 5.4 14.3 1 23
Number of seedlings, pcs ha! 228 2335 4114 300 5700
Number of all seedlings, pcs ha=! 228 10536 42390 1000 81000
NFI13 Mean height, dm 228 63.5 130.2 3 153
Mean diameter, cm 227 7.3 15.3 0 17
Stand age, yr 228 20.4 30.0 11 65
Number of seedlings, pcs ha~! 124* 1965 3066 350 3800
Number of all seedlings, pcs ha=! ~ 124* 5566 19107 500 20000
Advanced seedling stands in NFI10
NFI Variable N Mean Std Dev Minimum Maximum
NFI10 Mean height, dm 331 344 68.9 14 80
Stand age, yr 331 15.0 242 5 36
Number of seedlings, pcs ha™! 331 1994 3098 100 5100
Number of all seedlings, pcs ha™! 331 8301 32455 0 56000
NFI13 Mean height, dm 331 108.3 110.0 45 184
Mean diameter, cm 331 12.8 12.6 4 25
Stand age, yr 331 30.5 33.5 16 69
Number of seedlings, pcs ha! 12* 2116 1791 1700 3094
Number of all seedlings, pcs ha™! 12%* 5575 18683 2100 15450

* Number of seedlings is measured only in seedling stands.
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Fig. 6. Area and proportion (labels on bars, %) of moose damage in the 13th National Forest Inventory (NFI13,
2019-2023) in seedling stands artificially regenerated for Scots pine, by development class (young seedling
stand, mean height < 1.3 m; advanced seedling stand, mean height 1.3—4 m; and advanced seedling stand, mean
height > 4 m), damage class in the 10th National Forest Inventory (NFI10, 2004-2008) (0 = no moose damage
observed, 1 = moose damage, Total = all stands), and time since moose damage recorded in NFI13.

In stands classified as advanced seedling stands in NFI10, all moose damage observed in
NFI13 was old (over 5 years old, not continuing), except for a small area of ongoing damage
observed in the same stands as in NFI10 (Fig. 6, Suppl. file S5). The proportion of old damage
was greater in advanced seedling stands with a mean height of 4 meters or less in NFI10 (16%
of the area) than taller stands (9%). In many advanced seedling stands where moose damage had
been observed in NFI10, no moose damage was recorded in NFI13, either because symptoms of
earlier browsing were no longer visible or were not identified as moose damage. For example, in
stands with mean height of 4 m or less at the time of NFI10, typical symptoms of moose damage
were observed in NFI13, but the damaging agent was unidentified on 13% of the area with moose
damage recorded in NFI10. Overall, according to the two inventories, moose had affected 53% of the
area of advanced seedling stands up to 4 m in height in NFI110 and 32% of the area of taller stands.

Changes in tree species dominance were more frequent in seedling stands artificially regener-
ated for Scots pine, where moose damage was observed in NFI10 (Suppl. file S6). In young seedling
stands with recorded moose damage in NFI10, tree species other than Scots pine dominated 19%
of the area, compared with 6% in stands without moose damage across the country. The propor-
tion was highest in the southern boreal zone, where species other than Scots pine dominated 29%
of the area affected by moose damage. By NFI13, tree species other than Scots pine dominated
23% of the area with recorded moose damage in NFI10, compared with 10% of the area without
recorded damage (Suppl. file S6). In the southern boreal zone, the proportion increased to 39%
in stands where moose damage had been observed in NFI10. It should be noted that factors other
than moose browsing may also influence changes in tree species dominance.

In advanced seedling stands in NFI10, no such difference was observed between stands with
and without recorded moose damage. The proportion of the total area with a change in the dominant
tree species was 12% nationwide (Suppl. file S6). By NFI13, this proportion had increased to 14%,
with the highest regional value observed in the southern boreal zone (20%). In both young and
advanced seedling stands, the dominant tree species most frequently changed from Scots pine to
downy birch (Betula pubescens Ehrh.) (5.3% of the area), followed by Norway spruce (4.0%) by
NFI13 (Suppl. file S6). In the southern boreal zone, the most common shift was from Scots pine
to silver birch (9.1% of the area).
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Table 3. Mean number of seedlings in seedling stands artificially regenerated for Scots pine in the 10th National For-
est Inventory (NFI10, 2004-2008), measured in NFI10 and remeasured in the 13th National Forest Inventory (NFI13,
2019-2023), classified by moose damage severity recorded in NFI10 and vegetation zone in Finland.

Young seedling stands in NFI10

Vegetation Damage severity in NFI10  Number of seedlings in NFI10, pcs ha!  Number of seedlings in NFI13, pcs ha™!
zone Crop seedlings All seedlings Crop seedlings All seedlings
Southern Mild 2296 14913 - -
Notable 2530 10381 2200 2700
Severe 2028 10094 - -
No damage 2165 9919 1914 5648
Middle Mild 2688 21682 2031 5181
Notable 1891 13625 1593 8314
Severe 1000 2000 1150 1250
No damage 2407 11695 1967 5596
Northern Mild 2850 5500 1550 1550
Notable 2050 6000 1650 2500
Severe - - - -
No damage 2439 7496 2070 5588
Advanced seedling stand in NFI110
Southern Mild 1952 9144 - -
Notable 2078 10292 - -
Severe 1622 11282 - -
No damage 2156 10227 2535 10219
Middle Mild 2141 8475 - -
Notable 1974 8750 2019 3675
Severe 1616 6419 - -
No damage 2124 7460 2051 5172
Northern Mild 2175 6750 - -
Notable 1733 15333 - -
Severe 1000 2500 - -
No damage 1678 5746 - -

Moose damage affected the number of crop seedlings, that is, seedlings grown for future
growing stock, in both young and advanced seedling stands (Table 3). In general, the number of crop
seedlings also remained lower in NFI13 in young seedling stands where notable or severe moose

Southern boreal Middle boreal Northern boreal
[ ]

- 5000- . . NFI10 Damage severity
£ 4000- B3 wid

7)) L4 °
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5 3000-

é I * ' Severe

— -— 0

§ 2000~ ‘ No damage

()

1808 | B B3 No damage NFI13

NFI10 NFI13  NFI10 NFI13  NFI10 NFI13

Fig. 7. Number of crop seedlings in young seedling stands, artificially regenerated for Scots pine, by damage
severity class in the 10th National Forest Inventory (NFI10) and by vegetation zone in Finland, measured in
NFI10 (2004-2008) and remeasured in the 13th National Forest Inventory (NFI13, 2019-2023). “No damage
NFI13” denotes stands with no recorded moose damage in either NFI10 or NFI13. Boxes indicate the inter-
quartile range, whiskers the range, dashed horizontal lines the mean, and solid lines within boxes the median.
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damage had been recorded in NFI10 than in stands without recorded damage (Fig. 7). Moose damage
classified as mild in NFI10 had no such effect on the number of crop seedlings (Fig. 7, Table 3).

Overall, both mean height and mean diameter in NFI13 were lowest in young seedling
stands where no moose damage had been observed in NFI10 but was recorded in NFI13 (Table 4,
Fig. 8 and Fig. 9). The mean height of these stands was also the lowest in NFI10 (Table 4). Among
stands without observed moose damage in NFI10, the increase in mean height was notably greater
in stands that remained undamaged in NFI13 than in those where moose damage was observed in
NFI13 (Fig. 8). For example, in the northern boreal zone, the increase was 44 and 32 dm, respec-
tively (Table 4).

In advanced seedling stands, the impact of moose damage on the development of the growing
stock was more evident in mean height than in mean diameter (Table 4). In NFI13, mean height
was lowest in stands where severe moose damage had been observed in NFI10, and these stands
also had the lowest mean height in NFI10 (Table 4). For example, in the southern boreal zone,
the mean height was 18 dm in severely damaged stands, compared with 36 dm in stands without
observed moose damage in NFI10. Across most NFI10 damage-severity classes, mean height in
NFI13 was lower in stands where moose damage was observed in NFI13 than in those without
damage (Table 4). For example, in the southern boreal zone, mean heights in the “No damage in
NFI10” class were 118 and 125 dm, respectively.

Table 4. Mean height and diameter of seedling stands artificially regenerated for Scots pine in the 10th National For-
est Inventory (NFI10, 2004-2008), measured in NFI10 and remeasured in the 13th National Forest Inventory (NFI13,
2019-2023), classified by moose damage severity in NFI10, the occurrence of moose damage in NFI13, and vegetation
zone in Finland. NFI13 = 0 indicates that no moose damage was recorded in NFI13, whereas NFI13 = 1 indicates that
moose damage was recorded in NFI13.

Young seedling stand in NFI110
Vegetation ~ Damage severity in NFI10 Mean height in NFI10, dm  Mean height in NFI13, dm  Mean diameter in NFI13, cm

zone NFI13=0 NFI13=1 NFII3=0 NFI13=1 NFI13=0 NFII3 =1
Southern ~ Mild 8.2 7.2 99.3 85.8 10.1 11.6
Notable 7.8 7.0 87.1 88.0 9.6 11.0
Severe 6.0 10.5 93.1 92.5 9.1 12.0
No damage 4.9 3.9 81.1 73.2 8.8 8.4
Middle Mild 8.7 11.7 58.9 81.3 7.0 10.0
Notable 7.7 5.5 58.1 68.3 5.9 9.1
Severe 9.0 - 44.0 - 6.0 -
No damage 5.9 5.5 65.7 51.4 7.1 5.9
Northern ~ Mild 11.0 - 63.0 - 8.0 -
Notable 7.0 5.0 42.0 60.0 5.0 8.0
Severe - - - - - -
No damage 5.1 5.1 48.8 37.1 6.3 5.1
Advanced seedling stand in NFI10
Southern ~ Mild 314 24.0 122.3 109.0 13.8 12.1
Notable 28.2 334 119.8 133.3 13.3 15.1
Severe 18.8 17.9 125.2 104.8 13.8 12.8
No damage 36.1 36.7 124.9 117.6 13.9 133
Middle Mild 36.8 322 107.8 104.4 13.0 12.0
Notable 373 25.7 108.8 91.3 12.7 10.5
Severe 29.9 22.0 103.6 89.0 11.5 13.0
No damage 36.3 36.2 105.4 115.6 11.9 13.3
Northern ~ Mild 35.0 - 97.0 - 14.3 -
Notable 332 14.0 95.8 80.0 13.8 12.0
Severe 31.0 - 86.5 - 13.5 -
No damage 36.4 22.0 94.9 94.0 12.9 13.0
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Fig. 8. Increment of mean height of the growing stock between the 10th National Forest Inventory (NFI10,
2004-2008) and the 13th National Forest Inventory (NFI13,2019-2023) in seedling stands artificially regener-
ated for Scots pine, classified by moose damage severity in NFI10 and vegetation zone in Finland. “No damage
NFI13” denotes stands with no moose damage in either NFI10 or NFI13. Lines represent linear regression fits.

Increment of mean height in NFI13, dm

Because mean diameter was not measured in seedling stands in NFI10, only differences
in NFI13 could be compared (Fig. 9). Among stands without observed moose damage in NFI10,
mean diameter was generally lower in stands where moose damage was observed in NFI13
than in those that remained undamaged (Fig. 9, Table 4). The middle boreal zone was an excep-
tion, with mean diameters of 13.3 and 11.9 cm, respectively. The interpretation of effects of
moose damage on mean diameter and mean height is complicated by the fact that most seedling
stands had undergone cleaning or pre-commercial thinning after the NFI10 field measurements.
According to NFI13, thinning or another management operation had been carried out during the
preceding 10 years on 72% of the area with moose damage and on 55% of the undamaged area
in young seedling stands (at the time of NFI10). In advanced seedling stands, thinning had been
conducted on 46% of the area with moose damage and on 36% of the undamaged area. Further-
more, factors other than moose damage, such as other damaging agents and site fertility, may also
have influenced stand growth.

Southern boreal Middle boreal Northern boreal

NFI110 Damage severity
== No damage

== No damage NFI13

== Mild

= Notable

—== Severe

Mean diameter in NFI13, cm

0 20 40 60 800 20 40 60 800 20 40 60 80
Mean height in NFI10, dm

Fig. 9. Mean diameter of seedling stands, artificially regenerated for Scots pine, by damage severity class in the
10th National Forest Inventory (NFI10) and vegetation zone in Finland, measured in NFI10 (2004-2008) and
remeasured in the 13th National Forest Inventory (NFI13, 2019-2023). “No damage NFI13” denotes stands
with no recorded moose damage in either NFI10 or NFI13. Lines represent linear regression fits.
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4 Discussion
4.1 Effect of moose population fluctuations on damage

Moose browsing damage was observed on a notable portion of forest land, with most of the affected
area classified as significantly damaged, indicating reduced silvicultural quality. Between NFI10 and
NFI13, the total area of moose damage increased slightly, primarily due to a rise in mild damage,
while the extent of significant damage remained stable at the national level.

Regional differences were evident, particularly in the northern boreal zone, where a higher
proportion of damage was classified as significant. In this zone, both the absolute and relative areas
of significant damage increased over time.

Damage was most frequently observed in advanced seedling stands, although its share
declined between inventories. Conversely, damage in young and advanced thinning stands increased,
though the relative area affected in young thinning stands remained small. The increase of damage
in the thinning stands is probably due to recent observations that moose cause damage to larger
stems by debarking (Matala et al. 2025).

Compared with earlier studies (Nevalainen et al. 2016), the proportion of moose damage
was slightly higher in the 2000s and 2010s than in the 1990s. The moose population was relatively
low in the mid-1990s, which probably reflects in the smaller amount of damage. In the early 2000s,
the moose population reached an all-time high of approximately 140000 individuals, which was
also reflected in increased moose damage. Since then, the moose population has roughly halved
in Southern and Central Finland, while the change has been smaller in Northern Finland (Fig. 1).
However, at the same time, the area of seedling stands has decreased in all areas (Fig. 3), which
probably explains partly why the amount of moose damage has remained at quite the same level
as when the moose population was higher.

Studies on local and regional factors influencing moose browsing suggest that forage
consumption by moose is proportional to the availability of different plant species and therefore
varies between regions (Hornberg 2001a). At the regional scale, the extent of moose damage has
been shown to fluctuate with changes in population density, although the damage is not directly
proportional to population size (Hornberg 2001b; Mansson 2009). This is probably explained by
the variation of food and other resources for moose from one region to another. Indeed, Nikula et
al. (2020) found that in addition to moose population density, moose damage was best explained
by total forest area, proportions of plantations and mature forests. Furthermore, the relationship of
Scots pine and broadleaved seedling stands to moose number predicts the area of moose damage
(Nikula et al. 2020).

4.2 Damage effects on stand development

Our results indicate that moose browsing in forest seedling stands has long-term effects on both
the development of individual trees and the tree species composition of stands. Areas where moose
browse and cause damage tend to shift as forest succession proceeds. This was evident in our results:
according to NFI13, recent moose damage was observed in a significant proportion of stands that
had been young seedlings stands at the time of NFI10, particularly in those that were undamaged
in NFI10. In some of the stands that had shown damage in NFI10, no identifiable signs of moose
damage were observed in NFI13, although in some cases, residual indicators such as stem defects
and broken branches were still present. Overall, moose damage was observed in 44% of the area
of the young seedling stands regenerated for Scots pine, as recorded in NFI10, with the highest
proportion of damaged stands found in the southern boreal zone.
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In advanced seedling stands at the time of NF110, nearly all moose damage recorded in NFI13
was old, with only a small proportion showing ongoing damage in the same stands as in NFI10.
In many of those stands that were damaged by moose in the NFI10 measurement, the symptoms
were no longer visible or were not attributed to moose in NFI13. According to NFI13, just under
half of the advanced seedling stands up to 4 meters tall at the time of NFI10 remained unaffected
by moose damage, while nearly 70% of taller stands showed no signs of damage. However, it
should be noted that the proportions of affected area could be higher, given that field data of the
intermediate inventories (NFI11 and NFI12) were not included.

The results revealed that changes in dominant tree species were frequent, especially in
small seedling stands with observed moose damage. Species other than Scots pine dominated
19% of the damaged area in NFI10 and 23% by NFI13. Scots pine had most often been replaced
by downy birch or, in the southern boreal zone, by silver birch and Norway spruce. Changes in
dominant tree species are likely influenced by both moose browsing and stand management. In
moose winter ranges, browsing pressure may cause severe damage, resulting in the loss of most
Scots pine seedlings and the recruitment of birches or Norway spruce as crop trees. At the same
time, silvicultural treatments were carried out more frequently in damaged stands than in stands
without moose damage. During cleaning or thinning operations, naturally regenerated silver birch
or Norway spruce may be favored over browsed, low-quality Scots pine seedlings.

The impact of moose damage on stand growth was not as straightforward as might be
expected, since stand growth is affected by various interacting factors beyond browsing, including
site conditions and management practices. Silvicultural measures often involve removing damaged
or poor-quality Scots pine trees affected by moose browsing. According to NFI13, stands affected
by moose had undergone silvicultural treatments more often than stands without damage. Further-
more, a shift in the dominant tree species or species composition, as a consequence of browsing,
may affect height growth. Site fertility affects stand growth, but it could not be included in the
analysis due to the limited number of sample plots.

The results showed that young seedling stands unaffected by moose damage in NFI10 were
the shortest in height, and if moose damage was recorded in NFI13, those stands also remained
the shortest in NFI13. In the case of advanced seedling stands, those without moose damage in
NFI10 were the tallest. Stands in which damage was recorded later in NFI13 were already shorter
at the time of NFI10 and generally remained shorter in NFI113 compared to undamaged stands.

As a conclusion, the comparison between NFI10 and NFI13 indicates that while moose
damage remains a concern in young and advanced seedling stands, a significant portion of these
stands — especially those with taller trees — have remained undamaged. Damage patterns vary by
region and stand characteristics, with signs of recovery or reduced impact in many previously
affected stands. However, long term experiments have shown that some of the damage will be
overgrown and hidden in trunk and thus comes revealed as economic losses only after logs are
sawn to timber (Matala et al. 2020). The findings of Komonen et al. (2020) highlight the need for
integrated forest and wildlife management in boreal ecosystems, where cervid herbivory — particu-
larly by moose — has significant ecological consequences. High browsing pressure can hinder the
regeneration of key tree species such as Scots pine and silver birch, which are both economically
and ecologically important. This selective feeding behavior can lead to reduced tree species diversity
and simplified forest structures, ultimately altering successional pathways and ecosystem functions.

To address these challenges, forest and wildlife management must consider the balance
between moose populations and forest regeneration capacity. This involves setting population
targets that align with sustainable forestry goals and applying protective measures in vulnerable
stands. The impacts of browsing are context-dependent, varying by region, forest type, and stand
structure, which underscores the importance of site-specific management strategies.
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4.3 NFI data in studying browsing damage

The sample size of NFI permanent plots is relatively low considering that moose damage are
clustered. Local phenomena are not well captured with extensive NFI type of sampling (Ruuhola
etal. 2016; Wam et al. 2021). Specifically, in areas with high moose population densities, this may
lead to underestimation of the damaged area. However, for large scale studies NFI gives a reliable
estimate of damage (e.g. Nevalainen et al. 2016). In NFI, moose browsing damage is assessed on
selected crop seedlings of Scots pine, Norway spruce and birches, which represent only a subset of
the browsable trees and biomass available to moose. Thus, the effect of stand structure on brows-
ing can only partially be assessed. Despite these limitations, NFI data can still be used to assess
changes in tree species composition, especially among commercial tree species, as well as stand
structure and forest development over time.

The use of permanent sample plots facilitates the assessment of stand development at the
level of individual stands over time. The approach applied in this study enabled the investigation
of the long-term effects of moose browsing on seedling stand development, stand structure, and
dominant tree species composition, and allowed for the assessment of stand recovery follow-
ing moose damage. Disturbance effects and recovery processes following other types of forest
disturbances, besides moose browsing, could be analyzed in a similar manner. Furthermore,
repeated measurements on permanent sample plots provide a means to monitor and assess the
effects of, for example, novel or alternative forest management practices on stand structure and
development.

4.4 Damage and adaptation to changing climatic condition

In a changing climate, the stand density of growing Scots pine trees is of particularly importance
for carbon sequestration. Our results indicated a reduction in crop seedling density due to moose
browsing. A decrease in stand density has been shown to significantly affect the potential for
carbon sequestration (Bianchi et al. 2024). Thus, moose browsing resulting in lower stand density
in the juvenile stage is also a risk from a carbon sequestration perspective. Regarding adaptation to
climate change, it is recommended to increase tree species diversity, with greater emphasis on the
cultivation of deciduous trees on fertile sites, despite the presence of Norway spruce monocultures
over large areas. Furthermore, deciduous trees are also susceptible to browsing by cervids. As
the climate undergoes changes, Norway spruce trees in southern Finland are likely to experience
increased risk of drought, which in turn will increase the likelihood of subsequent damage. In the
past, Norway spruce has been established even on suboptimal, too dry sites to avoid the high risk
of moose browsing damage. In addition, our results showed that moose damage can also change
tree species dominance from Scots pine to Norway spruce. It is anticipated that the risk of drought
at these locations will increase in the future. In the context of a changing climate, it is imperative
to consider the diverse objectives associated with forest and wildlife management to ensure both
mitigation and adaptation to climate change.

5 Conclusions

Our findings show that moose browsing has long-term effects on dominant tree species composition
and stand structure, including mean height, mean diameter, and growing stock density. Damage
patterns varied by region and stand characteristics, with signs of recovery or reduced impacts
observed in many previously affected stands.
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Large-scale forest monitoring systems such as NFIs provide valuable data for detecting
changes in browsing intensity and vegetation over time. Long-term monitoring data can inform
adaptive forest and wildlife management to mitigate the negative impacts of cervid herbivory while
maintaining biodiversity and forest productivity under changing conditions.
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