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Abstract
An important modifier of forests and forestry practices is browsing by cervids. As high popula-
tions of moose (Alces alces L.) cause extensive forest damage in the Fennoscandian boreal for-
ests, models should be able to predict the susceptibility of projected forest structures to browse 
damage. We augmented the European Forestry Dynamics Model (EFDM) for the area of seedling 
stands damaged by moose. The augmented model was tested in projecting both forest resources 
and moose damage for 18 million hectares of forest land in Finland, based on input data from 
the National Forest Inventory (NFI). Modeling the area of seedling stands damaged as a func-
tion of moose population density, forest characteristics, and region-specific interactions of these 
variables was found to work realistically for 30 years, predicting that the area of seedling stands 
damaged by moose would increase by up to a third from the last NFI observation. Our work lays 
the groundwork for modeling consequential, large-scale ecological and socio-economic effects 
of moose browsing.
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1 Introduction

Several risks are expected to influence future forests and forestry in Finland (Venäläinen et al. 2020). 
Therefore, it is necessary to consider disturbances in the projections of future forest resources. Even 
if the occurrence of storms, fires, insects and pathogens has sometimes been considered (Reyer 
et al. 2017; Liénard and Strigul 2016; Ray et al. 2019; Subramanian et al. 2019), integrating dis-
turbance risks into large-scale forest resource projections is rare. Related studies have especially 
considered storm-related damage, which may be partly due to a relatively simple simulation of 
damage that destroys all or part of the growing stock (Sallnäs et al. 2015) and occurs similarly 
to history (Subramanian et al. 2019). However, the probabilities for these stochastic events may 
depend on forest management (Subramanian et al. 2019) and change due to global warming, the 
risk of which may be most pronounced in the boreal coniferous forests (Seidl et al. 2017).

Currently, one important modifier of forests and forestry practices is the browsing by cer-
vids (Gill 1992; Kielland and Bryant 1998; De Jager et al. 2017). For example, high moose (Alces 
alces L.) populations have caused extensive forest damage in the Fennoscandian boreal forests 
in recent decades (Markgren 1974; Lavsund et al. 2003; Bergqvist et al. 2014; Nevalainen et al. 
2016). In Finland, the results of the 10th National Forest Inventory (NFI; 2004–2008) showed 
some symptoms of moose damage on 990 000 hectares, or 4.9% of the total forest area (Nevalainen 
et al. 2016). Moose damage is partly determined by their population density, as well as factors 
related to available browse and suitable habitat (Hörnberg 2001a,b; Nikula et al. 2019, 2021). To 
investigate the effects of these factors on the successional patterns predicted for North American 
forests, De Jager et al. (2017) added an extension to the forest landscape simulator LANDIS-II 
that simulates the effects of browsing on trees. Nikula et al. (2021) developed regional models 
to predict the area damaged by moose as a function of their population and forest characteristics 
observed in the NFI. Implementation of these models in a regional forest resource projection tool 
would allow prediction of the susceptibility of projected forest structures to moose damage in the 
northern boreal forests of Europe.

We focus on the European Forestry Dynamics Model (EFDM), which was developed to 
simulate forest development as Markov chains of possible future events based on transition matrices 
derived from the NFI data (Packalen et al. 2014). A test involving the NFIs of 20 European countries 
(Vauhkonen et al. 2019) demonstrated the viability of the EFDM for international modelling, as 
it can both (i) adapt to country-specific forest structure, conditions and forestry practices, and (ii) 
produce results that are comparable across countries when harmonized definitions, assumptions and 
modelling methods are applied. The EFDM has been parameterized to project even-aged (Packalen 
et al. 2014), uneven-aged (Sallnäs et al. 2015) and, by combining multiple Markov chain models 
for even- and uneven-aged forestry, ‘any-aged’ forest management at regional to national scales 
(Vauhkonen and Packalen 2018, 2019). By varying assumptions according to expected future sce-
narios, Vauhkonen and Packalen (2018, 2019) demonstrated how the EFDM can be used to examine 
uncertainties related to future climate, land use and consequent changes to silvicultural practices.

The modeling of some disturbances can be based on the standard EFDM, where the occur-
rence and degree of damage are included as additional activities, with transition probabilities mod-
eled in terms of the dynamic axes of the matrices used (e.g., volume and age), similar to management 
activities (Sallnäs et al. 2015). This feature particularly allows for scenarios of catastrophic events 
such as storms or wildfires that force transitions to the beginning of the rotation (Castro Rego et al. 
2019, Chapter 10; Adame et al. 2020). Using the EFDM, Sallnäs et al. (2015) modeled the occur-
rence of calamities, based on pooled disturbance sources recorded as tree mortality in the NFI data, 
similar to management activities such as harvesting. The activity and transition probabilities of 
the calamities were assumed to depend on elevation, stem number and volume class, to be equal 
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for the entire simulation of about 100 years, and to be independent of the management applied, 
which may not be realistic. Even if the transition probabilities were allowed to change over time, 
as in Vauhkonen and Packalen (2018), the underlying Markovian property requires the next future 
state to be inferred from the current one. This can be problematic for projections of disturbances 
such as browsing by cervids, the levels of which depend on forest structure (e.g., ratio of seedling 
to mature stands) and factors external to forestry (moose population density), as explained by 
Nikula et al. (2021). In this case, damage levels should be predicted in each time step according 
to the evolution of these factors.

Our objective is to complement the European Forestry Dynamics Model (EFDM) by model-
ling the total area of damage caused by moose. Using the augmented model, we present projections 
of forest structures observed in the Finnish NFI and seedling stand damage assuming moose winter 
population densities within the realistic variations of the Finnish moose population in recent decades.

2 Methods

2.1 Study area and data sources

We combined the 10th (NFI10) and 11th (NFI11) Finnish NFI (Data: National Forest Inventory, 
Natural Resources Institute Finland (Luke)), carried out in 2004–2008 (Korhonen et al. 2013) and 
2009–2013 (Korhonen et al. 2017) respectively, with observations of moose winter population esti-
mates (individuals per 1000 ha of land area) for our analyses. The combined forest resource and 
moose data were used for moose damage modeling similar to Nikula et al. (2021). As described in 
more detail in that paper, moose management areas in four geographical zones (Northern, Eastern, 
Southern and Western Finland) in Finland were used as estimation units, for which both the NFI 
resource variables and the moose population were derived. The map and descriptive statistics on areas 
of these zones are presented in Supplementary file S1, available at https://doi.org/10.14214/sf.23012.

We focused on productive or poorly productive forest land managed for timber production. 
Areas where forestry operations were prohibited (forests not available for timber production) were 
determined according to administrative forest use restrictions, as in Korhonen (2016), and excluded 
from the analyses. The areas analyzed covered almost all of Finland, excluding the southern archi-
pelago and forests located in the northernmost areas where the NFI10 was not implemented. In 
total, the analyses covered about 18 million hectares, which is about 70% of the total forest area 
in Finland.

2.2 Modelling the area of seedling stands damaged by moose

We considered moose damage as fresh browsing of seedling stands within geographical zones 
of 2–6 million hectares (Suppl. file S1), which are scales representing different biogeographical 
conditions in Finland from the point of view of moose management (Nikula et al. 2021). Nikula 
et al. (2021) explored alternatives for predicting the area damaged by moose, arguing that the 
damage varies in different parts of the country depending on habitat selection and is driven by 
biogeographical differences in climate and snow, terrain, forage, settlement areas, forest vegetation 
and growth patterns, and competition with other (deer) species. According to the prediction model 
they formulated, the damage was region-specifically dependent on the total forest area, proportions 
of seedling stands and mature forests, and moose population density per land area. The model of 
Nikula et al. (2021) was specified as a mixed-effects model with the NFI (either the 10th or 11th 
NFI round) as the random effect, although the NFI effect was finally not found significant.

https://doi.org/10.14214/sf.23012
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Even if descriptive disturbance models like Nikula et al. (2021) exist, they may need to be 
refined for use as prescriptive models with simulated forestry dynamics over time. Consequently, 
model evaluation should include critical validation and verification that the model workflow 
serves its intended purpose (Pretzsch 2009). In our case, the Nikula et al. (2021) model defined 
the proportions of seedling stands and mature forests according to a categorical variable that can 
be determined for a given forest state based on diameter limits. We conducted preliminary tests 
with the exact Nikula et al. (2021) model, predicting the development stage variable from the age 
structure, but found bias in the projections as the development stages did not correspond exactly 
to any age class interval. For these reasons, in order to incorporate the moose damage model 
into the EFDM, the relevant work involves re-fitting the damage model in terms of age classes, 
which is reasonable in that the development stages are also essentially dynamic, age-related forest 
characteristics.

We adopted the same mixed effects model structure and predictors for the damaged area as 
in Nikula et al. (2021), but with two changes in order to promote prediction towards future. First, 
we dropped the non-significant NFI effect from the model. Second, we redefined the proportions 
of seedling and mature forest areas in terms of the age classes used to describe forestry dynamics 
in the EFDM. In practice, we re-fitted the model of Nikula et al. (2021) using the generalized least 
squares (gls) function of the nlme library of R (Pinheiro et al. 2021). We calculated the proportions 
of seedling and mature stands from the NFI data based on different age thresholds (e.g., age classes 
<5 or 5–10 or 5–15, and so on, as seedling stands and the rest as mature stands) and tested the 
obtained proportions as the respective predictors of the model. The fit of the model was assessed 
both graphically and using the Akaike Information Criterion (AIC).

As a result, we consider the model with the following structure and predictors:

ln Y� � � � �� � � �Zone ForestArea_km2 MoosePop_1000ha DevStages Zone�� � �DevStages , ( )1

where Y is the continuous moose damage in seedling stands (km2), where “continuous” is defined 
as fresh browsing observed at the time of the inventory; Zone is an indicator for one of four geo-
graphical modeling units (Northern, Western, Eastern and Southern Finland); ForestArea_km2 is 
the forest area (km2); MoosePop_1000ha is the moose population density (animals per 1000 ha of 
land area); and DevStages is a vector of the proportions of seedling and mature stands (%) in the 
given Zone. Similar to Nikula et al. (2021), an exponential spatial correlation structure was included 
to account for the similarity of nearby areas. As the model and its parameters were expressed on 
a logarithmic scale, a bias correction as the ratio of observed to predicted mean (Snowdon 1991) 
was added to the anti-logarithm transformation.

The area of seedling stands damaged by moose was predicted by extracting the values of the 
forest characteristics projected for each geographical unit and time step (Section 2.3.). The model 
of Eq. 1 was used to predict damage for an average moose management area within the geographic 
zone. It was generalized to the entire geographical modeling unit by an expansion factor, which 
was the ratio of the total area of the zone to that of the average moose management area (Suppl. 
file S1). We used the model assuming three moose population levels. Moose population densities 
in the data from Nikula et al. (2021) varied from 1 to 8 animals per 1000 ha land, with a mean of 
4. For our experiments, we assumed moose winter population densities of 2, 4 and 6 animals per 
1000 ha, which correspond to realistic variations of the Finnish moose population in the recent 
decades and are well within the range of observations.
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2.3 Predicting the damaged area by the projected forest area distribution using the 
EFDM

We downloaded v. 2.0 of the EFDM from the European Commission (2016) as free software 
licensed under the European Union Public Licence (EUPL, v. 1.1). The basic version of the EFDM 
provides an R-implementation of the generic modeling framework (Fig. 1), which each user needs 
to parameterize according to the country-specific forestry dynamics. The simulations of forest devel-
opment are based on a matrix factorization according to ecological, technical or socio-economic 
factors affecting forestry dynamics or reporting, and transition probabilities specific to the cells of 
the matrix associated with forestry activities (see Packalen et al. 2014 for details). The parameter 
environment of the EFDM (Fig. 1) was defined on the basis of the NFI10 and NFI11 data and the 
factorization given in Suppl. file S2. Furthermore, the classification of the forest area according 
to NFI11 in the initial state matrix and the transition probabilities and transformation and state 
coefficients correspond to the previous analysis by Vauhkonen and Packalen (2019), to which the 
reader should refer for further details.

Possible management activities were ’no management’ (i.e., simulation of natural processes 
only), ’thinning from below’, and ’regeneration harvesting’, which was implemented as either clear-
cutting or thinning from above, depending on the forest use restrictions of the area. Clear-cutting 
produced the seedling stands on which moose damage was simulated and it was allowed on 91% 
of the total area. Clear-cutting was replaced by thinning from above in 6.5% of the area, which 
was restricted from most intensive management (Korhonen 2016). In the area without restrictions, 
the initial probabilities for the exact management activities were determined as proportions of the 
area recorded by the NFI that should be managed according to official silvicultural instructions 
within the first 5-year period. These proportions were further iterated to produce a total round-
wood harvest level of 70 million m3 per year at the start of the simulations. The area proportions 
meeting the harvest target were set as the probabilities of the management activities for the later 
simulation steps, i.e., the area managed after the first step varied according to the realized forestry 

Fig. 1. The parameter environment of the European Forestry Dynamics Model (EFDM) 
(Vauhkonen et al. 2019).
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dynamics (cf., Vauhkonen and Packalen 2019). The growing stock and harvests projected by the 
EFDM are shown in Suppl. file S3, while the underlying areas of forest development stages are 
employed in the following.

3 Results

3.1 Developing and evaluating the damage model

Table 1 shows the final model fitted for the continuous moose damage (Eq. 1). In the model that 
produced the best fit in terms of the AIC, seedling stands were defined as forests aged 5–25 years 
in all other regions except for the northern region (5–35 years), while the older stands represented 
mature forests. In addition to the development stages, the moose population and forest area had a 
zone-specific influence on the prediction of damaged area, as shown by the different signs of the 
coefficients for zones and their interactions with development stages (Table 1). Fig. 2 illustrates 
the zone-specific differences, when the values of the predictors related to the development stages 
were fixed.

Table 1. Final predictors and coefficients of Eq. 1, when fitted to National Forest Inven-
tory (NFI) and moose population data. By default, the model predicts for zone 1 (Northern 
Finland), while zones 2–4 correspond to Western, Eastern, and Southern Finland, respec-
tively, corresponding to specific dummy variables. Predictor variables ForestArea_km2, 
MoosePop_1000ha, Seedling_prop and Mature_prop denote forest area (km2), moose popu-
lation density (animals per 1000 ha of land area), and proportions of seedling and mature 
stands (%), respectively. Asterisks (*) indicate interactions between two variables. 

Variable Value S.E. t-value p-value

Intercept 5.72 1.22 4.69 0.00
Zone2 3.19 2.94 1.08 0.28
Zone3 –1.60 2.26 –0.71 0.48
Zone4 –8.08 2.92 –2.77 0.01
ForestArea_km2 1.8 × 10–4 3.0 × 10–5 6.05 0.00
MoosePop_1000ha 0.19 0.04 4.65 0.00
Seedling_prop –0.04 0.03 –1.29 0.20
Mature_prop –0.03 0.02 –1.80 0.08
Zone2*Seedling_prop –0.03 0.04 –0.63 0.53
Zone3*Seedling_prop 0.10 0.04 2.59 0.01
Zone4*Seedling_prop 0.16 0.05 3.58 0.00
Zone2*Mature_prop –0.04 0.03 –1.24 0.22
Zone3*Mature_prop –0.01 0.02 –0.31 0.76
Zone4*Mature_prop 0.07 0.04 1.62 0.11
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According to Fig. 3, the model fitted in this study performed comparably to the model of 
Nikula et al. (2021). Based on the residuals at moose management areas, the model had a higher 
tendency to overestimate regional damage projections of 50–150 km2 and to underestimate those 
of >150 km2. Damage predictions for an average moose management area in a zone were more 
consistent with the observations (Fig. 3). As the averages were needed in particular for future 
development simulations, the developed model was considered suitable for this purpose. The 
predictions of the mean values for some zones also showed a small bias, which can be seen when 
comparing the observations of the two NFIs separately (Fig. 3). Both the models exhibited this bias 
especially when predicting damage for an average moose management area in Northern Finland 
(zone with the highest observed average damage area in Fig. 3), and the models performed equally 
well in these aspects (Fig. 3(c)).

Fig. 2. Zone-specific differences in damage area predictions with three moose population sizes and fixed seed-
ling and mature stand proportions, where zone numbers 1–4 refer to the geographical zones of Northern, West-
ern, Eastern, and Southern Finland, respectively.
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Fig. 3. Comparison of moose damage predicted using the observed moose population density and (a) the model of 
Nikula et al. (2021) or (b) the model developed in this study, against reference observations from the moose manage-
ment areas, with (c) an intercomparison of the predictions of the two models. Red and blue crosses indicate the mean 
of the observations by the 10th and 11th National Forest Inventory (NFI), respectively, for the four geographical zones 
(Northern, Western, Eastern and Southern Finland) used as modeling units in the forest development simulations.

At the level of whole geographical zones used as modeling units for the development simu-
lations, the predictions of both the model by Nikula et al. (2021) and the model developed here 
usually agreed well with the reference value (Fig. 4). This was particularly the case when predic-
tions were made at the level of individual moose management areas, assuming that their forest 
characteristics and moose population statistics were available as predictors exactly as in the mod-
eling data. However, in addition to the model itself, its intended use in the future forest simulation 
influenced the predictions, as using the observed values for an average moose management area 
within a geographical zone and scaling up caused a slight additional imprecision (see predicted 
and upscaled cases in Fig. 4). In addition, the predictions depended on the assumed moose popu-
lation level, and the reference damage value always fell between the predictions obtained using 
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population densities of 2–6 animals per 1000 ha, corresponding to later development simulations. 
Summing up the zone-specific figures (Fig. 4) for the whole country, the model of Nikula et al. 
(2021) and the model developed here showed an underestimation of 24 km2 and an overestima-
tion of 41 km2, respectively. However, when the predictions were calculated as zone averages and 
a moose population of 4 animals per 1000 ha was assumed (the predicted and upscaled cases of 
Fig. 4), the overestimation by the latter model was 163 km2 at the level of the whole study area.

3.2 Applying the model to the projected forest structures

The way in which the development stages evolved during the EFDM simulations indicated a varying 
reliability of the simulations for the future, as can be interpreted from Fig. 5 and Fig. 6. Accord-
ing to Fig. 5, the proportions of seedling and mature stands exceeded the range of the respective 
values in the training data after about 30 years (i.e., after the sixth 5-year period). Consequently, 
the model had to extrapolate after this time, which probably reduced the reliability of the predic-
tions. Fig. 6 shows that the predicted damage for zones 1 and 2 (Northern and Western Finland) 
was fairly well within the range of the training data, although the proportions of the development 

Fig. 4. Comparison of moose damage, when the observed and predicted dam-
age are summed up for the geographical zones 1–4 (Northern, Western, East-
ern and Southern Finland, respectively) from the individual moose manage-
ment areas. The predictions of Nikula et al. (2021) and the model developed in 
this study are first shown with the values for the predictor variables extracted 
from the reference data. Then, in the upscaled case, the model developed for 
this study is used as in the case of the actual simulations, i.e., scaling up the 
prediction for an average-sized moose management area within a zone and 
assuming a fixed moose population of 4 animals per 1000 ha for the thick bars 
and 2 or 6 animals per 1000 ha for the lower and upper limits of the error bars, 
respectively.
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Fig. 5. Proportions of mature (upper lines and area) vs. seedling stands in the 
modeling data (grey area) and different simulation periods, when projecting 
the forest development with the European Forestry Dynamics Model (EFDM). 
Zones 1–4 correspond to Northern, Western, Eastern and Southern Finland, re-
spectively.
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stages were extrapolated more than for the other two zones. Zones 3 and 4 (Eastern and Southern 
Finland) were more sensitive to extrapolation due to the stronger zone-specific effects, which can 
already be observed from Fig. 2 and will be further explored in the Discussion.

The above results suggest that it is reasonable to consider only the first 30 years of the total 
simulated development (60 years in total) because of the extrapolation of predictor variables thereaf-
ter. During this time, the area of seedling stands damaged by moose was predicted to increase by up 
to a third compared to the last NFI observation, depending on the zone and moose density (Fig. 7). 
Fig. 7 shows the distribution of damaged seedling stand area and its evolution in the predictions 
for 5-year steps over the entire simulation horizon. It is important to note that some characteristics 
of this evolution can be related to the above model diagnostics, as discussed in Section 4.

Fig. 6. Proportion of development stages (i.e., seedling and mature stands, x-axis) vs. the proportion of damaged area 
to the total forest area of the four geographical zones (numbers 1–4 indicated in the subfigures correspond to Northern, 
Western, Eastern, and Southern Finland, respectively). The dots and lines show the observations in the training data and 
the simulated forest development, respectively. Black and grey lines show simulation results based on 6 and 2 animals 
per 1000 ha, respectively. Solid and dashed lines show the proportion of seedling and mature stands in the simulations. 
The arrowheads on the lines indicate these proportions at each simulation step and the direction in which their simu-
lated values evolved from that step.
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Fig. 7. Total continuous moose damage to seedling stands based on moose population sizes of (a) 2, (b) 4, or 
(c) 6 animals per 1000 ha. The shades of grey in each bar correspond, from bottom to up, to the geographical 
zones of Northern, Western, Eastern, and Southern Finland. Step 0 indicates the modeled initial state, i.e. the 
predicted damage to the forest area distribution observed by the 11th National Forest Inventory (NFI11) when 
the development stages are averaged for the four geographical zones and then used as predictors of the model 
(Eq. 1 and Table 1) with the different moose population densities. Steps 1–12 indicate the application of the 
model to future development stages simulated by the European Forestry Dynamics Model (EFDM).
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4 Discussion

We modeled the area of seedling stands that received a moose damage that reduced the forest 
quality or production (Nikula et al. 2021). Due to this definition, our estimated moose damage on 
the forest area is smaller than studies that report even the slightest symptoms of moose damage 
(Nevalainen et al. 2016). The above results suggest that the developed model can be realistically 
applied to predict the susceptibility of the expected forest structures to moose damage, especially 
for the first 30 years, with respect to our modeling data and previous literature. These points are 
further discussed from the point of view of model validation and verification, as they affect the 
application of the developed moose extension.

Moose damage predicted by the developed model consists of an interaction between pre-
vailing forest characteristics and moose population in different geographical areas. According 
to the model, a similar evolution of forest characteristics under a fixed moose population causes 
different levels of damage in different geographical areas (Fig. 2; see also justification for these 
differences in Section 2.2.). The inclusion of the geographical zone was therefore essential, but 
had implications for the application of the model. In particular, according to Fig. 2 and Fig. 6, the 
shift from mature to seedling stand structure increased the predicted damage at a much faster rate 
in Eastern and Southern Finland than in the other two other zones, at the same moose population 
density. The effects described in the paragraph above are evident when the model is applied with 
the age classes projected by the EFDM. The probabilities for the management activities were not 
geographically balanced, but the same probabilities were applied throughout the country, result-
ing in more intensive harvesting of forests in Northern Finland than in practice. While the shift 
from mature to seedling stands was most pronounced there (zone 1 in Fig. 5), the proportions 
of seedling and mature stands in all zones were outside the values in the training data after six 
simulation periods (30 years). Fig. 6 shows that even a small extrapolation of the forest structure 
resulted in considerably higher damage rates especially for zone 3 (Eastern Finland), whereas much 
higher extrapolations for zones 1 and 2 did not show similar effects. After the start of the model 
extrapolation (i.e., after six simulation periods or 30 years as identified above), the proportion of 
damage in the final moose damage predictions in Fig. 7 starts to increase much faster than in the 
earlier years, due to the propagation of the effects discussed above. Most of this increase can be 
attributed geographically to zone 3, as discussed above.

There are some peculiarities in the projections resulting from both the use of the model 
(Fig. 4) and the way forest resources are managed in the EFDM (Fig. 7). Fig. 4 shows a discrep-
ancy due to the fact that the exact information content of the NFI11 cannot be used for individual 
moose management areas, but has to be averaged for the four geographical zones for which the 
forest resource projections are made. It could be circumvented by predicting forest resources for 
smaller regions using different principles than the NFI-based transition matrices, which on the 
other hand can be justified by the representative sample of transition probability observations for 
the projections collected by the NFI. The beginning of the full projection in Fig. 7 shows another 
discrepancy due to the prediction of the management actions and resulting forest resources by the 
EFDM. In step 1 and beyond, management actions are simulated according to their probabilities, 
which at the beginning of the simulations may not correspond to the actual managed areas as 
observed in the NFI data; however, this is a common problem of any simulation where the future 
management actions have to be allocated computationally.

These results emphasize the need for careful model validation and verification, which for 
future projections should emphasize causal reasoning between observations and predictions that 
may be in agreement by chance, even if there are semantic or logical problems affecting the use of 
the projections. Although the above results are based on the application of a model in a projection 
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case, those can be used to discuss reasonable time spans for future forest projections. For instance, 
Nabuurs et al. (2000) suggested a maximum feasible time span of 50–60 years, based on a qualitative 
analysis of scenarios to 2050, but parameterized by forest inventory data to the 1990s. Vauhkonen 
et al. (2021) considered a time span of 30 years, but argued that uncertainties related to markets, 
climate and management could make a maximum feasible time span for realistic projections much 
shorter. Our results also support shorter projection periods.

The present work allows modeling of the area of seedling stands damaged by moose brows-
ing, but further modeling of the consequences in the damaged area is also motivated. Previously, 
Nilsson et al. (2016) modelled the survival and height growth of trees in size categories after an 
experiment where Scots pine shoots were cut to mimic browsing, and simulated the development 
of surviving trees. They found small effects on wood production, but more pronounced economic 
effects already at a browsing level that affected only 2% of the trees. However, this was a stand-level 
study with potentially limited generalizability, whereas the framework presented here would allow 
the simulation of consequential effects for millions of hectares of forest. In practice, the use of the 
EFDM for this analysis requires the specification of transformation coefficients, which for (net) 
growth and quality reduction could possibly be modeled similarly to Nilsson et al. (2016) based 
on artificial shoot cutting experiments mimicking moose damage (Persson et al. 2005; Wallgren 
et al. 2014; Matala et al. 2020). Comprehensive analyses should consider other (consequential 
socio-)economic effects related to the risk of areal damage from moose such as reduced growth and 
timber assortment yield due to poor quality (Heikkilä and Löyttyniemi 1992; Wallgren et al. 2014; 
Matala et al. 2020). For example, to avoid economic losses due to moose damage, forest owners 
may regenerate forests with species that are not optimally suited to a site but are less susceptible 
to damage. The effects of these decisions on forest resources could be studied by varying activity 
and transition probabilities.

5 Conclusion

We augmented the European Forestry Dynamics Model (EFDM) to project the area of seedling 
stands damaged by moose browsing. Based on qualitative analyses of projections of Finnish NFI 
data and three alternative moose population sizes, we conclude that moose damage can be real-
istically projected for 30 years with the proposed model. Our work provides an example of the 
integration of damage models into large-scale forestry projection models, which is discussed from 
the point of view of model validation and verification, with implications for the application of the 
developed moose extension.
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