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*  Models were developed for predicting stand-level mortality from a large representative NFI
data set.

*  The logistic function was used for modelling the probability of no mortality and the propor-
tion of basal area in surviving trees.

*  The models take into account the variation in prediction period length and in plot size.

*  The models showed good fit with respect to stand density, developmental stage and species
structure, and showed satisfying fit in the independent data set of unmanaged spruce stands.

New mortality models were developed for the purpose of improving long-term growth and
yield simulations in Finland, Norway, and Sweden and were based on permanent national forest
inventory plots from Sweden and Norway. Mortality was modelled in two steps. The first model
predicts the probability of survival, while the second model predicts the proportion of basal area
in surviving trees for plots where mortality has occurred. In both models, the logistic function was
used. The models incorporate the variation in prediction period length and in plot size. Validation
of both models indicated unbiased mortality rates with respect to various stand characteristics
such as stand density, average tree diameter, stand age, and the proportion of different tree spe-
cies, Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) Karst.), and broadleaves.
When testing against an independent dataset of unmanaged spruce-dominated stands in Finland,
the models provided unbiased prediction with respect to stand age.
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1 Introduction

Sustainable use of forest resources requires reliable information both on the current state of forests,
and forecasts on the development of forest resources under changing environment and alternative
management strategies (Buongiorno and Gilless 2003; Keenan 2015). Trustworthy estimates of
the long-term development of forests rely on the thoroughgoing knowledge of the structure and
dynamic of forests at the stand-level, including the impacts of the different abiotic and biotic factors
as well as the effects of silvicultural treatments on stand development (Fortin et al. 2008; Sims et
al. 2014). Wide varieties of stand structures, management histories, and growth environments set
a high demand for models predicting stand dynamics, which are designed to be applied in deci-
sion support tools for forest management planning. Empirical data used in modelling and model
validation should cover the same range of variation in crucial factors affecting forest dynamics.
Besides comprehensive modelling data, the structure of models should provide a logical behavior
when applied outside the range of modelling data.

In addition to stand growth, an understanding of tree mortality, caused by the natural
ageing of the trees, competition between the trees, and/or abiotic or biotic damage, is important
to accurately predict forest dynamics (Taylor et al. 2009; Bircher et al. 2015). Mortality is one
of the least predictable components of growth and yield estimation (Hamilton 1986; Fortin et al.
2008; Sims et al. 2014; Salas-Eljatib and Weiskittel 2020). Mortality is often divided into regular
competition-related mortality and more irregular catastrophic mortality (Vanclay 1994). Yli-Kojola
(2005), Laarmann et al. (2009), and Sims et al. (2014) have found that competition was the most
common reason for tree mortality in Finland and in Estonia. In general, trees with relatively low
diameter were more likely to die because of tree competition whereas increasing relative tree
size increased the likelihood of insect and wind damage (Yli-Kojola 2005; Laarmann et al. 2009;
Sims et al. 2014; Yao et al. 2001; Vieilledent et al. 2009). Quite often the main cause of mortality
remained unknown (Yli-Kojola 2005; Laarmann et al. 2009).

The most common function used to model the probability of tree-level mortality is the logistic
function. Individual tree mortality can be predicted from variables such as tree growth, crown and
stem dimensions, dominance, and competition in addition to some stand, site and environmental
variables (Salas-Eljatib and Weiskittel 2020). In a single tree-based stand simulator stand-level
mortality is the outcome from tree-level mortality (Fortin et al. 2008). Stand-level models are
often preferred over tree-level models because they are less data intensive with regard to model
development and application inputs (Affleck 2006; Weiskittel et al. 2011). In general, stand-level
mortality models are developed in two-steps, the first step being prediction of the probability of
mortality and the second step prediction of the amount of mortality (Woollons 1998; Fridman and
Stahl 2001; Eid and @yen 2003; Alvarez et al. 2004). The amount of mortality is traditionally
modelled as a reduction in stem number (Woollons 1998; Eid and @yen 2003; Alvarez et al. 2004).
However, Fridman and Stahl (2001) presented a model for the predicting the amount of mortality
as a proportion of the initial basal area.

So far, each of the Nordic countries have independently developed their own model-based
forest management planning and simulation tools, which include stand- and tree-level models for
forest dynamics, i.e. Mela (Siitonen 1995; Siitonen and Nuutinen 1996) and Motti (Salminen et al.
2005) in Finland, Hugin (Lundstrom and Soderberg 1996) and Heureka (Lamés and Eriksson 2003;
Wikstrom et al. 2011; Fahlvik et al. 2014) in Sweden, and AVVIRK-2000 (Eid and Hobbelstad
2000), GAYA-JLP (Hoen and Eid 1990) and SiTree (Antdn-Fernandez et al. 2019) in Norway. In
all Nordic countries, the mortality models applied in planning tools are based either on national
forest inventory (NFI) data from permanent sample plots (Fridman and Stéhl 2001; Eid and Tuhus
2001), or inventory growth plot data being a subsample of NFI plots (Hynynen et al. 2001). All
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the previously mentioned Nordic models included both regular mortality due to competition and
mortality from irregular hazards (snow, wind), if they have occurred.

The aim of this study was to provide reliable stand-level mortality models which also enable
long term growth and yield simulations and thus provide information of carbon stock development
in old forest stands. The general purpose of this study was to improve the predictions for stand-level
mortality in decision support tools applied in Finland, Norway, and Sweden. Given similar forest
types, mortality models based on combined data from Sweden and Norway can also be applied
in forest development simulations in Finland. Combining data for the region also increased the
variation in management regimes and the amount of data from mature and old stands, which are
scarce in each country, but essential for the simulation of extended rotation times. More precisely,
the aim was to construct stand-level mortality models for stands dominated by Scots pine (Pinus
sylvestris L.) and Norway spruce (Picea abies (L.) Karst.)(hereafter referred as pine and spruce),
which perform reliably for mature stands and for stands which have exceeded the commercial
rotation age and also take into account the effects of tree species composition on mortality rates.

2 Material and methods
2.1 Overview of modelling approach

Data from permanent NFI plots in Norway and Sweden were used for developing the new mortality
models. NFI data are a representative sample of forest areas, describing the structure and dynam-
ics of current forest stands (Fridman et al. 2014; Tuominen et al. 2014). This study proceeded via
two steps. First, available data in Norway and Sweden were examined and a common database
was constructed. In the second step, stand-level mortality models were constructed and evaluated.
In the model development stage, a stand-level modelling approach was applied for predicting 1)
probability of no mortality occurrence in a stand, and when mortality occurs ii) survival in terms of
basal area of surviving trees relative to total basal area. Logistic regression models were constructed
for both cases because the logistic equation ensured a logical model behavior due to the range of
possible values between zero and one (Hosmer and Lemeshow 1989). The new models were then
examined within the Motti simulator using an independent data set from Finland.

2.2 Modelling data sets

Initially, NFI data from each country were considered. However, during the early phase of the
data analysis, the structure of the Finnish data was found to differ significantly from the NFIs of
Sweden and Norway. Permanent sample plots in Finland (INKA) were established only in stands
in which stand structure was more homogeneous than on the average. Therefore, only the NFI data
from Sweden and Norway were used for model fitting.

The Swedish NFI data used for modelling was a subsample of the permanent NFI plots with
area of 314 m?. The permanent sample plots were established 1983—1987 with a re-sampling fre-
quency of mostly five years (Fridman et al. 2014). On each permanent plot, all trees above 10 cm
dbh were measured and ingrowth trees were included once reaching 10 cm. Missing trees with
located stumps were registered as harvested and dead standing or fallen trees remained on site were
registered as dead. All registered trees were cross-calipered at breast height (1.3 m).

The Norwegian NFI data consist of a series of permanent sample plots established during
the period 1986—1993 (Tomter et al. 2010). The plots are located at the intersections of a 3x3 km
grid except for areas which are above the coniferous tree line or in the northernmost county of
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Finnmark where wider grids of 3x9 km or 9x9 km are used, respectively. Each plot is measured
every 5-years. All trees above 5 cm dbh were measured. At first, the permanent plot size was 100 m?
(Eid and Tuhus 2001), but plot size was enlarged to 250 m? since 1994 (Tomter et al. 2010).

For modelling, a uniform structure of the pooled data set was needed. Therefore, all the
initial NFI-plots were not included to the modelling data set and some modifications were needed
when converting data from different countries into a common format. For the mortality models,
all sample plots with land use class of “forest land” were included. In the Swedish data, the plot
size was a constant 314 m? (radius 10 m) while in the Norwegian data, only plots of 250 m? (radius
8.9 m) were used. Finally, to be uniform to the Swedish NFI data, only trees with a breast height
diameter of at least 10 cm were included.

The following restrictions were also set for the data during the modelling process. The min-
imum temperature sum was set for 300 degree days (ddy), excluding harsh growing conditions.
Minimum stand age was set to 10 years and minimum stand mean diameter was set for 15 cm.
Finally, minimum stem number was set for 80 trees ha~!, meaning that at least three sample trees
were measured in each NFI plot. The oldest measurement occasions (i.e., years earlier than 2000)
were excluded, because knowledge of the harvests was not available in Norwegian data set until
year 2000.

The model fitting data set included sample plots located on both mineral soil and peatland
soil sites. In the Swedish data, soil moisture was re-coded from five classes to the three classes
used in Norway (i.e., initial Swedish class 1 = moisture class 1 (dry), initial Swedish class 2 or
3 = moisture class 2, initial Swedish class 4 or 5 = moisture class 3 (moist)). Finally, from these
three classes two categorical variables were produced for modelling, dummy variables for dry
(class 1) and moist (class 3) site. The temperature sums (DDY) common for each country were
based on the 5 °C threshold, plot coordinates and altitudes and represented long-term averages
from 1981 to 2010. For each NFI plot in the combined data set, the main tree species was defined
according to the tree species with the largest proportion of basal area on the plot. The number
of measurements for each NFI plot varied from two to five, and thus, the measurement periods
from one to four. The time between two measurements (period) was calculated from the initial
measurement dates included in each data sets. The most common growing period was 5 years but
varied from 4 to 6 years.

Stand characteristics (number of trees, basal area, and mean diameter) were similarly cal-
culated from trees larger than or equal to 10 cm in both data sets. Characteristics were calculated
separately for living, dead, and harvested trees and by tree species groups (pine, spruce, broadleaved
species, e.g. birch (Betula pendula Roth and B. pubescens Ehrh.), aspen (Populus tremula L.) and
alder (Alnus incana L. and A. glutinosa (L.) Gaertn.). Stand age refers to the average total age
of the growing stock. Information on stand height varied between countries and therefore height
variables were not used in modelling. Similarly, the site index calculated in each country was
derived differently and was not used for model fitting.

Variables and their definitions are summarized in Table 1. The final set of the Swedish NFI
data for modelling included 6860 plots, and 16459 observations. Accordingly, the final set of the
Norwegian NFI data for modelling included 6046 plots, and 11767 observations (Table 2). For
fitting the first model, which predicts the probability of no mortality, the total combined data set
(Table 2) was used. For fitting the second model, which predicts the proportion of basal area in
surviving trees, only the plots where dead trees were registered between adjacent measurements
were used. The number of observations for fitting the second model was 4218 in Sweden and 3107
in Norway from the total number of 7325 observations (Table 3).
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Table 1. Variables for the models, their symbols, and units.

Variable Symbol Unit
Plot size Plotsize m?
Cumulative annual daily mean temperatures above +5 °C DDY degree days (d.d.)
Height above sea level Altitude m
Slope Slope %
Latitude Latitude min
Mean total age of stand Age years
Number of stems N N ha'!
Basal area BA m? ha!
Mean diameter, basal area weighted DG cm
Basal area of pine trees BApine m? ha™!
Basal area of spruce trees BAspruce m? ha!
Basal area of broadleaved trees BAbrd m? ha!
Proportion of pine basal area of total basal area BApineRel

Proportion of broadleaved basal area of total basal area BAbrdRel

Number of dead tree stems N_dead N ha!
Basal area of dead trees BA dead m? ha™!
Mean diameter of dead trees, basal area weighted DG_dead cm
Occurence of mortality mortality {0, 1}
Soil type peatland PEAT {0, 1}
Aspect between 225 and 315 degrees, when max was 360 WEST {0, 1}
Growth period between measurements Period years
Thinning within 5 years of the studied period THS {0, 1}
Quadratic mean diameter, V(BA/qN) DQ cm

Occurrence of mortality: 0 = mortality occur; 1 =no mortality occur; Peatland: 0 = no peatland, 1 = peatland; Western
aspect: 0 = no western aspect, 1 = western aspect; Thinning within 5 yrs: 0 = not thinned, 1 = thinned

Table 2. Description of combined Swedish and Norwegian NFI data for modelling the occurrence of no

mortality.

Data set SWEDEN (n=16459) NORWAY (n=11767)
Variable mean min max mean min max
Plotsize, m? 314.2 314.2 314.2 250.0 250.0 250.0
DDY, d.d. 1133.6 426.8 1760.4 881.1 303.5 2049.3
Altitude, m 228.7 0.0 787.0 379.4 0.0 1080.0
Slope, % 4.8 0.0 41.5 25.0 0.0 150.0
Latitude, min 6104.0 5540.0 6830.0 6156.8 5800.5 7001.4
Age, yr 80.6 11.0 325.0 102.6 19.0 374.0
N, ha! 685.8 95.5 2387.3 579.1 120.0 2560.0
BA, m?ha! 21.7 1.4 73.0 17.5 1.8 113.2
DG, cm 23.6 15.0 93.7 23.3 15.0 71.2
BApine, m?ha! 9.2 0.0 60.1 6.3 0.0 57.2
BAspruce, m? ha™! 9.1 0.0 73.0 7.4 0.0 113.2
BAbrd, m? ha! 3.4 0.0 60.6 3.8 0.0 53.4
BApineRel 0.5 0.0 1.0 0.4 0.0 1.0
BAbrdRel 0.2 0.0 1.0 0.3 0.0 1.0
N_dead, ha! 13.5 0.0 954.9 17.2 0.0 680.0
BA_dead, m?ha’! 0.376 0.0 443 0.391 0.0 25.8
DG dead, cm 17.8 10.0 75.8 16.4 10.0 58.9
mortality, {0, 1} 0.3 0.0 1.0 0.3 0.0 1.0
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Table 3. Description of sub data, which contained mortality at the following period, for modelling the
amount of mortality.

Data set SWEDEN (n = 4218) NORWAY (n=3107)
Variable mean min max mean min max
DDY, d.d. 1141.2 426.8 1732.9 890.4 303.5 1873.1
Altitude, m 226.8 0.0 761.0 354.1 2.0 1015.0
Slope, % 5.0 0.0 33.1 28.8 0.0 130.0
Latitude, min 6096.2 5540.0 6800.0 6172.1 5800.5 7001.4
Age, yr 84.1 11.0 325.0 100.5 19.0 318.0
N, ha! 826.4 95.5 2387.3 748.9 120.0 2560.0
BA, m?ha! 25.2 2.1 61.9 22.2 1.8 113.2
DG, cm 23.3 15.0 71.0 23.1 15.0 56.6
BApine, m?ha™! 9.1 0.0 51.1 5.0 0.0 54.6
BAspruce, m? ha™! 11.4 0.0 58.6 10.8 0.0 113.2
BAbrd, m?ha! 4.7 0.0 54.9 6.3 0.0 53.4
BApineRel 0.38 0.00 1.00 0.24 0.00 1.00
BAbrdRel 0.20 0.00 1.00 0.36 0.00 1.00
N _dead, ha™! 52.7 31.8 954.9 65.1 40.0 680.0
BA_dead, m?ha™! 1.5 0.3 443 1.5 0.3 25.8
DG dead, cm 17.8 10.0 75.8 16.4 10.0 58.9
BArelMort 0.062 0.050 0.986 0.083 0.050 0.970

2.3 Data set for model application

The data for demonstrating model application consisted of 57 plots of unmanaged spruce-dominated
stands in Finland. The study plots were established between 1991 and 1999 in stands that had
remained unmanaged (Isoméki et al. 1998). A few indications of past selective cutting were still
found and thus, the stands are considered nearly natural forests (Peltoniemi and Makipaa 2011).
Typical plot sizes were 2500 m? and 900 m?. Sites were mainly mesic heathlands but some grove
like sites were also present, with the proportion of spruce ranging from 52—100% by basal area.
The stands were located from Ostrobothnia (DDY 928 d.d.) to southern Finland (DDY 1411 d.d.).
Initial stand ages varied from 80 to 290 yrs (Table 4). The youngest stands were most likely naturally
regenerated after large-scale natural disturbances (Peltoniemi and Makipaa 2011). The average
basal area of dead trees (trees that died within measurement period) represented 9.6% of the initial
stand basal area (Table 4). A large difference between the two mean diameters, quadratic mean
diameter DQ and basal area weighted mean diameter DG, indicated wide and skewed diameter
distributions which could be seen in Peltoniemi and Mékipad (2011). The period length between
the two measurements varied from 7 to 15 yrs. A description of this data set is presented in detail
by Peltoniemi and Makipéda (2011).

Table 4. Description of the model application data, which contained 57 unmanaged spruce-dominated plots in Finland
(see Peltoniemi and Makipdd 2011).

Plot size Period DDY Age BA N DQ DG N _dead BA_ dead
m?2 yrs d.d. yrs m?ha! ha! cm cm ha! m?ha!

mean 1585.5 10.9 1147.8 152.1 38.9 1020.9 22.8 29.8 131.8 3.7
stdev 587.9 2.1 86.2 37.6 8.9 375.9 3.5 4.6 71.6 2.2
min 750.0 7.0 928.0 80.0 18.3 340.0 14.6 20.1 8.0 0.1
max 3150.0 15.0 1411.0 290.0 65.0 1700.0 29.7 39.9 344.4 10.4
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2.4 Modelling
2.4.1 Logistic modelling approach

Models proposed by Fridman and Stahl (2001) were used as the basis for modelling in this study.
However, their model for the amount of mortality was not theoretically sound and needs to be
improved because the model does not restrict the possible values between 0 and 1. Another disad-
vantage was that plot size was used as a predictor variable. If a logistic model for the proportion
of basal area in surviving trees is used, the logical behavior would be guaranteed and the plot size
could be used as a weighting factor (without estimating it’s effect as an offset variable).

Data analysis and modelling were performed using the Statistical Analysis Software SAS
(SAS 9.4 Product Documentation). Mortality was modelled in two steps. First, the probability of
no mortality occurrence was modelled using logistic regression (Proc Logistic in SAS) searching
for the best predictor variables using stepwise selection. The stepwise model was used as a guide
for the final model structure and the estimated parameters could be utilized as initial values for the
logistic equation. The potential predictor variables characterized stand developmental stage (age,
mean dbh), density (basal area, stem number), species composition (proportion of pine, spruce
and broadleaved species from stand basal area), management (recent thinnings), site factors (mois-
ture, mineral soil, peatland), and geographical position (degree days, latitude, altitude, slope and
aspect). Degree days were preferred to latitude because of clear relation to forest dynamics. We
did not have common site index to be used for modelling and neither had we height characteristics
commonly available. The final model was fitted with Proc NLmixed in order to include the effect
of period length and plot size correctly in the model. Note that the effects of period length and
plot size are rather small but still, they have to be taken into account as weighting factors to avoid
bias. Next, the proportion of basal area in surviving trees was modelled using a logistic equation
in Proc NLIN in SAS.

Because the relationship between survival and stand characteristics can be nonlinear, many
transformations of stand characteristics (logarithm, square root, different powers) were tested
as potential predictors in both models. Taking into account the hierarchical structure of the data
using mixed models was considered. Generalized mixed logistic models (Jutras et al. 2003; Yuang
and Huang 2012) would better reflect stand-level dynamic, however, applying a mixed model as
a fixed effects model (i.e. random parameters are set to expected value of 0) would not provide
unbiased population-level predictions as demonstrated by McCulloch et al. (2008). Thus, the final
models were fitted without mixed effects in order to get unbiased population-level average results
(McCulloch et al. 2008).

Instead of mortality, the explaining variable was chosen for survival because only survival
enables taking into account the relative effect of the period length and plot size as an offset vari-
able. The generalized form of the logistic equation for survival is as follows:

P=(1+ exp(—X'b))_rp, O

where P is the response variable (probability of no mortality or proportion of basal area in survived
trees) and X'b is the linear combination of predictor variables X and estimated parameters b. The
relative power (7p) is an offset variable i.e. the effect of 7p is not estimated (Mehtdtalo and Lappi
2020). For explanation of relative power (rp) see the next two sections.
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2.4.2 Model 1 for predicting probability of no mortality

While the main objective was to model mortality, the models were fitted for survival in order to use
correct weighting factors. When modelling the probability that no mortality occurs (i.e., all trees
survive) the response variable becomes binomial. Thus, P(Y=1) is the expectation of the binomial
response Y {0 = mortality occurs; 1 = no mortality occurs}. In this model the variance is constant
n/3. In addition to varying period length, the probability of no mortality occurrence depends on
plot sizes, which were 314 m? in Sweden and 250 m? in Norway. The larger plot has lower prob-
ability that no mortality occurs. Instead of annual survival (Monserud 1976; Eid and Oyen 2001;
Salas-Eljatib and Weiskittel 2020) we prefer modelling survival in 5-year period, which was typical
in our data sets and also commonly used growth period in our simulators. Thus, the offset variable
relative power (7p1) for weighting Model 1 was defined in relation to the most common 5-year
period and the larger Swedish plot size as follows:

rpl = (length of the growing period/5) x (plot size/314.16) . 2)

2.4.3 Model 2 for predicting proportion of basal area in surviving trees

For stands where mortality occurred, the amount of mortality in terms of basal area (m? ha!) of
dead trees was of interest. Model 2 was formulated by applying the logistic equation (Eq. 1) to the
proportion of basal area in survived trees of the total stand basal area (0 < proportion < 1). The vari-
ance (v) followed predicted proportion as v = P(1-P) (Hanlon and Larget 2011). Inverse variance
(scaled to mean 1.0) was used for weighting when fitting the final model. The differences in plot
sizes were taken into account due to the effect of plot size on the calculated sum characteristics, i.e.
how the stem number and basal area cumulate from tree to tree. In a larger plot, one tree represents
a smaller number of trees per hectare compared with a smaller plot (i.e. 31.8 trees/ha in Swedish
NFI and 40 trees/ha in Norwegian NFI). Simultaneously, one dead tree represents a smaller pro-
portion of stand basal area in a larger plot compared with a smaller plot. Thus, the effect of plot
size was opposite to that in Model 1. When using logistic function for the proportion of basal area
in survived trees, the outcome is always between 0 and 1 and in addition, the effect of plot size
(weighting) could be accounted for in a theoretically sound way. The offset variable relative power
(rp2) for weighting Model 2 was defined as follows:

rp2 = 314.16/plot size . 3)

If mortality caused by catastrophic events (e.g., storm damage in Southern Sweden in 2005)
were excluded from the data, the average mortality rate would be underestimated (Fridman and
Stahl 2001). By including all mortality in the modelling data, average mortality rates reflect these
historical mortality events. However, given the rapid removal of storm-damaged stands and the
infrequent remeasurement of NFI plots, not all mortality from these large disturbances were reg-
istered in the NFI data (Fridman and Stahl 2001). In NFI data sets the catastrophic events were
still rare. Only 0.26% of the observations had mortality exceeding 50% of the stand basal area in
both countries.

2.4.4 Model application

The two models can jointly be applied stochastically so that the occurrence of mortality is rand-
omized with respect to the predicted probability of mortality (1 — P(Model 1)). Stochasticity can
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be implemented by randomly generating a number between 0 and 1 and if the random number is
less than the predicted probability of mortality, then mortality occurs (Monserud and Sterba 1999;
Fridman and Stahl 2001). When mortality occurs then the amount of mortality (m? ha!) is given
by the product of Model 2 and stand basal area of growing stock (BA) as (1 — P(Model 2)) x BA.
Alternatively, if the models are applied deterministically, the average mortality (m?ha') for each
period can be calculated as a product of both models and stand basal area as follows:

Mortality = (1-P(Model 1)) x (1-P(Model 2))x BA . “

Similarly to Fridman and St&hl (2001), no specific data set was set aside and used for valida-
tion because the best possible parameter estimates were considered most important. Since observed
values for survival are either O or 1, and the predicted probabilities varied between 0 and 1, ordinary
residual studies for analyzing the behavior of Model 1 could not be performed (Monserud and
Sterba 1999; Fridman and Stahl 2001). The data was therefore grouped by explaining and other
interesting variables and the observed and predicted mortality rates were compared within groups.
Model 2 is a continuous response and therefore ordinary residuals could be used. However, also
here we preferred figures of the observed and predicted amount of mortality. The benefit of these
figures is that they show not only the difference between observed and predicted mortality, but
also model behavior with respect to selected variables. Model predictions were assessed for the
combined dataset as well as for each country. For Model 1, Akaike’s criterion (AIC) was used for
comparison between alternative model formulations due to the binomial response variable. For
Model 2, RMSE was used due to the continuous response variable (proportion). The correlations
between parameters were also assessed.

The Finnish Motti simulator was used to demonstrate the application of the mortality models.
The data set could not be used alone (without simulator) because the period lengths between two
measurements were considerably long in the data (7—15 yrs). The 5-year growth steps were used
both in the model and in the simulator. Secondly, the original plot sizes in data set (750-3150 m?2)
were far too large compared to the modelling data. Therefore, the initial stands were described
with stand characteristics (BA, N, DG and Lorey’s height HG) for Motti. Parameter recovery was
then used for determining Weibull dbh distribution (Siipilehto and Mehtétalo 2011) and the sys-
tematic samples were taken for each species (total number of description trees around 40 and plot
size around 350 m?). The 5-year simulation steps and the possible shorter period were used for
predicting growth (Hynynen et al. 2002) and mortality until the observed period length (7—15 yrs)
was reached. Cumulative basal area of dead trees was counted for each simulation step. Predicted
mortality was the product of both models (Model 1 and Model 2) and stand basal area (Eq. 4).
With these steps, the stand-level mortality models were tested in an application the way they are
intended to be used in growth and yield simulators.

3 Results
3.1 Probability of no mortality (Model 1)

The estimated parameters for Model 1 are presented in Table 5. The predictor variables character-
ized stand developmental stage (Age, DQ), stand density (BA), stand management, and species
composition. The predictor variables were highly significant (P<0.0001) except for thinning
(P=0.0014). The driving variables were BA and DQ in Model 1. Species structure and stand age
interactions account for the different aging process of the species groups. A categorical variable for
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Table 5. Estimated parameters for the linear part (X'b) for the probability of no mortal-
ity occurrence (Model 1).

Variable Estimate Std Error t Value Pr>|t

Intercept 3.1751 0.07359 43.15 <0.0001
Age —0.00417 0.000416 -10.01 <0.0001
DQ!3 0.01382 0.000556 24.86 <0.0001
\VBA —0.6693 0.01557 —42.99 <0.0001
BApineRel x Age 0.004356 0.000423 10.31 <0.0001
BAbrdRel x Age -0.01112 0.000622 —17.88 <0.0001
Slope/100 —1.0542 0.09451 —-11.15 <0.0001
WEST 0.1354 0.03443 3.93 <0.0001
THS x BA 0.005803 0.001818 3.19 0.0014
PEAT -0.2201 0.05102 —4.31 <0.0001

recent thinning with an interaction with remaining basal area indicated that probability of no mortal-
ity was higher in stands that were recently thinned (Table 5). Peatland sites had lower probability
of no mortality than mineral soil sites. Due to high variation in topography in Norway, slope and
west facing aspect were included as significant predictor variables in the model. Increasing slope
decreased the probability of no mortality but west facing slopes had significantly smaller effect.
Model predictions for probability of mortality (1 — P(Model 1)) demonstrate the effects of
different stand types. Mean stand characteristics as input variables were selected from the Swedish
NFI data for two age groups. Within each age group, the probability of mortality did not change
much with increasing age for monospecific stands of pine and only slightly for spruce (Fig. 1). For
broadleaved-dominated stands the probability of mortality increased rapidly with age. Generally,
the probability of mortality was lowest in pine-dominated stands and highest in broadleaved-
dominated stands (Fig. 1). Due to species differences with respect to probability of mortality,
they had different responses when growing in mixed stands. An increasing proportion of pine in
mixed stands decreased the probability of mortality and increased the tolerance to increasing age
(senescence). With the increasing proportion of broadleaves these effects were opposite (Fig. 1).

Younger stands Older stands
0.8 r 0.8 r -
0.7 0.7 —
06 0.6 |- ]

M Pine

[ Pine-spruce

@ Spruce

@ Spruce-deciduous

O Deciduous

60 80 140 160
Age Age

Fig. 1. The predicted probability of mortality during next 5-year period with respect to stand age for stands having
different species composition (pure vs 50% mixture). The stand basal area of 23 m? ha™!, stem number of 970 ha™! for
younger stands and 700 ha™! for older stands, DQ of 17.4 ¢cm and 20.4 c¢m, respectively, are reflecting means for the
Swedish modelling data group into stands below or above 100 year of stand age.
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3.2 Performance of Model 1

The following results are presented in terms of probability of mortality to enable comparison to
the earlier studies (Fridman and Stahl 2001; Eid and @yen 2003). Analyzing behavior and reli-
ability of Model 1, predicted and observed mortality rates were compared for the total combined
dataset. In general, the model predictions were highly correlated with the observed mortality rates.
A slight overestimation in the mortality rates can be seen in the oldest stands, when age was above
180 yrs (Fig. 2A) and when DQ was 35-39 cm (Fig. 2B) but, simultaneously, mortality rates were
unbiased against DG (Fig. 2C). Predicted mortality rates were also unbiased with respect to stem
number (Fig. 3A) and basal area (Fig. 3B). Compared to spruce, larger proportions of pine decreased
(Fig. 4B), whereas broadleaved species increased (Fig. 4C) the probability of mortality. Unbiased
predictions were also observed for different species mixtures (Fig. 4).
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Fig. 2. Observed vs predicted 5-yr probability of mortality (with 95% confidence limits) by classes of A) stand age,
B) quadratic mean dbh, DQ and C) basal area weighted mean dbh, DG. The line depicts the number of observations
in each class.

11



Silva Fennica vol. 54 no. 5 article id 10414 - Siipilehto et al. - Stand-level mortality models for Nordic boreal ...

>
o

0.6 0.6 4000
r 5000

0.5 0.5
> L 4000 - 3000 “
@ 0.4 0.4 S

[
4]
£ 8
Py
O 03 3000 o3 L2000 ©
2 5
o o
:
o 024 0.2+
& - 2000 El
1000
0.1 044
1000
W= —T — T — T —T1 1 — 0= 0
;,00 v‘oa A 6‘%) eoo )000 /;)00 4\\) <10 10-14  15-19  20-24 2529  30-34 3539 40-44
e Y, "9 2 3 7 2hal
£ £ % £ 7y {%90 ) Basal area, m* ha

[ Observed probablity B Predicted probablity Number of observations

Stem number ha*

Fig. 3. Observed vs predicted 5-yr probability of mortality (with 95% confidence limits) by classes of A) stem number
and B) basal area. The line depicts the number of observations in each class.

>
W

0.5 05
- 8000
- 6000
0.4 0.4
- 6000
2 o031 03 K
£ F4000 £
Y Q
2 8
2 - 4000 g
= “
] 02 0.2 °
Q
e 8
a
- 2000 g
- 2000 z
0.1 0.1
00 == 1 1 1 11— 0 W= —T — 1 — 17 —T —1 —1 —T1 — 0
<0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0 <0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0
Proportion of spruce Proportion of pine
c O Observed probablity B Predicted probablity Number of observations
0.5 - 12500
0.4 ~ 10000
H 2
2 S
g T
£ 034 - 7500 2
“6 Q
4
2 S
2 s
| 024 F5000 B
- £
3
z
0.1 2500
0.0 =0

-t T T T T T T T 1
<0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0

Proportion of broadleaved

Fig. 4. Observed vs predicted 5-yr probability of mortality (with 95% confidence limits) by classes of A) proportion of
spruce, B) proportion of pine and C) proportion of broadleaved species of basal area. The line depicts the number of
observations in each class.

12



Silva Fennica vol. 54 no. 5 article id 10414 - Siipilehto et al. - Stand-level mortality models for Nordic boreal ...

3.3 Basal area of surviving trees (Model 2)

The estimated parameters for Model 2 are presented in Table 6. The weighted RMSE of Model 2
was 0.071 while the mean of response variable P (proportion of basal area in surviving trees) was
0.93. Similar to Model 1, the explanatory variables characterized stand developmental stage (age
and DQ), density (N and BA), and species composition. However, many of the explanatory variables
had different transformations as compared to Model 1. All the parameter estimates were significant
according to 95% confidence limits (Table 6). In this model, site characteristics (peat, moist, dry)
or thinnings were not significant. Slope and aspect were significant predictors, but they could not
adequately describe the differences between Norway and Sweden. Finally, a categorical variable
for west facing slopes and a categorical variable for Norway were used in order to provide unbiased
predictions for both countries. They both indicated higher proportion of basal area in survived trees.

In general, the estimated parameters were not highly correlated with each other. However,
two high correlations were found 1) between the transformation in stem number, namely In(N) and
square root of N (r=-0.915) and 2) between basal area and quadratic mean diameter (r=—0.879).
Nevertheless, the clear non-linear trend in the amount of mortality over stem number required
both transformations. The higher the stem number was, the smaller the proportion of basal area
of dead trees. This was simply because high density was related to a higher proportion of smaller
trees, which were more likely to die because of tree competition. When the mortality was directed
to smallest trees the basal area of dead trees was very small. Because of the differences in dynam-
ics between tree species (e.g. growth and senescence), an interaction parameter between stand
age and species proportion was significant in this model, too. The estimated parameters showed
a pronounced age effect for broadleaved species and a smaller age effect for pine when compared
with the model expectation for spruce.

Table 6. Estimated parameters for the linear part (X'b) for the proportion of basal area
in surviving trees (Model 2).

Variable Estimate Approx Approximate 95% Confidence
Std Error Limits
Intercept —7.3745 0.7404 —8.8259 -5.9230
In(N) 1.4010 0.1356 1.1351 1.6668
N —-0.0296 0.0131 —0.0554 —0.0039
BA -0.0117 0.0037 —0.0190 —0.0044
In(DQ) 0.5633 0.1569 0.2556 0.8709
BApineRel X In(Age) 0.0790 0.0100 0.0595 0.0986
BAbrdRel x In(Age) —-0.0500 0.0105 —0.0706 —0.0293
Slope/100 x West 0.2438 0.1212 0.0062 0.4814
NORWAY 0.1657 0.0304 0.1060 0.2254

NORWAY: dummy variable for Norwegian NFI data.
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3.4 Performance of Model 2

The following results are presented as an amount of mortality (proportion and absolute basal area
of dead trees) to enable comparison to the earlier studies (Fridman and Stahl 2001; Eid and Qyen
2003). Model 2 showed satisfying behavior against stand developmental stage (Fig. 5), stand den-
sity (Fig. 6), and species proportions (Fig. 7). The predicted basal area of dead trees with respect
to BA, N and DQ were precise, even though the observed relationships were curvilinear. In the
cases, where numbers of observations by groups were low, standard deviations were high. The
basal area of dead trees with respect to species proportion was reasonable but there was random
variation that was not detected through continuous species proportion, resulting in overestimation
in dead basal area when the proportion of pine or broadleaved species was around 15% and 35%.
On the other hand, when we classified different species proportions and used them as dummy vari-
ables, the model behavior became peculiar with sudden decrease or increase in mortality when
stepping from one proportion class to another. In general, when observed and predicted mortality
differed considerably in some classes, also the confidence limits were wide, and differences were
not significance (see Figs. 5-7).
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Table 7. The observed and predicted basal area (BA) of dead trees in the Finnish natural spruce-dominated
stands within the observed period length (7—15 yrs) simulated in 5-year steps and the remaining shorter
step (e.g. 2-year step when period length was 7 yrs) in Motti.

Mean St. deviation Minimum Maximum
Observed BA of dead trees, m?ha™! 3.68 2.23 0.05 10.39
Predicted BA of dead trees, m? ha! 3.73 1.74 0.94 8.57
Prediction error in the BA of dead trees, m®ha!  —0.051 2.48 -5.25 5.68

3.5 Application to independent data set

The mean bias in the predicted basal area of dead trees for 57 natural spruce-dominated stands
was only —0.051 m? ha™! and not significant (Table 7). However, because mortality has a highly
stochastic feature, the prediction errors may be large at stand level. As an example, one observation
was only 3.0 m? ha™! mortality in 11 yrs in the densest stand having BA of 65 m?ha™!. In this case
the prediction of 8.1 m? ha~! mortality was an obvious overestimation. On the other hand, for an
almost similar plot (BA=64 m?ha!), which had 8.8 m? ha~! mortality in 12 yrs, the prediction of
8.6 m? ha! was very close to observed mortality. However, some trends in the prediction errors
were found. E.g. the bias with respect to predicted basal area of dead trees (Fig. 8A) showed that
the small predictions were mainly underestimations while the greatest predictions were mainly
overestimations. Nevertheless, the bias within classes remained always within + one standard
deviation of the prediction error. Other similar trends (not shown here) were found with respect to
total basal area and total stem number while opposite trends were found with respect to plot size
and mean diameter, DQ and DG. Finally, there was no trend in the residual errors with respect to
stand age varying from 80 to 290 yrs (Fig. 8B).
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4 Discussion

This study emanated from the need of reliable forecasts of forests with varying structures and vary-
ing management regimes. Specifically, it addressed the question of mortality among trees in stands
of varying age and with varying degree of within-stand competition. The focus was on predicting
mortality of stands, which have already passed the juvenile stage, and in which competition can be
described with commonly measured tree and stand characteristics available in forest inventory data.
Special emphasis was given to mortality prediction of stand beyond the commercial rotation age.

The plot sizes were rather small in NFI data sets for modelling mortality, which was a dis-
advantage. However, the clear advantage was the representativeness as well as the large number
of plots in the combined NFI data sets. Due to these advantages, we believe that our models could
recognize also the possibility of low levels of mortality (Allison 2012). When mortality occurred,
the correction factor was calculated for individual tree mortality in order to meet predicted amount
of mortality (Fridman and Stahl 2001). Differences in plot sizes influence the probability and the
amount of mortality. Enlarging plot size means increased probability of mortality occurrence but
simultaneously, trees represent lower proportion per hectare and thus, a lower amount of mortality.
Fridman and Stahl (2001) were able to estimate the effect of plot size because of high variation in it
(78-314 m?). Eid and @yen (2003) discussed the effect of plot size on probability of mortality but
they did not use it as weighting factor. Weighting was applied to account for plot size differences
in Sweden and Norway (the relative power). Presumably, this was the first time weighting due to
different plot sizes was applied in a logistic function. If the plot size would have been included as
explaining variable as in Fridman and Stéhl (2001), the estimated parameter could describe the
differences between two countries instead of effect of plot size on the dependent variable. Never-
theless, because the models were fitted to relatively small plots, a relatively large proportion of the
trees was affected by the forest condition outside the plot (Eid and @yen 2003). This means that
the estimate for competition become insensitive (underestimate) if we only could compare it with
the larger plots as Hynynen and Ojansuu (2003). In practice this means that the mortality will be
underestimated if we apply these models to notably larger stand plots than we had in the modelling
data (i.e. plot size as a weighting factor could not compensate the fact that estimated parameters of
the models would have changed if larger plots were available). Note that Fridman and St&hl (2001)
did not recommend applying their models beyond the plot size used in modelling. Eid and @yen
(2003) stated that their model provided reasonable stand level mortality even ignoring the effect
of plot size. Because the plot size had opposite effect on Model 1 and Model 2, ignoring it when
predicting the average stand level mortality (deterministic use of the models) may be the best option
here as well. Anyhow, even if mortality is the main interest, modelling survival is recommended in
order to be able to use a correct weighting for period length and plot size when fitting the model.

When stand-level mortality has been modelled, the typical approach includes two-steps.
Woollons (1998) suggested this method to overcome problems due to high number of plots without
any mortality. Similarly as in our study, the first step predicts the probability of mortality and the
second step predicts the amount of mortality. Even if the reduction in the initial stem number has
been more common approach for the amount of mortality (Woollons 1998; Eid and Qyen 2003;
Alvarez et al. 2004) than reduction in the initial basal area (Fridman and St&hl 2001), the latter was
preferred. One of the most important structural characteristics for forest biodiversity is the amount
and quality of deadwood. It is obvious that basal area of dead wood correlates more closely with
the volume of dead wood than the number of dead stems.

If the validation figures are compared with respect to basal area and stem number between
Fridman and Stahl (2001) to presented Model 1, a clear difference can be seen. Combining Nor-
wegian NFI to Swedish NFI in addition to current Swedish NFI measurements resulted in more

17



Silva Fennica vol. 54 no. 5 article id 10414 - Siipilehto et al. - Stand-level mortality models for Nordic boreal ...

linear dependence between probability of mortality and stand density. In the models by Fridman
and Stahl (2001) the Swedish NFI data consisted of one or two growth periods, while here the
Swedish NFI consisted of four growth periods at best.

The final model structures showed that many of the relationships between response and
predictor variables were nonlinear and needed suitable transformation or even combinations of
variable transformation. An example was DQ in Model 1 which was finally included as DQ!.
Using DQ? resulted in the same AIC, but the behavior with pine and spruce in a simulator was not
reasonable. Including DQ with a power was necessary to avoid bias in stand basal area. Another
example was the number of stems in Model 2 which was included as natural logarithm of N and
square root of N. With these two variables the nonlinearity shown in Fig. 5 was nicely detected.

The differences in mortality between Sweden and Norway were not fully detected with the
available stand-level variables in Model 1. There were two variables in the model which could
account for some variability between Sweden and Norway, namely slope (5% vs 29%) and occur-
rence of thinning within 5 years (17% vs 4%). Generally, the model slightly overestimated (0.7%)
the probability of mortality occurrence in Sweden and slightly underestimated (1.2%) that in
Norway. Nevertheless, we cannot exclude the possibility that in Sweden, dead or dying trees have
been removed by land owners more often than in Norway and thus, leading to the underestimation
in Sweden. Also the effect of thinning was more minor than expected. Recent thinnings may have
two-sided effect, on the one hand thinning decrease the competition between trees which means
decreasing probability of mortality but on the other hand, before adapting new conditions trees
are exposed to wind and snow damages.

All the broadleaved species were included in one broadleaves group in our NFI data sets.
Fridman and Stahl (2001) divided broadleaved species into three groups, namely birch, other
broadleaves (mainly aspen and alder) and southern deciduous (mainly European oak (Quercus
robur L.) and European beech (Fagus sylvatica L.)) for tree-level modelling. It is possible that
dividing deciduous species into groups could also improve the stand-level models. This is because
of the species senescence and thus, mortality rates differed between these broadleaved species
groups (Laarmann et al. 2009).

There were considerable differences in site properties and stand structures between Norway
and Sweden. E.g. the variation in altitude, temperature sum, slope, stand age and basal area were
much higher in Norway. According to model validation, these differences did not show any marked
bias in the validation figures for Model 1. However, the growing conditions and forest manage-
ment in Sweden and Finland are quite equal and thus, presented models should be able to predict
reasonable mortality rate in Finland.

In order to analyze model behavior in stands without management practices commonly
applied in commercial forests, the model performance in dataset including stands which have
grown without management for a long period of time was tested. A dataset from Finland consisting
of unmanaged spruce stands was used as an independent validation data set (see Peltoniemi and
Mikipéda 2011). The analysis revealed an average bias was —0.05 m? ha~! which account for 1.4%
overestimation. There was no trend in prediction error with respect to stand age (80—300 yrs).

In conclusion, the work was performed as a Nordic co-operation. Stand-level mortality
models are now in a stage of implementation into the simulation systems of each country. According
to small independent validation data set the presented models provided logical mortality predictions
for unmanaged stands, which are notably older than commercial forests on the average.
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