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Abstract

This study focused on tree mortality in spruce-dominated stands managed using the single-tree selection method in south-
ern Finland. Together with regeneration and tree growth, mortality is one of the basic elements of the stand structure and
dynamics in selection stands. The study was based on data acquired from a set of 20 permanent experimental plots moni-
tored with repeated measurements for 20 years. The average mortality in the number of stems (N) was 4.45 trees ha~'a™!, in
basal area (G) 0.07 m? ha~'a™!, and in stemwood volume (V)0.56 m> ha~'a~!. In relative terms it was 0.50% of N, 0.30% of
G and 0.27% of V, respectively. Wind and snow were the most common causes of mortality, while deaths by biotic causes
(mammals, insects, pathogens) were extremely rare. Some 6-10% of the total loss in the number of stems and volume was
attributable to the loss or removal of trees that sustained serious damage in harvesting. Most of the mortality occurred in

the smallest diameter classes of up to 20 cm. Such a high mortality among small trees can have an adverse influence on the

sustainability of selection structures if not successfully checked in harvesting and management.

Keywords Stand dynamics - Picea abies - Mortality - Silviculture - Stand structure - Uneven-aged management

Introduction

Tree mortality is one of the main dynamic components
controlling the development and productivity of tree stands
managed with the single-tree selection system, along with
tree growth, regeneration, and harvesting. The relationships
between the basic elements of growth and yield with special
emphasis on selection management are presented in Lun-
dqvist (2004). Mortality is important in making the gross
yield into net yield in terms of merchantable timber since
dead trees are not suitable for industrial purposes. Mortality
among seedlings and saplings has been addressed in many
studies in the Nordic area (see review by Lundqvist 2017)
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but mortality of the larger trees constituting the main crop is
less studied. Experimental results on growth and structural
dynamics in uneven-aged stands have mostly been presented
in net values, assuming that the role of mortality is generally
small. Lundqvist (1993) presented stand-level mortality rates
in a set of permanent field trials managed using single-tree
selection and carried out observations for many decades with
repeated measurements in Sweden. Lundqvist et al. (2007)
reported mortality rates in two experimental stands includ-
ing thinning from above as a treatment with relevance to
selection harvesting. However, harvesting damage in single-
tree selection is well covered by several studies (Fjeld and
Granhus 1998; Granhus and Fjeld 2001; Surakka et al. 2011;
Sirén et al. 2015) and practical experience.

Continuous cover forestry (CCF) and selection man-
agement are still rarities in the Nordic area but are gaining
attention among decision makers and forest managers as
an alternative that could mitigate problems related to bio-
diversity and ecosystem services, economics, and climate
change. Possible differences in wood yields and productivity
are one of the key areas of deliberation and the role of mor-
tality among the main crop trees is an integral component.
According to Nevalainen (2017), factors behind possible dif-
ferences between management strategies include tree species
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diversity, age structure, understory structure, tree density,
rotation length, thinning intensity and silvicultural opera-
tions. Uneven-aged stands are thought to be quite resistant
and resilient to disease and damage (O’Hara and Ramage
2013). Nevalainen (2017) concluded that damage risks are
generally lower in uneven-aged management regimes than
in even-aged regimes. of 16 major risk factors assessed for
spruce stands, the risk in uneven-aged management was
lower for 11 factors (frost, nutrient imbalance, wind, Euro-
pean spruce bark beetle, large pine weevil, brush, weed,
bank vole, short-tailed vole, moose, honey mushrooms),
equal for 5 factors (snow, 6-toothed spruce bark beetle, har-
vesting, root rot), and greater in none of them.

Only a couple of empirical comparisons of damage risks
in even- and uneven-aged management schemes exist in the
Nordic area, addressing fungal and insect damage (Bjork-
man et al. 2011; Klapwijk et al. 2016) and windthrow (Puk-
kala et al. 2016). None of these, or other works, have yet
attempted to produce tangible estimates on the rate and
significance of mortality in even-aged and uneven-aged
management strategies. In studies comparing even-aged
and uneven-aged management strategies with modeling,
simulation and optimization, net growth has been the focus
with no explicit attention to mortality (Eid and Tuhus 2001;
Gobakken et al. 2008; Pukkala et al. 2009, 2013; Buon-
giorno et al. 2012; Rdmo and Tahvonen 2014, 2015, 2017,
Tahvonen et al. 2010, Tahvonen and Ramo6 2016; Shanin
et al. 2016; Sinha et al. 2017).

In the European context, very little empirical research on
tree mortality in uneven-aged stands with a major position
of Norway spruce is available. In the classic Plenterwald
system, mortality has not been emphasized as such, because
it is generally prevented by the promotion of tree vitality and
stability (Mayer 1999; Schiitz 2001). Research on mortal-
ity has mostly been linked to the construction of models
for simulation (see Hiilsman (2016) for a comprehensive
review). Recently mortality has gained more attention in
association with climate change, storms, and resilience,
especially in modeling and simulation (e.g., Cordonnier
et al. 2008; Bircher 2015; Hilmers et al. 2020).

This study focused on mortality based on a set of perma-
nent experimental plots under single-tree selection in spruce
stands that have been used in studies on volume growth
(Shanin et al. 2016; Hynynen et al. 2019), and studies on
regeneration and the development of seedlings and saplings
(Saksa 2004; Saksa and Valkonen 2011; Eerikdinen et al.
2014). The data acquired from the plots is suited for analyses
of mortality from stand to individual tree level, because the
full range of tree diameter classes has been covered with
repeated measurements for several five-year periods.

The purpose of this study was to assess the role of tree
mortality as a dynamic component of stand structure and
productivity in spruce-dominated stands managed using the
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single-tree selection method based on long-term monitoring
in the ERIKA experimental set. The scale of mortality in
terms of the number of stems (V), basal area (G) and stem-
wood volume (V), both in absolute and relative terms, was
the basic yield attribute that the focused on. Greater stand
density was hypothesized to induce higher mortality. Mor-
tality rates reported for even-aged stands under comparable
conditions and those applied in major simulation models in
the Nordic area were juxtaposed with our results.

Materials and methods

The study material was acquired from a set of 20 experimen-
tal plots in southern Finland (60° 35" N-62° 407, 25° 00"-27°
10" E) at five locations, namely Vesijako—Kailankulma
(VES), Lapinjarvi (LAP), Evo (EVO), Vesijako—Puolivilin-
miki (VEP) and Suonenjoki (SUO). The plots had been
explicitly established for studies on tree and stand develop-
ment in managed, uneven-aged Norway spruce forests under
the ‘ERIKA’ research project at the Finnish Forest Research
Institute (METLA), later Natural Resources Institute Finland
(Luke). The plots had been established in 1991-1992 at all
locations except Suonenjoki where they were established in
1996. The study sites were subjectively selected from some
40 candidate stands available for the project on properties
owned by METLA, Metséhallitus (administrator of state-
owned forests in Finland), Evo School Forest, and a few
other owners. Stands that displayed a great degree of resem-
blance to a classic single-tree selection structure in terms of
diameter distribution and homogenous spatial distribution
were a priori assessed to have a potential to develop toward
a sustainable selection structure. At the end of the obser-
vation period in 2011, 14 stands represented a full-storied
“Plenterwald” structure and 6 were multi-layered as defined
by Ahlstrom and Lundqvist (2015).

The stands had been treated by conducting selection cut-
tings of an unknown intensity and at undetermined intervals
during 1950-1980. In 1984-1988, however, they were all
treated under a single-tree selection policy with a variable
intensity. In 1996, a selection cutting was carried out to
enhance uneven-aged structures in 15 stands and to reset
their basal areas to the original values of 1984—1988. The
emphasis of the removal were the larger diameter classes
(d>30 cm). However, some larger trees had to be retained in
many stands in order to achieve the target basal area. On the
other hand, a number of mid-sized trees (20 cm <d <30 cm)
were removed where there was a major surplus. The average
basal area removal was 5.9 m? ha™! (24.6%, see Table 1).
Five stands were not harvested due to their operationally
unjustifiable harvestable volumes. In three of them (VES
13, 14, 16), only three years had passed since the previous
cutting treatment, and on two of them (LAP 1, EVO 3) the
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Table 1 Stand characteristics at the beginning in (1991) and at the end of the monitoring period in (2011), and basal area removal in 1996
Area Stand Site type N (ha™") G (m*ha™" Grem %) V (m*ha™" Admixture (%)
Beginning End Beginning End Beginning End Beginning End
VES 1 MT 1250 1244 22.3 28.3 25 181 274 24 14
2 MT 1206 1250 19.9 26.6 31 163 254 32 15
5 MT 706 1013 16.7 253 27 164 266 0 0
7 MT 800 813 16.9 22.5 23 148 231 25 15
13 MT 569 600 12.4 22.8 - 98 243 19 13
14 OMT 400 456 15.7 294 - 168 363 0 0
16 MT 706 900 15.6 259 - 136 273 38 27
LAP OMT 1188 1431 14.2 27.7 - 118 261 50 52
5 OMT 1181 900 349 34.5 30 371 389 72 76
7 OMT 619 1250 19.2 28.3 15 189 270 62 53
13 MT 650 931 18.7 22.2 26 188 218 47 39
EVO 2 MT 500 394 17.4 14.2 21 172 145 29 37
3 MT 331 481 9.9 15.8 0 91 160 0 0
4 MT 1081 988 22.4 26.0 21 208 278 45 25
VEP 2 MT 488 444 18.3 23.2 24 179 255 0
4 MT 863 963 19.8 24.8 27 187 254 13 3
SUO 1 MT 1038 913 19.2 22.1 14 150 197 9
2 MT 675 469 27.4 22.1 28 272 230 29 23
3 MT 875 638 26.6 222 29 233 217 23 24
6 MT 1206 863 25.9 23.5 29 216 217 16 20

For stands at SUO the monitoring period began in 1996

OMT Oxalis-Myrtillus type and MT Myrtillus type according to Cajander (1926), N=number of stems for trees with ¢>5 cm, ha™!; G =stand

21 1.
basal area m~ ha™"; G,
cies other than spruce, %

operationally justifiable harvestable volume of 40 m*ha~!

had not been attained due to slow growth over the 8 years
since the previous selection cutting. Advance tree and strip
road marking, manual felling, debranching and cut-to-
length culling with chainsaw, and forwarder transportation
were employed during the harvesting. The trees to fell were
selected and very well marked in advance, and other trees
removed or lost in harvesting were considered harvest loss.

The forest stands represented the most common spruce
sites on mineral soil, i.e., mesic Oxalis-Myrtillus type
(OMT) and submesic Myrtillus type (MT) (Cajander 1926;
see Table 1). The major part of the total stand volume was
composed of spruce (on average, 68% at the beginning and
77% the end of the study period, respectively). The remain-
ing portion of the stand volume comprised of Scots pine
(Pinus sylvestris L.) and various broadleaf species, mainly
silver birch (Betula pendula Roth), downy birch (Betula
pubescens Ehrh.) and aspen (Populus tremula L.).

The trees were measured with identical protocols at
5-year intervals in 1991, 1996, 2001, 2006, and 2011. In
each stand, all measurements took place on a 40 mx40 m
plot. All trees taller than or equal to 0.1 m were described
according to their species and their coordinates, and

=basal area removal in 1996, %; V=stem volume, m> ha™!; Admixture = proportion of stem volume obtained for spe-

measured for height (4, in cm with 2 < 1.3 m, otherwise in
dm). The diameter at breast height (d, mm) was measured
for all trees with 2> 1.3 m. The measurements were repeated
in 1991, 1996, 2001, 2006, and 2011. This study was based
on a subset of data containing the observations of trees with
d>5.0 cm at any measurement.

In the data preparation, each tree was individually traced
throughout its existence during the 20-year observation
period. A death was recorded if a tree was alive at the begin-
ning of the 5-year period, but dead (standing or downed)
or missing at the end of it. If possible, the cause of death
was ascribed to: wind, snow, another climatic or edaphic
cause, tree or plant interaction (e.g., shading, competition or
abrasion), harvesting, other human-induced cause, mammal
(except human), insect, fungi, other, or unknown causes.
In about half of the cases a cause of death was recorded,
when it was assuredly or very confidently identified. For the
other half, the cause of death was unidentified. It was very
hard to determine whether a small downed tree had fallen
during harvesting in 1996 or died of natural causes during
the next 5 years prior to the detection of its death. Trees
assigned to harvest loss were kept in the data along with the
rest assigned to natural causes. The tree diameter and height
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were usually represented by the measurement at the end of
the 5-year period if available, but the values at the begin-
ning were used if the tree had disappeared or if the end value
could not be acquired. The tree volume was calculated from
the diameter and height using the stem volume equations by
Laasasenaho (1982).

The influence of stand density (stem number, basal area,
and volume) on mortality was analyzed using a mixed model
extension of beta regression models (Ferrari and Cribari-
Neto 2004) with region- and stand-specific random compo-
nents. Beta regression is similar to using generalized linear
models, and it allows a logistic curve to fit to the data where
the response variable is a proportion, which iscontinuous
and restricted to the interval from 0 to 1. Accordingly, the
response variable Y formed the relative mortality model.
This involved the number of stems (N), basal area (G), or
stemwood volume (V) lost during a five-year period divided
by the corresponding stock in the beginning of the period.
The relative mortality Y, in the jth stand of the ith region
during the rth period was assumed to be a realization from
the beta distribution with the mean p;;, such that

g(ﬂij,) —a+bXU,+w + 2, €))
where g is the logistic link function

g(u) =log [u/(1 — W], )

X is the stand density at the beginning of the period, w;
and z; are the random components for the ith region and its
Jjth stand and a and b are unknown model parameters to be
estimated from the observed data. Random effects w; and
z;, were assumed to be mutually independent and normally
distributed with a zero mean and constant variances o- and

2 ,. Following Ferrari and Cribari-Neto (2004), we assumed
that the variance of Y was related to its mean through the
equation

) _ Hge (1= ) 3)

Val‘(Y~ e

ijt
where ¢ > 0 is a constant precision parameter to be esti—
mated from the data, along with the variances a and a
of the random components. The models were ﬁtted in the
R environment (R Core Team 2019) using the glmmTMB
package (Brooks et al. 2017).

Results
Overall mortality
The average mortality in the stands was N (number of

stems) =4.45 trees ha~'a™!, G (basal area) =0.068 m?
ha='a™!, v (stemwood volume) =0.56 m3 ha~'a=!'. In
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relative terms, the mortality was 0.50% of N, 0.30% of G
and 0.27% of V, where the reference value of N, G, or V
was the average for the respective 5-year period.

The mortality was higher during the last two 5-year
periods than during the two previous ones (Fig. 1). How-
ever, two incidents with exceptionally high mortality
occurred during the latter part of the period. There was
storm damage at the SUO location in 2001-2006 and a
European spruce bark beetle (Ips typographus L) outbreak
in 2006-2011 at the LAP location (referred to as Ips dam-
age later in the text). Without these incidents the temporal
increase would have been much less ostensible.

The mortality rates were much lower when the two five-
year observation periods containing the incidents were
excluded from the data, especially in terms of the basal
area and volume. The respective average annual mortality
rates were N 2. 94 trees ha~'a™', G=0.030 m? ha—'a™!,
V=0.21 m® ha~'a™! and in relatlve terms 0.40% of N,
0.17% of G and 0.13% of V.

Influence of stand density

The mortality was seemingly higher with a greater stand
density in straightforward plotting of the data (Fig. 2).
However, none of the analyzed relationships between
density (N, G, V) and the relative mortality variables were
significant (Table 2A). The relationships were even less
close with the removal of the two five-year periods con-
taining the exceptionally high wind and Ips damage inci-
dents (Table 2B).
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Fig.1 The average mortality in terms of volume for subsequent
5-year periods and locations, m> ha™!(5 yr)~!
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Fig.2 a-c The stand density and mortality in terms of the stem num-
ber (N), basal area (G) and volume (V) and the respective mortali-
ties (Npore Grore Vimore) for the subsequent 5-year period. The filled
markers are for sites SUO in 2001-2006 and LAP in 2006-2011 with
exceptionally high wind and Ips damage

Mortality and tree size

Relatively more individuals died in the small diameter
classes (Table 3). The average diameter of the dead trees
was 11.8 cm, while the stand average varied from 7.4 to
20.4 cm. Most (57%) of the mortality among larger trees
(d>20 cm) occurred during two instances with exception-
ally high mortality due to storm and Ips damage.

Figure 3 demonstrates the role of mortality across the
diameter classes from postharvest in 1996 until preharvest
in 2011. The mortality within a diameter class refers to the
total number of trees that died during one of the three 5-year
intervals within a diameter class (according to the diameter
at the time of death). The mortality was then juxtaposed with
the net change within the diameter class during the whole
15-year period (Nepg—Npeginning)> Which consists of ingrowth
from smaller diameter classes or saplings, upgrowth to larger
diameter classes, mortality among trees that were present
at the beginning, mortality among ingrown trees, and har-
vesting. The number of stems showed a net gain even at the
smallest diameters despite substantial mortality (Fig. 3). The
mortality was quite inconsequential in the larger diameter
classes.

Causes of mortality

Of tree deaths by N, 11% were assigned to wind and 16% to
snow, 6% to intertree competition, and 7% to harvesting by
the number of stems. In 55% of cases the cause of tree death
could not be identified; the field crew did not enter a cause if
it was not quite obvious. For instance, tree deaths associated
with the Ips outbreak at Lapinjérvi in 2011 that had killed a
number of the largest trees in stand LAP 13 were entered as
“unknown” in the field.

A minor part of the mortality was attributed to the one
and only harvesting entry of the 20-year period in the winter
of 1996/1997 with substantial uncertainty in the data for the
small trees (see the Materials and methods section). Based
on the trees that were assigned to harvest loss with a high
degree of confidence, the average harvesting loss for the
entry amounted to 8.3 trees ha~',0.09 m?> ha™!, and 0.58 m?
ha~!in the 15 stands that were harvested. This constituted
7.5% of the N value, 5.4% of the G value and 4.3% of the V
value of the total mortality during the 20-year period in the
harvested stands.

Discussion

The average annual mortality constituted a major propor-
tion of the gross volume yield in the stands and reduced
the net productivity in a respective proportion. During the
15-20 year observation period, the gross volume increment
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Table2 A and B. Models for mortality by stand density variables:
estimates and standard errors of parameters a and b, square roots of
estimated between-region and between-stand variances ai and o2,

estimates of precision parameter ¢, and p-values of the F-test of sig-
nificant difference of b from 0

Y X a

se(a) b se(b) o, o; ¢

A. With the whole data

N G
G G
\%4 G
N N
\%4 Vv
B. With 2001-2006 observations from site SUO and

2006-2011 observations from site LAP excluded due to

exceptionally high wind and Ips damages.
N G
G G
Vv G
N N
\% \%

—3.7890 0.4089  0.0106 0.0196 0.1682 <0.00005 51.3 0.5900
—-4.6750 0.4934  0.0275 0.0226 0.3056 <0.00005 39.1 0.2228
—-4.7121 0.5203  0.0204 0.0238 0.3080 <0.00005 33.8 0.3904
—3.8215 0.5999  0.0003 0.0007 0.1864 <0.00005 52.3 0.6800
—-4.3923 04418 0.0004 0.0020 0.3282 <0.00005 33.6 0.8282

—3.6460 0.4206 —0.0084 0.0214 <0.00005 <0.00005 67.8 0.6953
—-4.9444 0.5172
—5.1463 0.5507
—3.8415 0.2335
—4.8187 0.4698 —0.0010 0.0024

0.0126 0.0250 0.1606  <0.00005 80.0 0.6142
0.0077 0.0265 0.1817 <0.00005 77.5 0.7712
0.0000 0.0003 <0.00005 <0.00005 67.7 0.8616
0.2136  <0.00005 78.4 0.6793

The general model form is given in Egs. (1)—(3)

Y=dependent mortality variable, X=independent stand density variable, N=Number of stems, ha~

volume, m® ha™!

Table 3 Proportion of the number of stems in diameter classes at
the beginning and at the end of the observation period, and relative
average mortality (% of N (5 years)™!) during the observation period,
respectively

Diameter class, cm Proportion (%) Mortality (%)

Beginning End
5.01-10.00 34 35 4.40
10.01-20.00 34 31 2.15
20.01-30.00 25 19 1.70
30.01-40.00 6 11 0.75
40.01- 1 3 1.30
was 6. 55 m® ha~'a™!, of which the mortality rate of 0.56 m?

ha~!a~! constituted 8.4%.

Lundqvist et al. (2007) reported stand-level mortality
rates in two experimental stands treated with thinning from
below or from above with variable intensities for a 10-year
postharvest period. The “thinning from above” treatment at
the southern site (Ostersund) was relevant to our material,
but the site represented less favorable conditions, especially
due to its greater altitude (485 m). There the average annual
mortality of trees with d>5 cm was 12 ha~' a~!, which was
almost three times as much as in our data.

For a set of Swedish permanent field trials managed
with single-tree selection and observed for many decades
with repeated measurements, the mortality for trees with
d>8.5 cm averaged 1.4 trees ha™' a~!. Mortality occurred
throughout the diameter distribution, decreasing as the
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Fig.3 The average net change and mortality in the number of stems
(N) across diameter classes throughout the 15-year period from the
postharvest in 1996 until the preharvest 2011

diameter increased (Lundqvist 1993). The mortality rate
observed in our data was about three times as high with
a diameter range extending down to 5 cm. Since trees
5-8.5 cm in diameter represented some 40% of the mortal-
ity in our data, we estimate that the mortality in our data
was about twice as high as in the study by Lundqvist (1993).

Shanin et al. (2016) applied the process-based EFIMOD
simulation system to data from the ERIKA plots.The mecha-
nistic default procedure was used to estimate the mortality.
The average annual mortality in volume was 0.63-1.89 m*
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ha™! a~!, which was clearly higher than in our results. The
models by Bollandsas et al. (2018), utilized for simulation
by Rdmo and Tahvonen (2014, 2015, 2017), Tahvonen and
R&mo (2016), and Sinha et al. (2017) seem to yield mortality
rates in NV that are level with our results. Applied to our data,
the annual mortality rate of N is around 0.9% with d=5 cm,
declining to around 0.15% with d =40 cm. The models by
Pukkala et al. (2009, 2013) and Tahvonen et al. (2010) give
much lower mortality rates. Comparison with models from
other areas was not considered justified.

Most of the mortality occurred in the smallest diameter
classes. The mortality was about twice as large as the net
increase in the number of stems during in the smallest diam-
eter class (5-10 cm). Mortality was also relatively high in
the next largest diameter class (10-20 cm), but some trees
were also harvested and the point of comparison was not the
same. In the larger diameter classes, harvesting was over-
whelmingly dominant in controlling the net change, and the
mortality was quite small in comparison. Mortality rates are
higher yet among seedlings and saplings. Eerikéinen et al.
(2014) reported an average annual mortality rate of 3.4%
for spruces which were 0.1-4 m in height, which is about
four times as high as observed in the smallest diameter class
(5-10 cm) in this study (0.88%). The mortality rate for small
trees may play a major role in controlling stand dynamics
and the sustainability of preferable stand structures under
such conditions.

Contrary to expectations, a relationship between stand
density and mortality was not established with the mixed
logistic beta regression models involving only the density
and respective mortality variables. Consequently, our results
do not endorse the recommendation that selection stands
should be kept sparse by repeated heavy cuttings in order to
ensure structural sustainability (Aijili et al. 2019; Valkonen
2017).

Based on a systematic analysis of empirical mortality
models in Europe, Hiilsman (2016) concluded that the size
of a tree, its growth, and competition are the most powerful
predictors of tree death. Mortality among small trees was
greater than among large ones, and slow growth and high
stand density were linked to higher mortality. However, none
of the models had been constructed specifically for uneven-
aged stands.

The type of mortality that can be covered with the experi-
mental approach is restricted to mortality caused by consist-
ent stand-level factors such as competition and harvesting,
and random tree-level factors. Exceptional or rarely occur-
ring high-severity events resulting in stand-replacing dis-
turbances, often with landscape-level or even more exten-
sive characteristics, cannot be captured with stand-level
experimental designs. The differentiation between these
event types is not quite distinct of course (Weiskittel et al.
2011; Hiilsman 2016). In this case, there were two instances

with above-average mortality during a specific period, at a
specific location, and due to a specific cause that could be
considered exceptional. First, relatively heavy storm damage
that occurred at the Suonenjoki site in three stands out of
four in 2002. We consider this a semi-regular event in this
context. The storm was strong enough to fell a considerable
number of trees, but nothing out of the ordinary in terms of
wind force or geographic extent, or consequences to stand
structures and dynamics. Second, there was a severe Ips
typographus outbreak at the Lapinjérvi site in 2011, where
it killed a substantial number of large spruces. The event
was part of an Ips epidemic in Southeastern Finland with
a severity and geographic extent not seen for decades in
Finland. The cumulative effect of the exposure to heat and
severe drought during several warm summers that triggered
the outbreak (Kukkonen 2013). It is noteworthy that most
of the mortality among larger trees (d>20 cm) in the data
occurred during these two instances.

The observation period of 15-20 years contained only
one harvesting entry, while the recommended interval under
such circumstances would be around 15 years. If we correct
the harvest loss level in the results by a factor of 1.33, the
harvest loss would thus average 0.5 trees ha=! a~! in N and
0.04 m*ha=' a~!in V, representing 10% and 6% of the total
mortality with an emphasis on the smaller trees Harvest-
ing losses were probably less common in the experimen-
tal setting than could be expected in practical harvesting
under similar conditions. The study by Sirén et al. (2015)
was conducted under comparable conditions on practical
harvesting sites. In a single entry, the proportion of fatally
damaged trees was 5.8% of N, while in this study it was
somewhere around 1-2%. However, our data lacked the very
smallest trees (0.1-5 cm) included in their study, which are
particularly vulnerable to damage in harvesting (Surakka
etal. 2011). In the study by Modig et al. (2012) under com-
parable conditions, the overall damage level was 4.5% (of
N). Over 80% of the damaged trees belonged to the smallest
diameter class (d 8-15 cm).

Wind was the most common cause of mortality in terms
of volume. The amount of wind damage was actually very
low, if the local incident at Suonenjoki in 2002 that felled
many large trees is considered exceptional. Otherwise,
only individual trees were felled in strong winds or weaker
storms. Pukkala et al. (2016) reported that in an experi-
mental setting with variable even-aged and uneven-aged
management regimes that uneven-sized, multilayered stand
structures (dimension harvesting and high selective thin-
ning) were associated with a very low probability of wind
throw compared with low thinning and shelterwood cut-
ting in the even-aged management context. According to
Mason (2002), irregular stands may provide structures with
more stable characteristics, but these cannot be considered
in isolation from the prevailing wind climate and the local
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site type. Nevalainen (2017) pointed out that the level of
wind damage risk depends greatly on forest management,
and damage is most probable in stands adjacent to newly
clearcut areas or in stands that have recently been heavily
thinned (Valinger and Pettersson 1996; Gardiner et al. 1997;
Peltola et al. 1999; Suvanto et al. 2016; Suvanto 2018). In
our study, a substantial proportion of tree deaths was also
attributed to snow damage in terms of number of stems but
not in volume, as only small stems were affected.

In our study data, the almost complete absence of biotic
causes (mammals, insects, pathogens) is noteworthy, except
for the Ips outbreak that killed several large trees at the Lap-
injdrvi site. Biotic damage is very common and often seri-
ous in even-aged management in Finnish forests (Nevalainen
et al. 2015; Nevalainen 2017). The greatest single deterrent
in uneven-aged stands is probably the lack of suitable and
susceptible host material (Nevalainen 2017). Pathogens, par-
ticularly fungi which cause root rot, were completely absent
from the list of identified causes of tree death. A serious root
rot infection was known to be present in the stands in Lap-
injarvi during the study period. A survey targeting decayed
stumps of the trees removed in harvesting in the winter of
2011-2012 was carried out to determine the causal agents.
It revealed that on average 42% of decay was caused by Het-
erobasidion parviporum (Niemeld and Korhonen). At the
other sites, only sporadic infections were detected, and the
average proportion of Heterobasidion of decays in harvest
stumps was 1.9%, (a range of 0—7% between stands). The
second most common decay fungus was Armillaria sp. (ca.
17%) (senior researcher Tuula Piri, Natural Resources Insti-
tute Finland [Luke], personal communication). The role of
root rot in the tree mortality remained unclear as it is very
difficult to determine whether an infected tree was killed by
the fungus or just weakened and died of another cause.

One of the major areas of dispute concerning uneven-
aged management approaches in the Nordic context is the
productivity, mainly volume yield, compared to the pre-
dominant even-aged management approaches used (cf.
Lundqvist 2017), in which different mortality rates could
be important. Direct experimental comparisons of mortal-
ity in single-tree selection and even-aged management are
not available. The thinning experiments used by Hynynen
et al. (2019) for comparing volume yields under even- and
uneven-aged management may serve as the most relevant
reference here, too. The experimental set contains Norway
spruce stands with variable intensities of thinning from
below in 21 middle-aged stands in Southern Finland. Méki-
nen and Isoméki (2004) reported that the average mortality
in volume was 0.82 m>ha~! a™! for an observation period
covering an average of 27 years. The mortality was thus
somewhat higher than in the selection stands of this study
which were 0.56 m® ha~'a™!. The obvious uncertainties of
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such an indirect comparison are too large to justify definitive
conclusions to be drawn.

The average mortality (0.56 m> ha~'a™!) was six times
higher compared with the prediction (0.08 m> ha~!a™!) of the
MOTTI system for a rotation of even-aged planted spruce
on similar sites, managed according to best practices (Aijili
et al. 2019). However, such a direct comparison is not justi-
fied. The natural mortality models in MOTTI account only
for the mortality related to within-stand competition in the
absence of disturbances. This ignores the risks of exten-
sive abiotic and biotic damages caused by wind, snow, fire,
pathogens or insects and harvesting losses (Hynynen et al.
2002, 2014). Random or semi-random events like the heavy
windthrow at Suonenjoki and the Ips outbreak at Lapin-
jarvi and harvesting losses are intentionally excluded in the
MOTTI predictions for regular stand development, and so
are harvesting losses, too. In that case the comparable rate in
this study would have been 0.20 m> ha='a.™. This is less than
Elfving (2006) calculated for optimal management regimes
for Swedish spruce forests with the Heureka simulation sys-
tem. The alternative representing typical regimes in even-
aged management with the highest site index (H,y,=30 m)
was a relevant point of comparison here. During the respec-
tive rotation of 70 years the average annual mortality was
0.61 m* ha'a™!, which excluded mortality caused by har-
vesting which consisted of two thinnings.

Uneven-aged management is widely applied in European
forests where Norway spruce has a dominant or co-dominant
position. The novel results and conclusions of this study are
applicable in Norway spruce-dominated selection stands in
the southern boreal zone (Ahti et al. 1968) of central Fen-
noscandia, but they may also have relevance under com-
parable conditions elsewhere (e.g., hemiboreal and boreal
lowland forests, as well as montane and subalpine spruce
forests).

Conclusions

The results confirmed that mortality is an important
dynamic component of stand structure and productivity
in spruce-dominated stands managed using a single-tree
selection approach and must be taken into account in
research and management. Natural mortality and harvest-
ing losses can significantly reduce the pool of smaller trees
in selection stands if not resolutely contained, making it
more difficult to maintain a favorable selection structure
in the long run. It is very important to try to minimize the
mortality of saplings and small trees in management, par-
ticularly harvesting. In the larger diameter classes, regular
mortality is low and the dynamics are overwhelmingly
dominated by harvesting. Random or semi-random events,
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such as a storm and an Ips epidemic in this case, may play
a role and must be taken into account in the planning and
execution of treatments.
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